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ABSTRACT 

This research investigates the strength development and the formation of microstructures in 

Champlain Sea clay when treated with Portland cement and other cement-based binders and the 

effect of salinity level in the pore fluid on the strength and the mineralogical changes of cement-

treated Champlain Sea clay. Champlain Sea clay, a sensitive marine clay commonly found in St. 

Lawrence Lowlands in eastern Canada, can lose up to 90 % of its strength when disturbed. The 

unconfined compressive strength tests were used to measure the shear strength development of 

binder-treated samples. The results indicated that cement-treated clay samples gain the shear 

strength at a faster rate than other binders under short-term curing conditions up to 28 days.  

However, under the same cement dosage of 50 kg/m3, the samples treated with cement with an 

additional 17 kg/m3 slag and those treated by cement with an additional 50 kg/m3 kiln dust 

exceeded the performance of those treated with only cement under the 300-day curing condition. 

Qualitative microstructural and mineralogical characterisations of cement-treated clay samples are 

investigated using scanning electron microscopy and X-ray diffraction (XRD). The results 

confirmed the transformation of an open structure in natural clay to a flocculated and aggregated 

structure due to the development of cement hydration products. The XRD analysis confirmed the 

formation of hydration products are found to be more pronounced in clay samples with a lower 

salinity level.  
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1. INTRODUCTION 

1.1 INTRODUCTION 

Champlain Sea clay, of postglacial age, is a predominantly marine sediment that is found in the St. 

Lawrence lowland in eastern Canada. These marine sediments, which range up to nearly 60 m in 

thickness, are generally underlain by sedimentary rocks of the Saint Lawrence Platform and the 

Appalachian Orogen (Quinn et al., 2008). Many of the sediments like Champlain Sea clay are 

referred to by geotechnical engineers as “sensitive clays” and sometimes the term “quick clay” is 

used. When sensitive clays are disturbed their shear strength ca be reduced drastically. One of the 

research efforts to understand the behaviour of Champlain Sea clay focuses on the use of the 

microstructure information. Scanning electron microscopy (SEM) has been the most widely 

technique used to obtain information about the microstructure of Champlain Sea clay. 

Artificial cementation method such as deep soil mixing (DSM) is an effective method to improve 

the engineering properties of soft clays such as Champlain Sea clay for several reasons: both 

strength and settlement can be improved simultaneously, the method is environmentally friendly, 

the small timescale of the installation and it is very cost effective compared to other methods.  

FHWA (2013) define DSM as an in-situ soil treatment in which native soils are mixed with 

cementitious material to enhance the engineering properties such as strength increase and 

reduction in permeability and compressibility. There are a number of parameters, such as binder 

type, curing time, cement/water content, temperature, soil mineralogy, and activity, that affect 

these reactions and hence control the strength and stiffness development in an artificially cemented 

clay (Bergado et al., 1996). However, there is a limitedstudies available to investigate the pore 

water salt concentration effect on the bonding and hydration products in artificially cemented 

Champlain Sea clay. Part of this research addresses the effect of salinity on cement-treated 

Champlain Sea clay at different salinity levels using X-rays diffraction (XRD) method. 
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1.2 RESEARCH OBJECTIVES 

The scope of this research is to establish a link between the strength development of treated 

Champlain Sea clay and its microstructural and mineralogical changes. The research conducted in 

this study has three main objectives: 

1. The first objective is to investigate the effect of binder types on the strength development 

and the microstructure changes resulted from stabilization of Champlain Sea clay 

Different binders including silica fume, cement kiln dust, and cement/slag binders are 

used in this study.  

2. The second objective is to establish the microstructure of natural Champlain Sea clay and 

compared with samples treated with cement at three different dosages of 50, 100, 200 kg 

per each cubic meter of mixed soil and establish the link between the strength 

development and the microstructure changes resulted from the artificial cementation.. 

3. The third one is to investigate the influence of pore fluid salinity level on the strength 

development of cement treated Champlain Sea clay and its microstructure. 

1.3 RESEARCH METHODOLOGY 

Initially, natural Champlain Sea clay samples were treated with cement in three dosages, 50, 100, 

and 200 kg/3.  A series of unconfined compressive strength (UCS) tests were conducted for 

different curing conditions at 7, 14, 28, and 300 days to measure the strength development of 

stabilized clay samples. From the same mix of the clay samples as UCS, samples were taken for 

scanning electron microscopy (SEM) analyses at 7,14, and 28 days of curing to establish the 

microstructures of cemented clay. The same set of UCS and SEM were also conducted for clay 

samples treated with different binders at different dosages. Cement/slag with cement-to-slag ratio 

of 3:1, (50 kg/m3 of cement and 17 kg/m3 of slag), cement kiln dust (CKD) with two cement-to-

CKD ratio, one of 3:1 (50 kg/m3 of cement and 17 kg/m3 of CKD), and other of 1:1 (50 kg/m3 of 

cement and 50 kg/m3 of CKD), and cement with 8% by weight  of silica fume. In the second stage, 

the initial salinity level in the pore fluid Champlain Sea clay was leached from the original level 

of 15.53 g/L to three different salinity levels of 1.33, 1.07, and 0.73 g/L and increased by adding 

salt up to 30.55 g/L. The five salinity level clay samples were mixed with general use Portland 
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cement of 50 kg/m3 and cured for 7, 14, and 28 days before testing their UCS. X-ray diffraction 

(XRD) tests were conducted on clay samples at different salinity levels and cured for 28 days only.  

1.4 THESIS ORGANISATION 

This thesis is organized in five chapters that provide a complete picture about the research 

performed in this study. Detailed organization of the thesis can be summarized as follow:  

Chapter 1 is an introductory chapter providing preliminary information about Champlain Sea clay 

and deep soil mixing method as a method as one of the potential ground improvement methods. It 

also outlines the objectives and the methodology of this research. 

Chapter 2 presents a literature review of important research performed in the areas relevant to this 

study. In particular, this chapter aims to establish an overall idea of the current knowledge 

regarding the strength development in cement-treated Champlain Sea clay and its relationship to 

the microstructure changes. 

Chapter 3 presents the experimental parameters and the index properties of the clay tested in this 

investigation. It also describes the equipment and procedures used to take SEM images and the 

fundamentals principals of XRD. 

Chapter 4 presents the results of the effects of different parameters on the strength development 

and microstructure of treated Champlain Sea clay. Section 1 presents the results of strength and 

microstructure of natural clay samples and samples at different salinity levels. Section 2 presents 

the effect of cement dosage on the strength development and microstructure on the cement-treated 

clay. Section 3 summarizes the results of different binder types. The last section discusses the 

effect of pore water salinity on the strength development, microstructure and the hydration 

products. 

Chapter 5 summarizes the main conclusions on the results of the research. Lastly, 

recommendations for future research are discussed in the end.       
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2. LITERATURE REVIEW 

2.1 CHAMPLAIN SEA CLAY 

2.1.1 Geological and geotechnical background 

The geology of the Champlain Sea region has been described by many geologists and scientists 

during last few decades (Gadd, 1963; Gillot, 1970; Quigley et al., 1983). During the Pleistocene 

Period, the earth’s crust was depressed in eastern Canada by the continental ice sheet. Figure 

2-1illustrates the approximate extent of Champlain Sea clay deposits, which includes the lowlands 

of eastern Ontario and southern Quebec. Following glacial melting, the area was inundated by 

marine water of the Champlain Sea about 8,000-12,000 years ago (Gillot, 1970). As streams, 

shoreline erosion, and ice ablation supplied the sediments, significant amount of Champlain Sea 

clay was deposited. These marine sediments, which range up to nearly 60 m in thickness, are 

generally underlain by sedimentary rocks of the Saint Lawrence Platform and the Appalachian 

Orogen (Quinn et al., 2008). Detailed field exploration showed that Champlain Sea is a late glacial 

rather than postglacial. Some of the uppermost layers of the Champlain Sea clay may have been 

re-deposited under fresh or/and brackish  water conditions either from melting water from glacial 

sources or from the influx of fresh water from the Great Lakes Region (Gadd N. R., 1963). Strata 

with thin layers of silt and sand are found in some places. 

Locat et al. (1984) investigated the quantitative mineralogy of Champlain Sea clay from eastern 

Canada. Samples from nine different sites were collected and analysed using XRD method. The 

mineralogy of the samples was evaluated according to an X-ray technique proposed by Foscal-

Mella (1976). The analyses were repeated several times and the average values are shown in Table 

Table 2-1. From his study, Locat et al. (1984) concluded that all samples have a fairly common 

mineralogy and the chemical analysis show that clay sample from eastern Canada are abundant 

with SiO2 and Al2O3 and much lower values with CaO, K2O, FeO, Na2O, MgO, and H2OT, as 

shown in Table 2-2. The resemblance in mineral composition among the nine sites is due to that 

Champlain Sea clay’s minerals originate from the Canadian Shield which mainly are: quartz, 

feldspar, mica, smectite, amphibole, and other glacial amorphous material (Penner, 1965; Gillot, 

1970; Quigley et al., 1983; Ontario Power Generation internal report, 2106). 
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Figure 2-1: Extent of Champlain Sea clay deposition (Quinn et al., 2008) 
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Table 2-1: Mineralogical analyses results from clay in eastern Canada (Locat et al., 1984) 

 

Table 2-2: Chemical analyses of clay in eastern Canada (Locat et al., 1984) 
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Geotechnical engineering propertieso of Champlain Sea clay vary widely. The undrained shear 

strength can vary from 30 to 150 kPa, sensitivity from 10 to 100, but higher values have been 

recorded (Mitchel and Markell, 1974). Natural water content varies beteewn 40 and 80%, liquid 

limit between 20 and 70% and plastic limit between 17 and 30%. Salt content can vary widely 

even within a few meters. The state of flocculation at the time of sedimentation is thought to be a 

major factor affecting clay fabric and hence the next section is dedicated to palaeosalinity study of 

Champlain Sea clay. 

2.1.2 Palaeosalinity of Champlain Sea clay 

Palaeosalinity is the salinity of the environment in which a sedimentary deposit was laid down. 

The boron content of the illite minerals in the clay mineral size fraction of many types of 

sedimentary rocks has been shown to increase with the salinity prevailing during deposition of the 

rocks (Frederickson & Reynolds, 1960; Lerman, 1966; Walker, 1968). Frederickson and Reynolds 

(1960) concluded that the boron content of illite minerals in sedimentary rocks can be used to 

determine the palaeosalinity. They also concluded that the clay mineral illite contain most of the 

boron in the clay mineral fraction of sedimentary rocks. 

Gillot (1970) conducted a study on a number of samples from Ottawa district to determine the 

palaeosalinity of Champlain Sea clay. The Engineering properties of the samples used in this 

palaeosalinity study are summarized in Table 2-3. Sample A and B were collected at the site of the 

Ottawa sewage plant. Sample C was collected at the junction of Walkley Road and Russell Road, 

Ottawa. Sample D was collected at H.M.C.S. (C.E.S.) Gloucester, Ontario, and sample E was 

collected at St. Joachim de Tourelle in eastern Quebec. Particle size analyses by hydrometer and 

pipette methods show that sample A is predominantly of clay size; sample B, C and D are silty 

clays; and E is a silt. 

The boron content was determined for size-fractioned samples of Champlain Sea clay and the 

results are presented in Table 2-4. It has been thought that the fabric is also influenced by the 

amount of carbonates present so these values are included in Table 2-4. 

Table 2-3: Engineering properties of samples (Gillot, 1970) 

 Sample A B C D E 
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 Depth (m) 13.716 16.154 10.058 5.08 6.096 

Natural water content (%)  60 45 58 70 22 

Sensitivity  56 500 21 100 - 

Liquid limit (%)  49 30.6 53.2 43 29.1 

Plastic limit (%)  23 23.4 24.7 23.5 21.4 

Plasticity index (%)  26.3 7.2 28.5 19.5 7.7 

Liquidity index (%)  1.4 3.0 1.1 2.3 0.1 

 

Gillot (1970) also performed optical, SEM and X-ray analyses on all the 5 samples to correlate the 

fabric of Champlain Sea clay to the palaeosalinity. The analyses data show that many particles 

have an irregular outline and platy morphology and that there is a fair-to-good preferred orientation 

of the layer structure silicates in the two Ottawa sewage plant samples (A, B). Conversely, a fabric 

close to random in the rest of the samples is observed. Clay mineral orientation tends to improve 

with an increasing organic content. And the presence of about more than 10% of carbonate 

minerals favours randomness.  

The palaeosalinity data deduced from the boron content shows that samples (A, B, D) were 

deposited in fresher water than normal marine, so that deflocculation may have existed at the time 

of deposition. This may be the reason for the oriented fabric in the two samples from Ottawa 

sewage plants (A, B). Sample D fails to show an oriented fabric although the “fresher than normal 

marine” designation of salinity deduced from the boron data. Clay minerals can be flocculated by 

water with high electrolyte content; hence Sample D may have been deposited in water with high 

electrolyte content that causes flocculation. Palaeosalinity designations suggests that the two other 

samples (C, E) have been deposited in a near normal marine environment. Both samples have a 

random fabric, so the two sorts of data are in agreement. 

Table 2-4: Palaeosalinity data of Champlain Sea clay sample from Ottawa (Gillot, 1970) 

Sample Fraction 

size (μ) 

Carbonate 

(%) 

Organic 

Carbon (%) 

Boron 

(p.p.m) 

Palaeosalinity designation 

 total 2.1 0.27   

A 2-0.2  0.21 100 fresher than normal marine 
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 <0.2  0.5 50  

 total 3.3 0.37   

B 2-0.2  0.54 10 fresher than normal marine 

 <0.2  0.98 50  

 total 5.9 0.31   

C 2-0.2  0.3 100 near normal marine  

 <0.2  0.43 150  

 total 2.4 0.19   

D 2-0.2  0.24 50 fresher than normal marine 

 <0.2  0.53 25  

 total 9.7 0.24   

E 2-0.2  0.24 250 near normal marine 

 <0.2  0.40 250  

 

2.1.3 Leaching and sensitivity  

Many of the sediments like Champlain Sea clay are referred to by geotechnical engineers as 

“sensitive clays” and sometimes the term “quick clay” is used. When sensitive clays are disturbed 

their shear strength changes. The quotient between the shear strength of undisturbed clay, as 

determined by tests performed under undrained conditions, and that of completely remolded clay 

is known as sensitivity. In practice, the term “quick clay” is used when its sensitivity exceeds 30-

50 depending on the method used to determine the shear strength (Osterman, 1965). Several 

classifications have been developed regarding sensitivity, Norsk Geoteknisk Forening (1974) 

classifies clays’ sensitivity according to Table 2-5. However, the Canadian Foundation 

Engineering Manual (CGS, 2006) has slightly different classification than the Norwegian as shown 

in Table 2-6.   

Table 2-5: Classification of sensitivity values (Norsk Geoteknisk Forening, 1974) 

Low sensitivity Less than 8 
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Medium high sensitivity 8 to 30 

High sensitivity More than 30 

 

Table 2-6: Classification of sensitivity according to CFEM (CGS, 2006) 

Low sensitivity  <2 

Medium sensitivity 2-4 

Extra (high) sensitivity 4-8 

Quick  >16 

 

The unusual behaviour of Champlain Sea clay has brought many discussions about the probable 

mechanism behind the abrupt loss of shearing resistance upon disturbance. Theoretical and 

experimental evidence shows that clay mineral should have an open arrangement in marine 

deposited clay because of the rapid flocculation of colloidal particles in water with a moderate 

electrolyte content (Lambe, 1953, 1958; Mitchell 1956; Rosenqvist, 1962; Gillot 1970). This open 

fabric breaks down when the clay is disturbed, and the particles become oriented in a closer packed 

configuration. The breakdown of the open structure changes the balance of the interparticle 

stresses causing the loss of shearing resistance.  

The theory of leaching by Rosenqvist (1953, 1962) suggested that metastability of the open fabric 

results from a decrease in salt content of pore solution due to the leaching. Leaching is the process 

of removing salt by a hydraulic gradient or by diffusion. Laboratory experiments of both 

mechanisms have been simulated. Hydraulic gradients can be an infiltration of fresh water from 

the top or as upward movement of artesian ground water. In Canadian clays, leaching was mainly 

caused by the isostatic uplift of the land.  Other factors may be involved in Champlain Sea clay, 

since there is no correlation between concentration and sensitivity. 

Torrence (1974) concluded, from a leaching experience on Norwegian clay, that the sensitivity of 

the clay increases as the salinity decreases and a sharp drop occurs when the salt content is reduced 

below 2 g/L of pore fluid. Conversely, Bjerrum (1954) and Woo & Moh (1977) stated that the 

sharp drop of sensitivity occurs when the salt content is reduced below 10 g/L as shown in Figure 
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2-2. This difference may be due to the different method of measuring pore water salinity. Bjerrum 

used dry soil and mixed it with a known volume of water, whereas Torrence measured the electrical 

conductivity directly on pore water fluid squeezed out from a fresh sample. The latter method 

seems to be more accurate since field measurements of salinities in Norwegian and Canadian quick 

clays show that sensitivities higher than 50 usually associated with salts content less than 1 g/L. 

Table 2-7 contrasts some geotechnical properties of Norwegian and Canadian clay affected by the 

salt content. 

Leaching also results in an increase in compressibility and a large settlement. Bjerrum (1973) 

noticed a reduction of preconsolidation pressure due to the leaching changing an “aged” clay to a 

“fresh” sediment. However, Kazi and Moum (1973) concluded that loading leaching samples does 

not cause any significant changes in fabric and leaching will affect the interparticle forces but not 

the flocculated structure.   

 

Figure 2-2: Leaching on the sensitivity of Norwegian and Bangkok clays (Brenner et al., 1981) 
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Table 2-7: Some geotechnical data on Norwegian and Canadian clays (Brenner et al., 1981) 

 

2.1.4 Microstructure of Champlain Sea clay  

During the last several decades, geotechnical engineers, soil scientists, engineering geologist and 

scientists have developed special techniques to investigate the clay microstructure. Among these 

techniques are: SEM, optical microscopy, XRD and mercury intrusion. Knowing the clay 

microstructure is fundamental to better understand the geotechnical behaviour of high-water 

content clays (Mitchell 1956; Lambe 1958).  

In this section, the historical development of understanding Champlain Sea clay microstructure is 

presented. Most of the investigation techniques on clay structure require clay dehydration (Gillot, 

1973, 1976).  Dehydration can be done with air or oven-drying, critical-point drying and freeze-

drying. Observing dehydrated samples under the SEM can describe various microstructural 

features (Gillot 1970, 1979). Many other methods can be used to study the clay structure. 

Morgenstern and Tchalenko (1967) have used optical method on thin sections to quantify soils 

anisotropy. Gillot (1970, 1979) and Quigley and Thompson (1966) observed the evolution of clay 

anisotropy during consolidation using XRD on thin sections. Mercury intrusion porosimetry has 

also been used by Diamond (1970) to study clay structure of compacted clay, permeability, and 

frost susceptibility of compacted silty soils. 

Delage and Lefebvre (1984) observed the structure of intact, remolded and of a medium sensitivity 

Champlain Sea clay from St. Marcel site using SEM in conjunction with mercury intrusion. Only 
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the observations from SEM will be reported here because the mercury intrusion is beyond the 

scope of this thesis.   

Observation of intact sample are presented in Figure 2-3, where Figure 2-3b and c present two 

magnifications X 7000 (b) and X 15000 (c) on a vertical plane and Figure 2-3d and e present two 

magnifications X 3000 (d) and X 7000 (e) of a view on a horizontal plane. Figure 2-3 shows that 

the aggregate is composed of small platelets and separated by a regular porous network. The 

aggregate diameter has an order of 5 μm and separated by an average distance of 1μm. Scattered 

silt particles with same dimensions can be observed among aggregates. On a horizontal plane 

Figure 2-3d and e the structure is somewhat different. Fewer particle edges are observed and silt 

grains appears to be more pronounced. This difference in structure between horizontal and vertical 

planes indicate the existence of certain anisotropy.  

12  

Figure 2-3: Photomicrographs of intact St. Marcel clay, on a vertical plane (b, X 7000; c, X 15000)  

and on a horizontal plane(d, X 3000; e, X 15000) (Delage & Lefebvre, 1984)The observations of 

a remolded sample are shown in Figure 2-4 with two magnifications: Figure2-4a for X3000, and 
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Figure2-4b X 7000. Some silt particle of 5 μm diameter were observed in Figure 2-4b. Figure 2-4a 

shows that the remolded structure still characterized by aggregated structure, with large 

interaggregate pore structure and small intra-aggregate porosity. 

The main conclusion on microstructure of Champlain Sea clay using SEM are that: 1) the intact 

clay has an aggregated structure with interaggregate and intra-aggregate porosity; 2) remolding 

did not destroy the aggregate and the porosity stay in the same state; and 3) significant anisotropy 

is observed in the clay structure. 

 

Figure 2-4 Photomicrograph of a remolded sample of St. Marcel clay (a, X3000; b, X7000) 

(Delage & Lefebvre, 1984). 

 

Locat et al. (1990) conducted a laboratory investigation on the quicklime stabilization of sensitive 

Champlain Sea clay. It was found that even at a higher water content above the liquid limit, 

significant strength increase was obtained when enough time and lime are provided. Lo et al. 

(1991) have developed an electroosmotic cell to assess the effectiveness of the treatment and to 

study the mechanism of the electroosmotic process on Champlain Sea clay. They found that the 

electroosmotic consolidation curve is similar to that of the conventional consolidation curve and 

the preconsolidation pressure was increased by 51 - 88 % with an applied voltage up to 6 V. An 

increase was recorded up to 172 % in shear strength and a decrease in the moisture content by 30 

%.  Recent laboratory investigations were carried out by Ryerson University Geotechnical 

Research Team to assess the effectiveness of the deep soil mixing method on Champlain Sea clay. 
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Li et al. (2016) studied the application of deep soil mixing to Champlain Sea clay and found UCS 

strength of samples treated with 144 kg/m3 of cement has increased 10 times more than the 

untreated samples, whereas samples treated with same slag/cement content resulted in an increase 

of 50 times at 28-day of curing. Afroz et al. (2018) studied the feasibility and efficiency of 

improving the strength and compressibility characteristics of sensitive Champlain Sea clay with 

ordinary Portland cement. They found that cement increased the strength of the treated sample and 

reduced compressibility within a short period of time.  

 

2.2 DEEP SOIL MIXING IN CHAMPLAIN SEA CLAY 

2.2.1 Introduction of deep soil mixing technique 

There are two common methods to deal with the problematic behaviour of soft and sensitive clays. 

Pre-consolidation through the installation of vertical drains and loading the soil to reduce the water 

content. The second method is called the deep soil mixing which will be discussed in the next 

section.    

Currently, there are many techniques to improve the problem of carrying out construction in soft 

soils by increasing the bearing capacity and reducing settlement. Pre-consolidation and deep soil 

mixing (DSM) are the two common ways used to address these problems. Pre-consolidation used 

vertical drains and surcharge to reduce the clay water content. However, this method is time 

consuming and very costly; therefore, it is not suitable for most engineering projects. On the other 

hand, DSM is an effective alternative in improving the engineering properties of soft clays for 

several reasons: both strength and settlement can be improved simultaneously, the method is 

environmentally friendly, the small timescale of the installation and it is very cost effective 

compared to other methods.  FHWA ( 2013) define DSM as an in-situ soil treatment in which 

native soils are mixed with cementitious material (referred as binders) to enhance the engineering 

properties such as strength increase and reduction in permeability and compressibility. DSM is 

carried out using a machine equipped with mixing blades mounted at the end of a shaft that has 

nozzles. The binder, either in slurry form (wet method) or powder (dry method) , is injected with 

high pressureinto the soil through the nozzels while the blades rotate. Figure 2-5 shows the 

installation process of deep mixing columns. DSM has been applied to improve soft soil ground 
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since it was invented in Japan in 1970s (Okumura et al., 1974; Terashi et al., 1977; kitazume et al., 

2013; Rashid et al., 2015, 2017 ) 

 

Figure 2-5: Deep soil mixing columns installation process (Hayward Baker, 2004) 

 

Several factors influence the performance of DSM in the field. In general, the degree of 

improvement is directly proportional to the type of binder, the amount of binder doasge, and the 

curing time (Chew et al., 2004; Kitazume & Terashi, 2013). However, recent studies by 

Horpibulsuk et al. ( 2012) show that the salt content is also an important factor in the strength 

development of saline clay. 

2.2.2 Factors affecting strength development in soil stabilization 

Portland cement and lime are the most commonly used binders for soil stabilization (Bergado et 

al., 1996; Chew et al., 2004); however, combining cement or lime with fly ash, gypsum or slag for 

soils with high water content or soils with high organic matter content proves to be adequate. 

Bergado et al. (1996) and Chew et al. (2004) reported that cement provided early strength 

compared to lime, due to the faster hydration rate of cement. Test results from stabilizing 

Yokohoma Port clay and Osaka Port clay from Japan using Portlan cement and blast-furnace slag 



17 

 

cement type B suggest that the appropriate selection of the type of binder may be made if the 

pozzolanic reactivity of soil is evaluated early in the mix design (Kitazume & Terashi, 2013). 

Conductivity can indicate the potential for the pozzolanic reactions that are necessary to 

cementitious bonds formation; however, care should be taken because dissolved salt can increase 

the conductivity without the presence of clay mineral needed for pozzolanic reaction (FHWA, 

2013). Another important parameter that affect the type of binder choice is the soil organic content. 

Portland cement with furnace salg is suggested to be used in highly organic soils like peat, where 

the necessary clay mineral for the pozzolanic reaction are of small proportions. Lime is to be 

avoided in peat. Based on different laboratory tests on Nordic soils with various binder type, 

EuroSoilStab (2002) presented a summary of the application of different stabilizers.   

Table 2-8: Choice of binder based on different type soil conditions (EuroSoilStab, 2002) 

 

Ahnberg et al. (1994) reported that clay soil stabilization usually require a cement content in the 

range of 5 – 40 % of soil dry weight. The cement content used in Japanese clays is reporeted to be 

between 20 – 30 % (Kitazume & Terashi, 2013). In USA, Bruce (2001) reported that the range can 

vary between 10 – 50 %. The difference in cement content reported is mainly due to the difference 

in soil properties and the construction method used. Soil with a high water content and an organic 

content requires more binding agent. The influence of Portland cement content on Kawasaki clay 

was tested by Terashi et al. (1980) and the results are shown in Figure 2-6. It can be concluded 

that strength increased almost linearly with the binder amount and a minimun binder amount larger 
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than  5 % is required to see the effect of DSM. The consctruction method can also dictate the 

amount of binder needed to reach a certain improvement level. For example, the dry mixing 

method produces a higher strength compared to the wet method with the similar amount of binder 

due to the higher total water-to-binder ratio in the latter method. However, in the wet method the 

binder slurry is easier to mix with the soil as compared to the dry method. As a result, the wet 

method produces less variation in terms of shear strength. In highly organic soil such as peat, 

EuroSoilStab (2002) suggested that the amount of binder should exceed a treshhold to allow the 

commencement of the chemical reaction as shown Figure 2-7.    

Figure 2-8 illustrates the effect of the curing period on the unconfined compressive strength (UCS) 

of several types of clay treated with 10% of quicklime (Terashi et al.,1977). The strength increase 

is much dependent on the soil type even the amount of binder is the same, but there is a linear 

increase trend of strength with the logarithmic scale of curing time. The increase of strength with 

time is due to the growth of hydration product with time and pozzolanic reaction product for long 

term curing.  

 

 

Figure 2-6: The effect of cement dosage on Kawasaki clay (Terashi et al., 1980) 
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Figure 2-7: Binder dosage and shear strength relationship in peat soils (EuroSoilStab, 2002) 

 

 

Figure 2-8: Effect of curing time on lime-treated Japanese clay (Terashi et al., 1977) 
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The effect of salinity level of marine clay on the strength and compressibility of natural and cement 

treated marine clay has not been extensively investigated. There are only a few recent studies 

available in the literature. Horpibulsuk et al., (2012) invistigated the effect of salt content of a 

marine clay from northeast Thailand and concluded that the increase in salt content for a particular 

water content decreases the inter-particle attraction of the clay and the cementation bond strength. 

Figure 2-9 shows the strength developmet of saline clay with different salt content admixed with 

cement at a constant clay-water content of 53% and cement dosage of 20 % (Horpibulsuk et al., 

2012). Haofeng et al.  (2107) invistigated the strength improvement of a salt-rich soil from Jiangsu 

Province in China  mixed with cement and concluded that the cocentration of Cl- was detrimental 

to the the strength development in the soil mixture.  

 

Figure 2-9: Impact of salinity on strength development of treated clay (Horpibulsuk et al., 2012)  

 

2.2.3 Mechanisms of strength development in stabilized clay 

Strength and stiffness in natural clays are the result of an interaction between their aggregated 

particles which are described as an “assemblages” of clay particles (Mitchell and Soga, 2005). 

When soil is mixed with cementitious material, these “assemblages” get enclosed by the cement 



21 

 

slurry to increase the interaction between the new-formed phases and hence improve the strength 

(Bergado et al., 1996). Portland cement is the most commonly used binder in geotechnical project 

because it is available, economic, and easy to store. The four major oxide phases of the Portland 

cement are: tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate (C3Al) and 

tetracalcium aluminoferrite (C4AF). However, only the first two calcium silicate phases are 

important to soil stabilization. When hydrated these two phases produced calcium hydroxide 

according to Eq. 2-1 and 2-2.  

2𝐶3𝑆 + 6𝐻 → 𝐶 − 𝑆 − 𝐻 + 3𝐶𝑎(𝑂𝐻)2                       Eq. 2-1                                                                

2𝐶2𝑆 + 4𝐻 → 𝐶 − 𝑆 − 𝐻 + 𝐶𝑎(𝑂𝐻)2                         Eq. 2-2 

When cement is mixed with water, the solution becomes saturated with calcium hydroxide within 

12 min Gartner et al. (1985). The calcium hydroxide is as a source of calcium that is necessary for 

the four stabilization mechanisms: 1) cation exchange, 2) flocculation and agglomeration, 3) 

calcium silicate hydrate, and 4) pozzolanic reaction. Cation exchange is the first and the quickest 

stabilization process that occur when cement slurry is mixed with clay. Plasticity of a soil is 

determined primarily by the amount of montmorillonite minerals (two silica tetrahedra and one 

alumina tetrahedron) present. This clay minerals are deficient in the charge because of the 

substitution of aluminum by magnesium. Monovalent cations such as Na+ and K+ along with 

dipolar water molecules are attracted to the clay surface to balance the charge deficiency in the 

system. This results in a diffused separation of two charged surfaces leading to the formation called 

“double layer” (Mitchell and Soga, 2006). The thicker this double layer, the more active and plastic 

the soil. However, the monovalent cations are ready to be exchanged with cations of higher valence 

such as calcium according to the preferential order Na+<K+<Ca2+<Mg2+<Al3+ (Grim, 1962). 

Portland cement, of course, will provide the necessary calcium ions so that this exchange occurs, 

which will cause a significant reduction of the double layer thickness and hence a reduction in the 

plasticity as shown in Figure 2-10.  

Through flocculation and agglomeration process the clay structure can be changed from a plastic 

fine-grained material to that of a granular soil. Flocculation is the process that change the flat 

parallel structure to a more random edge-to-face or edge-to-edge orientation. Flocculation is the 

result of the high electrolyte content, the high pH, and the reduction in the double layer thickness 
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through cation exchange (Herzog and Mitchell, 1963). Agglomeration is the process in which the 

clay particles start to form weak bonds at the edge-surface interfaces of the clay particles because 

of the deposition of the cementitious material at the clay particle interface. Agglomeration leads 

to formation of larger aggregates from fine clay particle and improves the texture of the clay soil. 

The reduction of double layer thickness and the increased internal friction of clay particles due to 

flocculation and agglomeration result in a reduction of soil plasticity, an increase in shear strength, 

and an improved texture. Same as cation exchange, flocculation and agglomeration are quick and 

occur within several hours of mixing. The process of flocculation and agglomeration is shown in 

Figure 2-11. 

 

 

Figure 2-10: Schematic illustration of cation exchange (Brenner et al., 1981) 

  

 

Figure 2-11: Schematic process of flocculation and agglomeration (Brenner et al., 1981) 
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Cement hydration as described in Eq. 2-1 and 2-2 produces C-S-H, calcium hydroxide, and can 

also produce calcium aluminum hydrate C-A-H. C-S-H and C-A-H serve as the “glue” that provide 

structure and strength the soil-cement mixture. The hydrates stabilize the flocculated clay particle 

through cementation which mainly occurs within the first month. However, strength gain continues 

for years due to the continued hydration reaction. The cement develops strong bonds between the 

hydration products (C-S-H and C-A-H) and the aggregated clay particles previously formed 

through flocculation and agglomeration. Some studies suggest that the formation of cementitious 

material also reduces the leaching potential of calcium hydroxide when soil is subjected to 

hydraulic gradient (Brenner et al., 1981). 

 

Figure 2-12: Process of cement hydration product in stabilizing clay particles (Brenner et al., 

1981)  

Pozzolanic reaction as presented in Figure 2-13 is a secondary process of cement-soil system 

stabilization. In a high-pH environment the reactivity and solubility of the silica and alumina from 

the clay particle is increased (Herzog and Mitchell, 1963). The calcium ions combine with the 

dissolved silica and alumina from the clay to from additional hydration products (C-S-H and C-A-

H) as shown in Equations 3 and 4. Diamond et al. (1964) have claimed that the hydration products 

are the result of direct precipitation of the reaction product between calcium hydroxide and the 

adjacent clay surfaces.  

𝐶𝑎(𝑂𝐻)2 + 𝑆𝑖𝑂2 → 𝐶 − 𝑆 − 𝐻                                         Eq. 2-3 

𝐶𝑎(𝑂𝐻)2 + 𝐴𝑙2𝑂3 → 𝐶 − 𝐴 − 𝐻                                       Eq. 2-4 



24 

 

The pozzolanic reaction is slow and takes months and years under the condition that the stabilizer 

can maintain a high pH environment for a long period of time. The pozzolanic reaction product 

strengthen the soil by reducing the plasticity and changing the gradation. If leaching occurs in a 

reduced pH condition, the pozzolanic action will be disrupted and the soil can be brought back to 

its original state.  

 

Figure 2-13: Pozzolanic reaction process (Brenner et al., 1981) 

 

2.3 STRENGTH AND COMPRESSIBILITY OF TREATED CHAMPLAIN 

SEA CLAY 

A laboratory study conducted by Li et al. (2016) showed that both cement and slag/cement can be 

used to effectively stabilize Champlain Sea clay samples form Kanata and Arnprior, Ontario. A 

dosage of 28 % by weight of slag/cement was enough to increase the UCS of the treated clay by 

40 times, as shown in Figure 2-14. They also found that mixing natural clay with 40 % by weight 

of cement has increased the UCS by more than 50 times at the 28-day curing condition, as shown 

in Figure 2-15. Li (2017) conducted constant rate strain (CRS) tests to assess the compressibility 

of Kanata clay samples treated with 150 kg/m3 of cement and cured for 7 days. It was concluded 

that compressibility in treated samples was significantly reduced. Preconsolidation pressure was 

increased from 160 kPa to 650 kPa, and a decrease in the compression index from 0.67 to 0.11 

was obtained due to soil mixing. 
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Figure 2-14: Improvement ratio vs. slag/cement dosage of treated Kanata clay (Li, 2017) 

 

 

Figure 2-15: Improvement ratio vs. slag/cement dosage of treated Kanata clay (Li, 2017) 
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In a laboratory investigation, Afroz et al. (2018) studied the effect of cement dosage and mixing 

method on Champlain Sea clay. They used wet and dry mixing method. A slurry with a water to 

cement ratio of 0.7:1 was prepared and mixed with the soil in the wet method. In the dry method, 

the powder cement was directly mixed with the soil. They concluded that the strength increased 

with cement dosage. They also concluded that samples treated using the dry method gained higher 

strength than those treated using wet method for the same dosage and curing conditions as shown 

in Figure 2-16. However, in the dry method the strength gain was not as consistent as in the wet 

method.  

 

Figure 2-16: Impact of cement dosage and mixing method of cement-treated samples (Afroz et 

al., 2018) 

 

In an experimental investigation, Liu et al. (2020) studied the effect of salinity level in the pore 

fluid on the geotechnical engineering properties of Champlin Sea clay. It was found that leaching 

causes significant property changes in Champlain Sea clay. The plasticity index was reduced by 

14 % to 31 % while the liquidity index was reduced by 4 % to 26 %. Leaching also resulted in an 

increase in the sensitivity. An increase in pH values was also observed in leached samples, as 

shown in Figure 2-17. In terms of strength change, a reduction of more than 45 % was recorded in 
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undrained shear strength, as shown in figure 2-18. A noticeable increase in compressibility was 

also observed as the preconsolidation pressure was reduced by about one-third due to leaching. 

 

Figure 2-17: Effect of pore fluid salinity on pH values (Liu et al., 2020) 

 

 

Figure 2-18 Effect of pore fluid salinity on undrained shear strength (Liu et al., 2020)  
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2.4 MICROSTRUCTURE OF CLAY AND SATBILIZED CLAY 

Stabilization and treatment of soft clayey soils using artificial cementation are becoming 

increasingly important in the field of geotechnical and environment engineering. The basic 

mechanisms of admixture stabilization were investigated by many highway engineers many years 

ago. Cementitious additives such as cement and lime are extensively used to solve problems of 

sub-base and sub-grade in roads and railways constructions. Deep soil mixed columns are used to 

replace piles for slope stabilization, trenches and deep excavations in soft ground (Bergado et al., 

1996). Cementitious additives are also used to reinforce tailing dams’ and mine wastes for 

underground disposal (Mackay and Emery, 1992). The main objective of artificial cementation is 

to increase the strength and stiffness of the soil by creating bonding between soil particles 

(Kitazume & Terashi, 2013; Mary Ellen et al., 2013; Monsif et al., 2019) 

Extensive laboratory tests on a variety of treated Japanese marine clay lead to strength gain of the 

order of 100 kPa to 1 kPa in terms of UCS (Okumura et al., 1974; Okumura and Terashi, 1975; 

Terashi et al., 1977, 1980). A study on marine clay from eastern Canada by Choquette et al. (1987) 

concluded that the addition of lime results in an immediate agglomeration of clay particles and a 

flocculated structure. They also suggested that the use of lime produces platy minerals, which 

divides the inter-aggregate space into small micropores. They observed a correlation between the 

change of structure due to lime addition and the measured strength of the treated clay. Locat et al. 

(1996) studied the mechanical and hydraulic behaviour of lime-treated inorganic soft clay and 

suggested that if lime content is higher than 3 %, pozzolanic reactions produce cementitious 

material that fill the pores and reduce the hydraulic conductivity by one order of magnitude. Chew 

et al. (2004) and Kamruzzaman et al. (2009) investigated the development of microstructure in 

cement-treated Singapore marine clay by performing SEM and Mercury intrusion 

porosimetry (MIP) analyses and concluded an increase in the degree of flocculation at higher 

cement dosages.  

Horpibulsuk et al., (2010) investigated the strength development in cement-stabilized silty clay 

from Thailand based on microstructural considerations using SEM, MIP, and thermal gravity 

analysis. Their study showed that there is an optimum water content at which the cement is 
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effective in treating the soft clay. Figure 2-19  shows SEM photomicrograph of soil specimens 

treated with the same 10 % cement at different water contents. 

 

Figure 2-19: SEM micrographs of the 10% cement samples compacted at different water 

contents after 7 days of curing (Horpibulsuk et al., 2010) 

 

Du et al., (2014) conducted a microstructural analysis on a zinc-contaminated kaolin clay stabilized 

by cement. They used XRD, SEM, and MIP to investigate the changes in phases of major hydration 

products and microstructural characteristics of the stabilized soil. The study reveals the major 

hydration reaction products formed at low contamination. From the XRD analysis, these products 

were identified as C-S-H, ettringite, and C-A-H, as shown in Figure 2-20. SEM micrographs in 

Figure 2-21 show the major hydration products of kaolin clay stabilized by 12 % cement cured for 

28 days. From Figure 2-21a it can be observed that the morphology of C-S-H and ettringite is well 

developed leading to flocculation and a fine network of reticulation in the matrix of the stabilized 

samples. This flocculated fabric could be the result of cation exchange process, in which calcium 

ions are exchanged by potassium and sodium ions (Locat et al., 1996; Chew et al., 2004).  
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Figure 2-20: X-ray diffraction of kaolin clay stabilized by 12 % cement (Du et al., 2014) 

 

Figure 2-21: Major hydration products of kaolin clay stabilized by cement (Du et al., 2014) 
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Sasanian (2011) studied the effect of cement dosage on microstructure changes of Ottawa clay. He 

concluded that adding cement has resulted in an agglomerated, open structure in the clay and some 

needle-like crystals (Ettringite) are formed throughout the surface, as shown in Figure 2-22. In 

samples treated with 3.1 % of cement (Figure 2-22), the clay particles have formed aggregates that 

are coated with cementitious products. It can be seen that the new cementitious products have a 

“popcorn-like” morphology. In samples treated with 6.4 % of cement (Figure 2-22 c and d), it can 

be observed the formation of highly flocculated structure and more ettringite crystals than in 

samples treated with 3.1 %. The ettringite crystals reach as long as 12 μm in some places. Figure 

2-22 c and d illustrate the two-phase microstructure of the cemented clay, one phase consists of 

clay aggregates bonded with each other by the charge forces and by the cementitious material, and 

the second phase is the porous matrix of cementitious material filling the gaps between the 

aggregates. The degree of flocculation in samples treated by 6.4 % of cement is more compared to 

those treated by 3.1 % due to the availability of more Ca2+ cations and the higher pH of the pore 

fluid.   

 

Figure 2-22: SEM micrographs of Ottawa clay treated with Portland cement 3.1 % (a,b) and 

6.4% (c,d) (Sasanian, 2011) 
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It is therefore important to study the relationship between the microstructural changes and bonding 

of the soil particles due to the introduction of cementitious material and investigate the relationship 

between the microstructural changes and mechanical behaviour of the material.  

2.5 SUMMARY 

This chapter introduced the mineralogical and chemical composition of Champlain Sea clay in 

eastern Canada. The environmental conditions at the time of Champlain Sea clay deposition and 

its relation to the sensitive behaviour of Champlain Sea clay were discussed. Next, the mechanisms 

of the abrupt loss of strength in the sensitive Champlain Sea clay were described. Furthermore, the 

microstructure of the untreated and cement-treated Champlain Sea clay and other sensitive clay 

was introduced. Finally, the four stabilization mechanisms that lead to clay stabilization were 

discussed in this chapter.    



33 

 

3. GEOTECHNICAL PROPERTIES OF CHAMPLAIN SEA 

CLAY AND EXPERIMENTAL PROGRAM DESIGN 

3.1 INTRODUCTION 

This chapter is to introduce the physical and mineralogical properties of Champlain Sea clay used 

in this study. Laboratory tests are performed as part of the mix design process to verify the effect 

of different parameters in the strength development and the microstructural changes of the cement 

stabilized Champlain Sea clay.  

3.2 CLAY PHYSICAL AND MINERALOGICAL PROPERTIES 

The samples used in this study were retrieved from a dam site located near the locality of Arnprior, 

approximately 60 km West from Ottawa, Ontario. All tests in this study were conducted on 

samples from a depth between 20.25 m and 20.85 m, see Appendix B for detailed borehole log at 

related depth. Intact samples were retrieved from the field using a Laval sampler from a 16-inch 

diameter steel cased pre-drilled borehole. The clay core was cut into a cylindrical blocks of 200 

mm diameter by 220 mm in height. Final samples were quickly mounted on sealed plywood, 

wrapped in cellophane paper, and coated with paraffin wax to restrict air contact, remoulding, or 

natural water content alteration. Sealed samples were then packed with precaution in a custom-

made wooden box. Padding material was placed under the plywood and all around the sample to 

prevent them from being shocked or remoulded during transportation, as shown in Figure 3-1. The 

clay is visually homogenous, and its color varies from greenish grey to dark grey but mainly grey. 

Some fish shells were found embedded in the clay which confirms the marine environment of the 

clay at the time of its deposition.  

Extensive laboratory tests were conducted to determine the physical properties of the foundation 

clays at different depths for evaluating the long-term performance of the dam (Liu et al., 2017). 

Individual tests were conducted for the specific depth for this study and the results were mostly 

within the range of Liu et al. (2017) investigations.    
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Figure 3-1: Laval clay samples collected from the dam site and used for this study 

 

3.2.1 Water content 

Water content tests were conducted according to ASTM D2216 standard. The water content of 

samples from the depth used in this study (20.25 m to 20.85 m) were measured to be between 76.2 

% and 79.3 %. These values are within the range of the study conducted by Liu et al. (2017) as 

shown in Figure 3-2. 

3.2.2 Natural density  

Natural density was directly measured by determining the mass and volume of an undisturbed 

sample using a metal ring. Natural density is recorded to be between 1544 kg/m3 and 1610 kg/m3 

which are similar to those reported by Liu et al. (2017) as shown in Figure 3-3.  
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3.2.3 Specific gravity 

The specific gravity of the clay was determined according to ASTM D854 standard. The average 

value was measured to be about 2.75.   

3.2.4 Atterberg limits 

The liquid and plastic limits of the clay sample for this study were found to be 72 % and 27 % 

respectively. The results of the Atterberg limits tests of samples from different depths by Liu et al. 

(2017) were plotted along with those obtained previously in the 1987 investigations and in 2017 

by Qualitas to produce the plasticity chart shown in Figure 3-4. Qualitas (2016) observed that the 

upper clay is a CH type whereas the lower clay is between CL and CH, Liu et al. (2017) did not 

show a clear correlation. However, the clay samples for this study are inarguably classified as type 

CH clay by all investigations. 

3.2.5 Grain size distribution 

The wet method was used to perform the grain size distribution of the clay because it was difficult 

to break the clay into small particles through mechanical grinding. Hydrometer tests for four 

samples at different depths were performed and the results are shown in Figure 3-5.   
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Figure 3-2: The distribution of water content vs. depth in the foundation clay (Liu et al., 2017) 
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Figure 3-3: Bulk density vs. depth (Liu et al., 2017) 
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Figure 3-4: Plasticity chart of samples at different depths (Liu et al., 2017) 

 

 

Figure 3-5: Grain size distribution curves of the clay samples (Liu et al., 2017) 
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3.2.6 Pore-fluid salinity 

The diluted fluid method was used in this study to measure the pore-fluid salinity of the clay. This 

method was thought to give higher values than the squeezed fluid method. For measuring the 

salinity level of the natural clay, a known mass of oven-dried clay block was dissolved into a 

known volume of distilled water, and the salinity reading was recorded using Horiba ES-5 portable 

salinity meter. For this study the salinity was recorded 15.53 g/L of salt mass per pore water which 

is the equivalent of 11.05 g/kg of salt mass per dry soil mass. Liu et al. (2107) have conducted 

many salinity tests of samples from different depths using both aforementioned methods and plot 

the results along with the results from previous investigations, as shown in Figure 3-6. 

3.2.7 Mineralogical compounds 

Three samples of the clay were dried and analyzed by AGAT Laboratories Ltd. (Qualitas 2016) 

for bulk and clay XRD mineralogy. The clay fraction was separated from the bulk sample using 

centrifugal method. The combined bulk and clay XRD results for the three samples are 

summarized in Table 3-1. The mineralogical composition of the samples consist mainly of illite 

clay (59 % to 68 %) [potassium aluminium silicate hydroxide, KAl2(OH)2(AlSi3(O,OH)10)], with 

(7 % to 10 %) of quartz [silicon dioxide, SiO2], chlorite (5 % to 10 %) [iron magnesium aluminium 

silicate, (Mg,Fe)5Al(AlSi3)O10(OH)9], plagioclase feldspar (7 % to 8 %) [ calcium sodium 

aluminium silicate, (Ca, NA)(Si,Al)4O8], kaolinite (3 % to 6 %) [ aluminium silicate hydroxide, 

Al4Si4O10(OH)8)], horenblende (4 % to 5 %) [sodium, potassium, calcium, magnesium, iron, 

aluminium silicate, (Na,K)10Ca2(MG,Fe2+, Fe3+, Al)5[Si6-7Al2-1O22](OH,F)2], potassium feldspar 

(3 %) [ potassium aluminium silicate, K(SiAl3O8)], and pyrite (2 %) [ iron sulfide, FeS2]. 

The clay fractions in the three samples were 50.15 %, 50 % and 57.54 %. The XRD analysis shows 

that the clay fraction consists mainly of illite (77 % 87 %), with minor amounts of chlorite (5 % to 

10 %), kaolinite (3 % to 6 %), hornblende (2 %), quartz (1 % to 2 %) and potassium (1 % to 2 %) 

and plagioclase (1 % to 2 %) feldspar, as shown in Table 3-1. 
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Figure 3-6: Salinity level in the pore fluid of foundation clay (Liu et al., 2017) 

Data from 

this study 

(diluted 

method) 
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Table 3-1: XRD analysis of Champlain Sea clay (Qualitas, 2016) 

 

 

3.3 SCANNING ELECTRON MICROSCOPY 

3.3.1 Fundamental principals of scanning electron microscopy 

Researchers have been using Scanning Electron Microscopy (SEM) to investigate the 

microstructure and composition of exposed surfaces of clay and stabilized clay. SEM is a technique 

that makes use of the interactions between a focused electron beam and the atoms of the analyzed 

sample to generate image with ultra-high magnification and resolution that can reach the atomic 

level. The basic components of a SEM machine are electron gun, lenses, electron detectors, and 

vacuum chamber as shown in Figure 3-7. A beam of electrons with high energy (0.1-30 keV) is 

emitted by an electron gun, and the lenses focus the beam onto the specimen as a spot with a size 

on the order of 10 nm. The interaction between the electron beam and the specimen surface 

produces electron and X-ray emissions. Emitted electrons are collected by a number of detectors 

to produce images of the sample surface. Most of SEM machines are equipped with X-ray detectors 

that allow the collection and analysis of X-rays emitted from the elements present in the sample. 

X-rays are characteristic of the elements from which they are emitted and provide qualitative and 

quantitative measurements of the elements. The wide use of SEM stems from the relatively easy 

sample preparation, high resolution, and non- destructive nature of the technique. 
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Figure 3-7: Schematics of a SEM machine (Akhtar et al., 2018) 

 

When the beam of electrons hits the sample surface, it excites radiations that depend on the 

morphology and the composition of the sample. When analyzing the outcoming signals, different 

results can be obtained. In desktop instruments, three kinds of signals are normally detected: 

secondary electrons (SE), backscattered electrons (BSE), and X-ray radiation (Reed, 2005). 

The Secondary electrons are produced from the emitted weakly bound valence electrons of atoms 

in the specimen. These scattered electrons are referred as inelastic scattering because of the energy 

dissipation through interactions with bound electrons. Reed (2005) concluded that the secondary 

electrons have energy less than 50 eV. Because of their low energy, only the secondary electrons 

produced within a few nanometers of the surface can leave, whereas the secondary electrons 

generated at a deep level are absorbed by the sample. Therefore, only information about the 

topography of the sample are collected by the secondary electrons. 

Electrons reflected due to interactions between incident beam and atoms from the sample are called 

the backscattered electrons. These interactions are referred to as elastic scattering because the total 

kinetic energy of the collision of electrons is conserved. Backscattered electrons have energy 

greater than 50 eV (Reed, 2005). Backscattered electrons reflected through an angle greater than 
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90⁰ represent the backscattering coefficient. This coefficient is increasing with atomic number Z. 

Consequently, backscattered electrons provide composition information of the sample. 

X-ray emissions are the results of the interactions between the incident beam of electrons and the 

sample, they characterize the elements from which they are emitted. X-ray emissions are produced 

when electrons transit between the bound orbits designated by K (n=1), L (n=2), and M (n=3), 

where the n is the quantum number. The incident beam energy must exceed, by at least twice, the 

electron binding energy for an X-ray to be produced (Goldstein, et al., 2018). The difference 

between the initial and final energy in the transition process is equal to the X-ray energy. Because 

each element has a unique energy difference between outer and inner shells, the X-rays that are 

detected by an Energy Dispersive Spectrometer (EDS) yield an elemental identification. Most of 

modern SEM machines are equipped with such a detector. EDS data can be obtained at a point, 

along with a line, or mapped over an area. 

3.3.2 Imaging parameters 

A JEOL JSM-6380 LV SEM was used in this study. Image quality is very important to the 

information that can be obtained from SEM micrographs. Signal to noise ratio and resolution are 

the two parameters that control the image quality. Signal to noise ratio depends on the beam current 

and scan speed, while resolution is a function of the accelerating voltage and working distance. 

The beam current choice should provide a good balance between the generated signal and sample 

charging. The term charging is the accumulation of static electric charges from the electrons on 

the surface of nonconductive material such as clay. The beam current can be controlled by the 

aperture size which can be achieved by adjusting the condenser and objective lenses. Scan speed 

is a critical parameter in controlling the noise level in SEM images. Image quality can be improved 

by using a slow scan speed to reduce the noise level. However, a very slow scan speed can be 

detrimental to the image quality if there is charging. A good balance between the scan speed and 

the noise level is thus important to the quality of SEM images of non-conductive samples. In this 

study, both the beam current and the scan speed were adjusted to get the best possible SEM image 

quality of Champlain Sea clay samples.  

Resolution of SEM images depends on two parameters: accelerating voltage and working distance.  

Accelerating voltage is the critical parameter for providing a good resolution of SEM images. The 
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image resolution increases with an increasing acceleration voltage. The higher the voltage, the 

deeper the electrons will reach, which results in a good electron yield from a deeper part of the 

specimen. The increase in electron yield will reduce the edge effect and improve the surface 

details. However, a low accelerating voltage reduces the charging effect and provides sharp surface 

details. For EDS analysis, the acceleration voltage must be high enough to provide the critical 

excitation energy of elements in the sample to excite the characteristic X-rays of the elements. 

Reed (2005) recommended an acceleration voltage of about two times the critical excitation 

energy. Depending on the sample conditions during imaging, we found that an accelerating voltage 

of 5-15 keV provides images with good quality and critical excitation energy for elements of 

interest. Working distance is the second parameter that affects the SEM images resolution. 

Working distance is the distance between the specimen and the final condenser lens. The resolution 

of SEM images increases with decreasing working distance. In this study, a working distance 

between 7 - 9 mm was used to provide a good resolution and contrast in the SEM images.  

 

Figure 3-8: Scanning electron microscope machine used for this study  
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3.4 X-RAY DIFFRACTION 

3.4.1 Fundamental principles of XRD 

The basic components of an X-ray diffractometer include a source of monochromatic radiation 

and an X-ray detector along a graduated circle centered on the specimen. Divergent slits placed 

between the X-ray source and the specimen, and divergent slits, placed between the specimen and 

the detector, eliminate non-diffracted radiation, reduce the background noise, and collimate the 

radiation. The detector and the specimen holder are mounted so that the detector rotates through 

2θ degrees occurs when the specimen rotates through θ degrees, as shown in Figure 3-9. The 

counter records the number of X-rays observed at each angle 2θ and the X-ray intensity is usually 

recorded as “counts”.  

 

Figure 3-9: Schematic of an X-Ray diffractometer (U. S. Geological survey, 2020) 

 

General scattering occurs when an incident X-ray beam encounters a crystal lattice. Most of this 

scattering interferes with itself and is eliminated (destructive interference). Diffraction occurs 

when scattering is in phase with other atomic planes (constructive interference). The relation by 
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which diffraction occurs is known as Bragg’s law. The diffracted X-rays has a characteristic 

pattern that is related to the characteristic atomic structure of the crystalline material and hence 

each phase, a specific chemistry and atomic arrangement, produces a unique diffraction pattern. 

For example, quartz, cristobalite, and glass are all chemically identical (SiO2) but have different 

atom arrangements resulting in different diffraction patterns. 

𝑛𝜆 = 2 𝑑 sin 𝜃                                                                 Eq. 3-1 

Where n is an integer, λ is the wavelength of the incident X-ray, d is the lattice planes spacing, and 

θ is Bragg angle. 

 

 

Figure 3-10: Bragg’s law (Reed, 2005) 

 

3.5 SAMPLES PREPARATION AND PROCEDURES 

3.5.1 Leached clay samples preparation 

In this study, clay samples were tested at five different salinity level: its natural salinity level of 

15.53 g/L, salinized sample at 30.55 g/L, and leached samples at 0.73 g/L, 1.07 g/L, and 1.33g/L. 
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Leached Champlain Sea clay samples were prepared using a leaching apparatus developed Ali 

(2018), as shown in Figure 3-12. The main components of the apparatus are:  1) distilled water 

reservoir, 2) pump, 3) solenoid valve and pressure gage 4) pressure switch, 5) pressure tank, 6) 

pressure regulator, 7) pressure gage, and 8) leaching mould. The apparatus was used to flush 

distilled deionized water through the undisturbed clay samples under a constant pressure of 100 

kPa. This pressure was chosen to be lower than the preconsolidation pressure of the clay samples 

to avoid any possible consolidation during the leaching process. At the same time, the pressure 

gradient is large enough to generate a flow rate to leach the samples with a reasonable time.  

 

Figure 3-11: The leaching apparatus used in this study    
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The leaching mould was chosen of a large size to accommodate more specimens from the same 

clay sample, including index properties, UCS tests, SEM and XRD analysis. The water passed 

through the samples until it reached to the bottom and collected in the leachate collection beaker. 

Paper filters and pore stones were placed on the top and bottom of the samples to distribute the 

water pressure evenly on the samples. To perform tests on undisturbed samples such as UCS and 

mini vane shear, the sample was extruded gently from the leaching mould to minimize disturbance, 

as shown in Figure 3-12. 

 

Figure 3-12: A leached clay sample being extruded from the leaching mold  

 

The salinity level of the collected leachate was checked and recorded using Horiba ES-5 portable 

conductivity/ salinity meter within 24 to 48 hours. After each recording the beaker was replaced 

by a clean one and the procedure continued until the required salinity level is reached. In this study, 
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three natural clay samples at 15.53 g/L were leached to three different salinity levels of 0.73 g/L, 

1.07 g/L, and 1.33g/L.  

At the end of the leaching process, the salinity level was tested from three different part of the clay 

sample (top, middle, and bottom) to confirm the uniformity of the leached sample.      

3.5.2 Unconfined compressive strength samples preparation 

For untreated samples, a soil lathe and saw wire were used to trim clay blocks to a cylindrical 

shape of 50 mm in diameter and 100 mm in height as shown in Figure 3-13.  

 

Figure 3-13: Untreated sample preparation for UCS 

 

For treated samples, a 10 speeds Kitchen Aid ultra power mixer was used for all mixing and 

homogenizing the samples in this study as shown in Figure 3-14. The mixer has a power of 300 

Watt and its standard revolutions per minute (RPM) ranging from 60 RPM at stir position to 255 

RPM at speed number 10 position. 
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Figure 3-14: A Kitchen Aid ultra power mixer and the electric milk shaker used in this study 

 

First, the clay sample at the desired salinity level was homogenized under the Kitchen Aid mixer 

at a low mixing speed for 5 min. Champlain Sea clay tend to be clumpy and exhibit a high viscosity 

during homogenization process; therefore, the mixer was turned off every minute to manually 

scrape the unmixed soil into the center of the mixing bowl to obtain a homogenized mixture. 

Second, the slurry was prepared by mixing the required amount of binder with a binder-to-water 

ratio of 1:1. The slurry was mixed for 5 min to obtain a homogeneous mixture using in an electric 

milk shaker as shown in Figure 3-14. Third, the slurry was added to the homogenized clay in the 

mixing bowl and mixed with a different speed for 10 min to ensure that the mixing process would 

not break any produced bond. The mixture was then poured into a plastic mould of 50 mm in 

diameter and 100 mm in height. To avoid trapped air bubbles from forming inside the specimen, 

moulds were gently tapped on the table. The moulds were then covered by their lids and placed in 

a curing box at room temperature around 22 ⁰C. All cemented samples were cured for curing 

periods of 7, 14, 28, 56, and 300 days before testing.  
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UCS tests were conducted in accordance with ASTM D2166 standard using Humboldt 

Masterloader 3000 machine (HM3000). The machine applies consistent load rate of 1.25 mm/min 

until the end of the test. All samples’ surfaces were flat and smooth and have a length to diameter 

ratio of 2. The two plates were carefully cleaned before the specimen is placed. Stress and 

deformation data were recorded through an electronic system that has the appropriate accuracy 

specifications. 

The axial strain is calculated as: 

εa = Δl / L0 

Where:  

εa: Axial strain,  

Δl: Change in measured axial length and L0: The initial length of the sample. 

The compressive stress is calculated as: 

σ = P / A0 

Where σ: Compressive Stress, P: Load and A0: The initial cross-section area of the specimen. 

Therefore, the Unconfined Compressive Strength is calculated for the maximum load applied: 

σUCS = Pmax / A0 

The corrected compressive strength is calculated by using the corrected cross-section area instead 

of the initial cross-section of the specimen as follow: 

Acorrected = A0 / 1 - εa 

σ corrected = Pmax / Acorrected   the corrected unconfined compressive strength 
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Figure 3-15: Humboldt UCS testing machine 

 

3.5.3 Scanning electron microscopy specimen preparation 

For cemented treated clay samples, specimens for SEM analysis were prepared in 12-mm diameter 

by 10-mm high rings from the same mix with the samples prepared for the UCS tests. The mixture 

was pressed using the thumb and carefully trimmed with a spatula to create a flat surface as shown 

in Figure 3-16. For uncemented samples, specimen was trimmed with a spatula from the 

undisturbed clay sample into a cube of 1 cm each side. The specimen was then kept in a sealed 

plastic bag submerged in water in the same curing conditions as the UCS specimens. After curing, 

these SEM specimens were oven-dried for 24 hours in an oven at a temperature of 105 ⁰C. Then, 

sandpaper with a grit size of 400 (grain size 23 μm) was used to polish the sample to a flat surface 

for coating and avoiding any cracks formed during the drying process. Finally, specimen was 

further polished using sandpaper with grit size of 500 (19 μm). It is crucial to polish both surfaces: 

the surface to be imaged and the other surface perpendicular to it to produce flat surfaces for 

imaging and reduce the depth of the disturbed surface due to the drying effect. 
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An ultra-thin layer of gold was applied on the surface to be imaged to prevent charging of the 

specimen, which would otherwise occur because of the accumulation of static electric charges. It 

also increases the amount of the secondary electrons that can be detected from the surface of the 

specimen and therefore increases the signal to noise ratio resulting in an image resolution 

improvement. The sample was then mounted using a double stick tape and attached to the 

mounting stub. Two specimens can be mounted at a time, because of the small size of the samples, 

as shown in Figure 3-16. 

 

Figure 3-16: (a) Gold laboratory Vacuum thin film thermal evaporator, (b) two gold coated 

specimen for SEM       

                                                                                            

3.5.4 X-rays diffraction specimen preparation  

From the same mix of the UCS tests, small cylindrical specimens of 35-mm diameter by 7-mm in 

height were prepared for XRD analysis. These samples were air-dried for 24 hours, and polished 

with sandpaper with a grit size of 400 (grain size 23 μm) to a flat surface. Finally, sandpaper with 

grit size of 500 (19 μm) was used to further polish the specimen. Figure 3-17 shows a sample ready 

to be analyzed in the X’Pert X-ray diffraction machine. 
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Figure 3-17: An XRD sample set-up in X’Pert X-ray diffraction machine  

 

3.5.5 Samples tag and numbering rules 

Each sample is designated with a tag according to the sample conditions. The first two letters of 

the natural clay represent the origin of the clay (WD for Waba Dam foundation clay). Followed 

by the sample depth in meters. Followed by the binder type and dosage. Followed by the curing 

time and the salinity level between brackets at the end of the tag. For example: 

WD21.6C50D28(1.33 g/L) means Waba Dam clay, from a depth of 21.6m, treated with cement 

dosage of 50kg/m3, tested at curing day of 28 days of curing and leached to a salinity level of 1.33 

g/L.  

3.6 EXPERIMENTAL PARAMETERS 

Previous researches show that the final strength of the treated soil may be influenced by many 

factors such as soil type, binder type, binder dosage, curing time, mixing method. Locat et al. 

XRD specimen 
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(1990) have used a total of 6 quicklime dosages ranged from 0 to 10 % by dry mass of the solid to 

treat soil from different sites from eastern Canada. Although the optimum quicklime dosage was 

about 4 % by previous studies, Locat et al. (1990) selected 10 % dosage to ensure that enough 

reaction products would be generated to ease SEM investigations. Li et al. (2016) have used 

cement and slag/cement on Champlain Sea clays from Arnprior and Kanata, Ontario to assess the 

effect of binder types on the treated soil. For cement, the dosages ranged from 57 to 400 kg/m3 

and higher dosages of slag/cement (290 to 828 kg/m3) were used. All samples were cured up to 56 

days. In this study, the effect of binder type with lower dosages and higher curing times were 

investigated. The effect of pore fluid salinity level on cement-treated clay was also investigated. 

3.6.1 Binder types 

All the binder types were delivered from a local cement manufacturing plant. Four types of binder 

were selected for this study. General use Portland cement (GU), cement kiln dust (CKD) with two 

cement to CKD ratios of 1:1 and 3:1, respectively, , cement/slag (CS) with a cement to slag ratio 

of 3:1 by weight and blended Portland cement with 8% of silica fume by weight (HSF). 

CKD is a significant by-product of the cement manufacturing process. CKD is created in the kiln 

during the production of cement clinker. The dust is a particulate mixture of partially calcinated 

and unreacted raw feed, clinker dust and ash, enriched with alkali sulfates, halides and other 

volatiles. Its size distribution, chemical and physical properties depend on several production 

factors such as raw feed material, type of kiln operation, dust collection system, and fuel type. A 

typical composition of CKD is shown in Table 3-2. The most important element for soil 

stabilization supplied by CKD is calcium; however, it needs to be in the form of free lime (CaO) 

otherwise it acts just as a filler. In this study, a blended binder CKD with cement was supplied and 

no chemical analysis was conducted on CKD. 

Table 3-2: Typical composition of cement kiln dust (Haynes & Kramer, 1982) 
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Slag is a by-product of the conversion of iron to steel process. The chemical composition of steel 

slag is highly variable; thus, the chemical composition depends on the raw material and process. 

Summarizes the chemical composition and some physical properties of Portland cement and blast 

furnace slag. Cement /slag can be used for mass concrete and pavement applications due to its 

special features. In this study, the purpose of using cement/slag binder is to determine if slag can 

be used to replace a portion of the cement in stabilizing the marine Champlain Sea clay. 

Table 3-3:Chemical composition (mass %) and some physical properties of Portland cement 

(PC) and blast furnace slag (BFS) (Shi, 2002) 

 

Silica fume is a pozzolanic material which is a by-product of the silicon smelting process. Silica 

fume is known by its production of high-strength concrete. In concrete industry, it is used for two 

different reasons: to replace a portion of the cement to reduce the cost; and as an additive to 

improve concrete properties for fresh and hardened conditions. In this study, the use of silica fume 

is more to investigate its effect on the strength development of soil-cement mixture. 

3.6.2 Binder dosages design 

To study the effect of the general use Portland cement dosage on the improvement of stabilized 

Champlain Sea clay three dosages were selected: 50, 100 and 200 kg/m3 of the mixed soil volume, 

identified as GU50, GU100 and GU200 respectively. The effect of binder type was investigated 

using four more binder types:  CKD with two cement to CKD ratios (CKD1:1 and CKD3:1), 

CS3:1, and HSF with the dosages as shown in Table 3-4. The dosage was chosen to fix the amount 

of cement in 50 kg/m3 in the cases.  All the mixes for salinity level investigation were dosed with 

50kg/m3 of general use Portland cement. 
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Table 3-4: Binder types and dosages used in this study  

Binder ID Binder Type Cement Dosage 

(kg/m3) 

Additive Dosage 

(kg/m3) 

GU200 General Use Portland cement 200 0 

GU100 General Use Portland cement 100 0 

GU50 General Use Portland cement 50 0 

HSF50 Cement with 8% silica fume 50 0 

CS67 Cement-slag with 3:1 ratio 50 17 

CKD67 Cement-Cement Kiln Dust with 3:1 

ratio 

50 17 

CKD100 Cement-Cement Kiln Dust with 1:1 

ratio 

50  50 

 

3.6.3 Salinity level  

A total of five levels of salinity samples were investigated in this study. The natural clay with 

salinity a level of 15.53 g/L, salinized sample to 30.55g/L, and three leached samples at 0.73, 1.07, 

and 1.33 g/L. 

The salinized specimens were prepared by adding and mixing 1 % of sodium chloride salt by 

weight to the natural clay. The mixture was kept in a plastic bag in a humid chamber for at least 

one week before using it. This allows for full interaction between the added salt and the clay. 

Sample at 1.33 g/L samples were leached for 8 weeks and those at 1.07 g/L were leached for 12 

weeks, and the leaching process of samples at 0.73 g/L lasted 15 weeks.  

3.7 SUMMARY 

This chapter presented the physical properties of the soil used in this study. Then, an overview and 

the fundamentals principals of the equipment used in this study were discussed. Furthermore, the 

binder dosage, sample mixing procedure and the experimental parameters were presented. The 

next chapter will present the results of strength development, microstructure analysis, and 

mineralogical changes of natural, and leached clays mixed with different binders.    
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4. STRENGTH AND MICROSTRUCTURE ANALYSES OF 

STABILIZED CHAMLAIN SEA CLAY 

4.1 INTRODUCTION 

In this chapter, the experimental results of natural and leached clay mixed with different binders 

and dosage will be introduced. The UCS was used to gage the strength development of clay 

samples under different conditions. SEM provides a useful tool to visualize particle structure and 

bonding agents developed between soil particles due to cementation. XRD was used to analyze 

the phase composition of clay samples at different salinity levels. First, strength and microstructure 

analyses of intact, leached, and salinized Champlain Sea clay will be presented. Then, the effect 

of different binder’ types on strength development and microstructure changes of Champlain Sea 

clay will be explained. Finally, the effect of salinity level on strength and phase composition of 

leached clay at different level as well as salinized samples will be presented.   

4.2 MICROSTRUCTURE AND STRENGTH OF CHAMPLAIN SEA CLAY 

AT DIFFERENT SALINITY LEVELS 

4.2.1 Natural clay 

The stress-stress curve obtained from the UCS test of the natural soil sample is shown in Figure 

4-1. The values of peak UCS, qu, for the three tests were 73, 82, and 97 kPa resulting in average 

undrained shear strength, cu, of 42 kPa with a standard deviation of 6.06. The increase in UCS 

after the peak in sample WD21.6UCS1 could be explained by the failure mode of the sample as 

shown in Figures 4-1 and 4-2. The localized failure of the sample at its end of the cylinder could 

have generated extra strength after the peak.  

The intact clay micro-structure of an oven-dried clay sample was observed using SEM. Figure 4-3  

presents SEMs photomicrographs at two different magnifications of X 5000 (a) and X 10000 (b) 

of a view plane parallel to the bedding plane.  

The observed structure in the photomicrographs of Figure 4-3 is an aggregated structure. The 

aggregates are composed of small platelets and separated by a porous network. The aggregate 

diameter is on the order of 3 μm. Some silt particles are scattered among the aggregates with a 
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diameter larger than 5 μm. Figure 4-3b highlights a silt particle of diameter around 6 μm, the same 

figure shows some platelets are stuck on the silty grain side and edge. 

The texture of the untreated clay consisted of many sheet-like particles as shown in Figure 4-4. 

The flaky and plate-like particles could be identified as illite with some scattered kaolinite 

minerals. The texture of the illitic structure is composed of thin plates and aggregates, some of 

these individual illite platelets could be seen at the left and the right of the micrograph in Figure 

4-4. 

XRD analysis (Qualitas, 2016) have shown that the clay fraction of a sample from almost same 

depth as the one shown in Figure 4-4 is 50.15% by weight. However, the micrograph shown in 

Figure 4-4 gives the impression of a larger proportion of platy minerals, this may be due to the fact 

that some aggregate may contain nonclayey tiny particles. In addition, the analysis has quantified 

the clay mineral by weight while microscope observations consider volume. Clayey particles will 

occupy a much larger volume than nonclayey particles and will seem to be more apparent due to 

its platy morphology.  

 

Figure 4-1: Stress-strain curve natural soil samples. 
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                                                          (a) Before UCS test 

 

(b) After UCS test 

Figure 4-2: Failure mode of natural clay sample under UCS 
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(a) Intact clay  

 

(b) Intact clay                                                     

Figure 4-3: SEM micrographs of intact clay (a) magnified X 5 000 (b) close-up on a silt particle 

                                              

pore 

silt 

quartz 

Matrix of kaolinite + illite 
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Figure 4-4:SEM photomicrograph of untreated Champlain Sea clay  

 

 

Figure 4-5: Spectra of EDS analysis for untreated clay 
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The results of a localized and an average elemental composition analysis of an untreated sample 

is shown in Figure 4-6 and Figure 4-7, respectively. Figure 4-6 shows that the area under analysis 

(spectrum 1) is composed mainly of sodium (Na) and chlorine (Cl) with about 33.4 % by weight. 

The high amount of sodium and chloride can be attributed to the sedimentation marine 

environment of Champlain Sea clay. The average elemental composition of the clay sample 

(spectrum 6) also shows high sodium and chlorine elements with 37.6 % by weight. Champlain 

Sea clay are composed mainly of silicon (Si), aluminum (Al), calcium (Ca), iron Fe and sulfur (S), 

i.e. 23.1 % by weight. Si and Al and Ca are the most abundant and contribute more than 17.9 % 

by weight. Magnesium (Mg) reaches 1.1 % by weight and can be attributed to smectite. 

 

 

Figure 4-6: Localized elemental composition of untreated clay 
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Figure 4-7: Average elemental composition of untreated clay 

 

4.2.2 Leached clay 

The UCS tests were performed on leached clay to assess the effect of salinity level on the strength 

of untreated clay. The results are shown in Figure 4-8. As a general trend, UCS of leached clay 

decreases as the salinity level decreases, however, a sharp decrease of strength is observed when 

salinity level drops below 1 g/L. For example, clay leached to 1.07 g/L reached a UCS of 49.10 

kPa, whereas sample leached to 1.33 g/L does not show a big decrease compared to natural clay 

samples. Figure 4-9 a photograph showing the failure mode of a leached sample at 0.73 g/L. The 

leached sample exhibits an axial splitting crack failure mode as opposed to the natural clay sample 

where the failure was localized at the end of the cylinder.     
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Figure 4-8: Stress-strain curve for clay leached to different salinity level 

 

 

Figure 4-9: Photograph of the failure mode of a leached sample at 0.73 g/L  
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The structure of the clay particle after being leached from 15.53 to 0.73 g/L is shown in Figure 

4-10. Figure 4-11 shows the average elemental composition of the leached sample. As compared 

to natural clay elemental composition, the leached one has lost all the chlorine element and the 

sodium drops from 18.8 wt. % in the natural clay to 1.7 wt. % in the leached salt. 

The morphological patterns, particle arrangements, and interactions observed in Figure 4-10 are 

different from those observed in the previous SEM images of natural clay. Compared to natural 

clay as shown in Figure 4-4, the leached clay exhibits less flocculation, and thin platelets shape, 

while that of natural clay presents a flocculated and bulky shape. The pore sizes were close in both 

samples. Therefore, leaching caused the aggregated structure of Champlain Sea clay to change to 

individual tiny platelet structure. Therefore, a de-flocculation mechanism could be introduced to 

interpret the effect of salinity on strength.  

The leachate collected from the leaching process was evaporated in an oven over time. The 

precipitated salt was then analyzed under SEM and EDS as shown in Figure 4-12 and Figure 4-13. 

The salt was identified as sodium chloride as more than 69 wt. % of the elemental composition of 

the salt is made of sodium and chlorine as shown in the EDS analysis in Figure 4-13. 

 

Figure 4-10: SEM micrograph of leached clay sample to 0.73 g/L 
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Figure 4-11: Average elemental composition of Leached clay to 0.73 g/L 

 

 

Figure 4-12: SEM micrograph of salt collected from the leachate 
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Figure 4-13: Leached salt elemental composition 

 

4.2.3 Salinized clay 

The salinity of natural clay was increased from 15.53 to 30.55 g/L by adding 1 % by weight of 

table salt to natural clay. The UCS tests were not performed on the salinized clay because mixing 

clay with salt to reach the required salinity has disturbed the clay and was not possible to obtain 

undisturbed clay samples with high salinity level. However, when the salt was added, the mixing 

process was more resistant than normal clay. Therefore, it can be concluded that there is an increase 

in shear strength in clay with a high salinity concentration in the pore fluid.   

Figure 4-14 shows an SEM micrograph of a sample with a salinity level of 30.55 g/L magnified 

by X5000. The high level of flocculation observed in the SEM micrograph can be explained by 

the diffused double layer theory, the added salt has increased the pore fluid concentration leading 

to a reduction in the double diffusion layer systems. When the double diffusion layer compressed, 

repulsive forces decrease much more than the attractive forces promoting the fine particles to be 

flocculated. Therefore, an increase in salinity in Champlain Sea clay increases the degree of 

flocculation, as shown in Figure 4-14. This flocculation could be the reason behind the observed 
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increase in shear strength during salinization process. The influence of salinity level on the 

diameters of aggregates and pores was not significant. However, a redistribution or pores was 

observed in the salinized specimen due to flocculation. The average elemental composition of the 

salinized clay to 30.55 g/L is shown in Figure 4-15. The EDS graph shows that both sodium 

element and chlorine represent more than 94 wt. % of the total weight of the specimen elements.  

4.3 IMPACT OF BINDER DOSAGE 

The natural clay samples were mixed with cement at three different dosages of 50, 100, and 200 

kg/m3 and cured for 7, 14, 28 and 300 days before the UCS tests. The microstructure changes after 

mixing and curing were also investigated using SEM. 

4.3.1 Unconfined compressive strength   

Significant strength improvement was observed after the soil is mixed with cement as shown in  

Table 4-1. Initial trials at low cement dosage of 50 kg/m3 by the mixture volume, yielded a 

significant shear strength improvement for Champlain Sea clay. The average of UCS tests yielded 

613, 721, 845, and 1027 kPa for samples cured for 7, 14, 28, and 300 days respectively. The trend 

of strength increase with an increasing curing time is clearly observed. Samples cured for 28 days 

were improved 10 times compared to UCS of natural clay. 

When cement dosage was increased to 100 kg/m3, the UCS values increased more substantially. 

The average UCS values of 1770, 1964, 2112.5, and 2615 kPa were recorded for samples cured 

for 7, 14, 28, and 300 days. This increase in UCS is mainly due to the cement dosage increase. 

Samples treated with 100 kg/m3 under a 28 days curing reached an improvement ratio of almost 

26. This increase in strength could be due to the increase in cement hydration product and the 

reduction in water content of the treated clay.  

As the cement dosage was increased to 200 kg/m3, an improvement ratio of almost 34 was 

observed for samples cured for 28 days. One outlier was identified in this experiment, Sample 

WD21.6C200D28UCS1 reached the peak UCS of 2103 kPa, whereas, Sample 

WD21.6C200D28UCS2, the second UCS test for the same condition, reached 2844 kPa. The big 

difference between the two samples may be due to the inconsistent compaction in the first sample, 
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which was excluded for further analysis.  The average UCS values of 2006, 2523, 2844, and 4594 

kPa were recorded for samples cured for 7, 14, 28, 300 days.       

 

Figure 4-14: SEM micrograph of salinized clay to 30.55 g/L 

 

Figure 4-15: Average elemental composition of salinized clay to 30.55 g/L 

Flocculated particles 
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Table 4-1: Peak UCS values of cement treated Champlain Sea clay 

Mix 

ID 

Sample ID Binder 

Type 

Dosage 

(kg/m3) 

Curing 

Time 

(days) 

Peak 

UCS 

(kPa) 

Failure 

strain, 

f (%) 

Dry 

density, 

d 

(kg/m3) 
 WD21.6C50D07UCS1 GU 50 07 607 1.61 873 

 WD21.6C50D07UCS2 GU 50 07 619 0.99 865 

 WD21.6C50D14UCS1 GU 50 14 739 1.37 871 

 WD21.6C50D14UCS2 GU 50 14 703 1.87 874 

GU50 WD21.6C50D28UCS1 GU 50 28 876 1.00 860 

 WD21.6C50D28UCS2 GU 50 28 814 0.87 869 

 WD21.6C50D300UCS1 GU 50 300 1021 1.59 875 

 WD21.6C50D300UCS2 GU 50 300 1034 1.79 871 

 WD21.6C100D07UCS1 GU 100 07 1700 1.62 871 

 WD21.6C100D07UCS2 GU 100 07 1840 1.37 877 

 WD21.6C100D14UCS1 GU 100 14 1954 0.99 870 

 WD21.6C100D14UCS2 GU 100 14 1974 1.37 869 

GU100 WD21.6C100D28UCS1 GU 100 28 1825 1.24 868 

 WD21.6C1000D28UCS2 GU 100 28 2400 1.25 872 

 WD21.6C100D300UCS1 GU 100 300 2771 1.29 869 

 WD21.6C100D300UCS2 GU 100 300 2460 1.09 884 

 WD21.6C200D07UCS1 GU 200 07 2064 1.75 862 

 WD21.6C200D07UCS2 GU 200 07 1948 1.75 881 

 WD21.6C200D14UCS1 GU 200 14 2446 1.49 876 

GU200 WD21.6C200D14UCS2 GU 200 14 2600 1.24 877 

 WD21.6C200D28UCS1 GU 200 28 2103 0.99 863 

 WD21.6C200D28UCS2 GU 200 28 2844 0.99 881 

 WD21.6C200D300UCS1 GU 200 300 4594 1.1 871 
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Stress-strain curves of samples treated with 50 kg/m3 cured for 7, 14, 28 and 300 days are shown 

in Figure 4-16. Samples treated with 50 kg/m3 and cured for 300 days reached an UCS value of 

1021 kPa and the failure strain was recorded to be about 2.0 %. From Figure 4-16 it can be observed 

that not only the strength was increased with cement content and curing time, but also the stiffness 

was remarkably increased compared to natural clay. 

Stiffness and strength of samples treated with 100 and 200 kg/m3 increased with curing time as 

shown in Figure 4-17 and Figure 4-18 respectively. Samples cured for 300 days reached an UCS 

of 2771 kPa and failed at 1.62 % strain. The stiffness of the samples did not show a big difference 

after the 14 days of curing. Those treated with 200 kg/m3 reached an UCS of 4594 kPa and failed 

at 1.12 % strain. Samples cured for 300 days showed the highest stiffness among other samples 

with different curing times.   

The average of the peak UCS value evaluated at each curing period shown in  

Table 4-1were plotted against curing time and it is shown in Figure 4-20. Experimental results 

showed that UCS were significantly increased when compared with the strength of the untreated 

soil. In addition, it was found that the strength increases when cement dosage and curing time 

increase. However, the strength gain rate, represented by the slope of the curves, is different for 

different cement dosage. Samples with cement dosages of 50, and 100 kg/m3 show almost a similar 

strength gain rate as the segment of their curves are almost parallel. While samples treated with 

200 kg/m3 show a higher strength gain rate especially after the 28-day curing period. This may be 

due to the sufficient amount of hydration product calcium hydroxide in the higher dosage case, as 

will be discussed from SEM micrographs, that contribute to the pozzolanic reaction producing 

more calcium silicate hydrate responsible for the strength gain. The higher strength gain rate may 

also be due to the availability of cement particles for further hydration as opposed to the limited 

amount of cement particles in the 50 and 100 kg/m3 mixes. 

As a general trend, the stiffness and strength increase with increasing curing time and cement 

dosage. The increase rate in shear strength is proportional to the amount of binder mixed with the 

soil and the curing time. 
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Figure 4-16: Stress-strain curves of treated clay with 50 kg/m3 cured for 7, 14, 28, and 300 days 

 

Figure 4-17: Stress-strain curves of treated clay with 100 kg/m3 cured for 7, 14, 28 and, 300 days 
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Figure 4-18: Stress-strain curves of treated clay with 200 kg/m3 cured for 7, 14, 28, and 300 days 

 

 

Figure 4-19: Stress-strain curves of treated clay with 50, 100, 200 kg/m3 cured for 28 days 
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Figure 4-20: UCS vs. curing time of samples treated with 50, 100, and 200 kg/m3 

 

4.3.2 Microstructure changes of cemented samples 

In previous section the microstructures of the untreated clay were presented. Figure 4-21 shows 

the texture of the untreated soil used in this experiment as the baseline for comparison with those 

of treated samples. In this section the microstructure of the cement-soil mixture will be presented. 

Figure 4-22 shows SEM micrographs of clay samples treated with the same cement dosage 50 

kg/m3 under different curing times of 7, 14, and 28 days. Microstructure of the sample cured for 7 

days, as shown in Figure 4-22a, did not show a big difference from the untreated samples due to 

insufficient curing time at low dosage of 50 kg/m3. However, with an increasing curing time the 

hydration product clearly changes the microstructure of the cemented soil sample, as shown in 

Figure 4-22b for 14 days of curing and Figure 4-22c for 28 days of curing. The interaggregate 

pores were filled and the single platelets were glued together to form bigger aggregates. Soil 

microstructure of the stabilized soil was relatively denser than that of the untreated soil. There is 

not a significant change in the microstructure of 14-day cured sample and the 28-day cured sample. 

This observation is also in agreement with the UCS tests results, two 14-day cured sample reached 

an average UCS value of 721 kPa, compared to that of 845 kPa for two 28-day cured samples. 
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This could be due to the unavailability of cement for further hydration after 14 days of curing. 

Thus, a cement dosage more than 50 kg/m3 is needed to ensure a strength increase with time.   

 

Figure 4-21: SEM micrograph of untreated soil sample 

 

                                (a) Natural clay treated with 50 kg/m3 of cement cured for 7 days 
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                                 (b) Natural clay treated with 50 kg/m3 of cement cured for 14 days 

 

  (c)  Natural clay treated with 50 kg/m3 of cement cured for 28 days 

Figure 4-22: SEM micrograph of clay sample treated with 50 kg/m3 cured for 7, 14, and 28 days 
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As the cement dosage was increased to 100 kg/m3, significant changes in soil microstructure due 

to cement hydration could be observed in SEM micrographs showed in Figure 4-23. An early 

formation of hydration products was observed in the 7-day cured sample, as shown in Figure 4-23a. 

Substantial growths of reaction products can be observed as the curing time increased to 14 days. 

Figure 4-23b with a higher magnification level than other figures reveals the formation of 

cementitious bridges in the form of needle-like crystals called ettringite (marked by rectangles) 

between clay aggregates and the formation CSH fabrics on the surface of the stabilized soil. In the 

28-day cured sample, substantial pores were closed and more CSH were hardened on the surface 

of the stabilized soil. These major reaction products filled up the voids previously filled with water 

which results in strength increase.  

 

 

                             (a) Natural clay treated with 100 kg/m3 of cement cured for 7 days 
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  (b) Natural clay treated with 100 kg/m3 of cement cured for 14 days 

 

    (c) Natural clay treated with 100 kg/m3 of cement cured for 28 days 

Figure 4-23: SEMs of clay samples treated with 100 kg/m3 cured for 7, 14, and 28 days 

  

Ettringite 
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                                (a) Natural clay treated with 200 kg/m3of cement cured for 7 days 

 

                                  (b) Natural clay treated with 200 kg/m3 of cement cured for 14 days 
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                                  (c) Natural clay treated with 200 kg/m3 of cement cured for 28 days 

Figure 4-24: SEMs of clay samples treated with 200 kg/m3 cured for 7,14,  and 28 days  

 

SEM micrographs of clay samples treated with 200 kg/m3 are presented in Figure 4-24. As 

expected, the higher the cement content, the higher the volume of the reaction product in the soil. 

The sample with 200 kg/m3 cement showed higher reaction products than the sample treated with 

50 and 100 kg/m3 cement. Figure 4-24c illustrates the abundance of the hydration product called 

calcium hydroxide for sample cured for 28 days. The high volume of calcium hydroxide reacted 

with soil silica and soil alumina leading to the formation of pozzolanic reaction products. These 

pozzolanic products bind together the clay particles or clusters of clay particles and created a 

stronger matrix of soil. 

It is believed that the poor quality of SEM micrographs of clay treated with 50 and 100 kg/m3 at 

7-day curing time was due to the high amount of water inside the samples despite oven-drying 

them for 24 hours before the test. As the curing time or the cement dosage increased to 200 kg/m3, 

this phenomenon was less pronounced as longer curing or high cement dosage allow faster 

consumption of pore water leading to a better image quality by reducing the charging effect.       
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4.4 IMPACT OF BINDER TYPE 

A total of four different binder types are used in this study: general use Portland cement (GU), 

cement with 8% of weight of silica fume (HSF), cement-slag (CS), cement kiln dust (CKD). The 

natural clay samples were mixed with these binders and were cured for 7, 14, 28 and 300 days and 

tested for the strength using SEM images. 

Silica fume is added to Portland cement in concrete industry to improve its properties, in particular 

its compressive strength. In this study cement with 8% of silica fume by weight is mixed with clay 

to investigate its influence on the strength and microstructure of the treated soil.    

Slag also has the potential to produce pozzolanic reaction under alkaline conditions (Kitazume & 

Terashi, 2013). In this study, slag was mixed with cement in 3:1 ratio by weight with a dosage of 

67 kg/m3 (CS67) to measure its strength improvement against other binder types. If proved to be 

a suitable binder, slag can reduce the project cost in large scale ground improvement projects. 

If CKD can be used for ground improvement, it should be possible to achieve some environmental 

enhancement through reduction of waste stockpiles and some economic advantage to the cement 

industry through transformation of significant waste to usable material. In this study two cement-

to-CKD ratios were used, cement-to-CKD ratio of 3:1 with a dosage of 67 kg/m3 (CKD67) and 

cement-to-CKD ratio of 1:1 with a dosage of 100 kg/m3 (CKD100). In all the above dosages 

studies, the amount of cement was maintained at the same level for comparison purpose. 

4.4.1 Unconfined compressive strength 

Table 4-2 summarizes the peak UCS values of clay samples mixed with different binder types and 

cured at different times. For the 300-day curing condition, only one sample for each mixing 

conditions was tested. These UCS results will be compared to samples treated with 50 and 100 

kg/m3 to compare each binder efficiency for treating Champlain Sea clay. 

Figure 4-25 shows the stress-strain curves of clay samples treated 50 kg/m3 of cement blended 

with silica fume (HSF50). The peak UCS of samples treated with HSF50 reached 880 kPa at a 

failure strain of 0.8 %. The UCS of samples cured for 7, 14 and 28 days did not differ much (350 

to 500 kPa). The stiffness of samples treated with HSF50 also increased with increasing curing 
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time. Compared with mixes treated with only GU cement under the same mixing and curing 

conditions, GU50 cement showed better results than HSF50 mixes.  

Stress-strain curves of samples treated with 67 kg/m3 of cement/slag (CS67) and cured for 7, 14, 

28, and 300 days are shown in Figure 4-26. Samples cured for 300 days reached a peak UCS of 

1912 kPa and failed at a strain of 0.66%. Samples cured for 7 days reached an average UCS of 502 

kPa and those cured for 28 days reached 684 kPa. The stiffness also increased with increasing 

curing time. When compared with samples treated with 50 kg/m3 of cement, samples treated with 

CS67 showed less strength for curing conditions under 28 days. However, when curing time 

increased to 300 days, the UCS of CS67 sample exceeded those of treated with GU50 and reached 

almost 73 % strength of GU100 sample.         

Samples treated with 67 kg/m3 of CKD (CKD67) did not differ from those treated with 50 kg/m3 

of cement blended with silica fume (HSF50). In term of strength, performance of CKD 67 samples 

stayed below those treated 50 kg/m3 of GU (GU50) for all curing conditions. Stress- strain curves 

of CKD67 cured for 7,14, 28, 300 days are shown in Figure 4-27. 

Figure 4-28 presents the stress-strain curves of samples treated with 100 kg/m3 of CKD (CKD100). 

CKD100 cured for 300 days recorded a UCS value of 2196 kPa which is almost 2.14 times the 

strength of soil treated with 50 kg/m3 GU cement. CKD100 also reached 86% strength of those 

treated with 100 kg/m3 GU for 300 days of curing. These results proved the efficiency of using 

CKD to replace a portion of cement in ground improvement without sacrificing the strength. 

Figure 4-29 presents the average of UCS of two clay samples mixed with different binder against 

curing times. Samples treated with 50 kg/m3 of HSF and 67 kg/m3 of CKD did not show a big 

difference in term of strength development for all curing time. Samples treated with 50 kg/m3 of 

GU cement shows the higher UCS up to the 28 days of curing, then samples treated with 67 kg/m3 

of CS and 100 kg/m3 of CKD gained strength at a faster rate than other binders  to reach an UCS 

comparable to those treated with 100 kg/m3 of GU cement. This rapid strength gain of samples 

treated with CKD and CS binder is due to the pozzolanic reaction resulted from the calcium 

hydroxide produced by the binder hydration and silica and alumina from the soil.  
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Table 4-2: Peak UCS values of treated Champlain Sea clay with different binders’ types 

Mix 

ID 

Sample ID Binder 

Type 

Dosage 

(kg/m3) 

Curing 

Time 

(days) 

Peak 

UCS 

(kPa) 

Failure 

strain, 

f (%) 

Dry 

density, 

d 

(kg/m3) 
 WD21.6HSF50D07UCS1 HSF 50 07 348 1.40 852 

 WD21.6HSF50D07UCS2 HSF 50 07 345 1.70 846 

HSF50 WD21.6HSF50D14UCS1 HSF 50 14 407 1.39 851 

 WD21.6HSF50D14UCS2 HSF 50 14 410 1.29 852 

 WD21.6HSF50D28UCS1 HSF 50 28 512 1.91 858 

 WD21.6HSF50D300UCS1 HSF 50 300 880 0.8 NA 

 WD21.6CS67D07UCS1 CS 67 07 504 1.07 880 

 WD21.6CS67D07UCS2 CS 67 07 498 1.28 877 

 WD21.6CS67D14UCS1 CS 67 14 610 1.27 893 

CS67 WD21.6CS67D14UCS2 CS 67 14 572 0.88 891 

 WD21.6CS67D28UCS1 CS 67 28 674 1.09 886 

 WD21.6C67D28UCS2 CS 67 28 694 0.50 896 

 WD21.6CS67D300UCS1 CS 67 300 1913 0.66 NA 

 WD21.6CKD67D07UCS1 CKD 67 07 391 1.38 851 

 WD21.6CKD67D07UCS2 CKD 67 07 386 1.19 856 

CKD67 WD21.6CKD67D14UCS1 CKD 67 14 483 2.36 857 

 WD21.6CKD67D14UCS2 CKD 67 14 432 1.67 865 

 WD21.6CKD67D28UCS1 CKD 67 28 466 0.80 876 

 WD21.6CKD67D300UCS1 CKD 67 300 928 0.55 NA 

 WD21.6CKD100D07UCS1 CKD 100 07 537 1.78 829 

 WD21.6CKD100D07UCS2 CKD 100 07 468 1.28 822 

 WD21.6CKD100D14UCS1 CKD 100 14 501 1.48 838 

CKD100 WD21.6CKD100D14UCS2 CKD 100 14 672 1.97 848 

 WD21.6CKD100D28UCS1 CKD 100 28 669 0.89 845 

 WD21.6CKD100D28UCS2 CKD 100 28 680 0.79 843 

 WD21.6CKD100D300UCS1 CKD 100 300 2196 0.75 NA 
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Figure 4-25: Strain-strain curves for soil treated with 50 kg/m3 of HSF  

 

Figure 4-26: Strain-strain curves for soil treated with 67 kg/m3 of CS  
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Figure 4-27: Strain-strain curves for soil treated with 67 kg/m3 of CKD  

 

 

Figure 4-28: Strain-strain curves for soil treated with 100 kg/m3 of CKD  
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Figure 4-29: UCS vs. curing times of clay samples treated with different binders 

 

 

Figure 4-30: Effect of cement dosage and curing time on treated Champlain Sea clay 
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Figure 4-31: Effect of slag/cement dosage and curing time on treated Champlain Sea clay 

 

Microstructure changes of clay treated with different binders                                       (c) Natural 

clay treated with 50 kg/m3 of HSF cured for 28 days 

Figure 4-32 shows the surface morphology of the Champlain Sea clay stabilized with 50 kg/m3 of 

HSF at different curing times 7, 14, and 28 days. At 7 days of curing (                                      (c) 

Natural clay treated with 50 kg/m3 of HSF cured for 28 days 

Figure 4-32a) the clay particles started to get coated with the hydration products. As the curing 

time increased to14 and 28 days, bigger aggregates are observed to develop as shown in                                       

(c) Natural clay treated with 50 kg/m3 of HSF cured for 28 days 

Figure 4-32b and Figure 4-32c. This implies that with increasing of curing time more bonding 

among the clay particles are developed. However, the amount of hydration product was not 

significant to cause particles to aggregate. 

SEM micrographs of samples treated with 67 kg/m3 of CKD cured for 7, 14, and 28 are shown in 

Figure 4-33. Figure 4-33a and Figure 4-33b show quite similar surface morphology for 7,14 and 

28 days of curing time, which may be due to the insufficient binder content to cause changes in 
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the morphology of the soil-binder mixture. This is also confirmed from the UCS tests as their 

strength development with curing time was not significant. It is also observed that samples treated 

with CKD67 show little aggregation.   

 

                                      (a) Natural clay treated with 50 kg/m3 of HSF cured for 7 days 
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                                      (b) Natural clay treated with 50 kg/m3 of HSF cured for 14 days 

 

                                      (c) Natural clay treated with 50 kg/m3 of HSF cured for 28 days 

Figure 4-32: SEM micrographs of clay samples treated with 50 kg/m3 of HSF  
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                                  (a) Natural clay treated with 67 kg/m3 of CKD cured for 7 days 

 

                                 (b) Natural clay treated with 67 kg/m3 of CKD cured for 14 days 
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                              (c) Natural clay treated with 67 kg/m3 of CKD cured for 28 days 

Figure 4-33: SEM micrographs of clay samples treated with 67 kg/m3 of CKD  

Significant changes in the soil microstructure due to cement/slag hydration could be observed from 

SEM micrographs shown in Figure 4-34. Error! Reference source not found. Figure 4-34a i

llustrates the coated clay particles by the early stage formation of the hydration products. The 

hydration products growth caused a significant reduction in voids. Substantial amount of hydration 

products was observed as curing time increased to 14 days, as shown in Figure 4-34b. As curing 

time increased to 28 days, small clay particles started to form big aggregates as shown by the 

yellow oval shape in Figure 4-34c. the aggregate size is more than ten times the size of the clay 

particles. Besides the reduction in voids, the aggregate interlock could be another mechanism by 

which the shearing resistance is improved.  
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                                       (a) Natural clay treated with 67 kg/m3 of CS cured for 7 days 

 

                                      (b) Natural clay treated with 67 kg/m3 of CS cured for 14 days 
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                                       (c) Natural clay treated with 67 kg/m3 of CS cured for 28 days 

Figure 4-34: SEM micrographs of clay samples treated with 67 kg/m3 of CS                                (c) 

Natural clay treated with 100 kg/m3 of CKD cured for 28 days 

Figure 4-35 shows the results of the SEM images of Champlain Sea clay samples treated with 100 

kg/m3 of CKD (CKD100) cured for 7, 14, and 28 days. At early ages, the clay particles start to get 

coated with the hydration product. As the curing time increased to 14 days, big aggregate clumps 

started to get formed and indicated by the yellow circles in                                (c) Natural clay 

treated with 100 kg/m3 of CKD cured for 28 days 

Figure 4-35b. Substantial reduction in the voids were observed. The microstructure changes at the 

early ages of CKD100 is similar to that of the CS67 samples. Over time, the hydration products in 

the pores are clearly seen in the soil-binder clusters tend to be larger. 

From the strength and microstructure analysis of clay samples treated with different binders, 

samples treated with CKD100 and CS67 show the highest strength and microstructure changes 

compared to HSF50 and CKD67.  
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                               (a) Natural clay treated with 100 kg/m3 of CKD cured for 7 days 

 

                               (b) Natural clay treated with 100 kg/m3 of CKD cured for 14 days 
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                               (c) Natural clay treated with 100 kg/m3 of CKD cured for 28 days 

Figure 4-35: SEM micrographs of clay samples treated with 100 kg/m3 of CKD  

4.5 IMPACT OF SALINITY LEVEL IN THE PORE FLUID 

The impact of salinity level in the pore fluid on the strength development and mineralogical 

changes of clay samples treated with 50 kg/m3 of general use Portland cement were investigated 

in this study. A total of five salinity levels were planned in this study: 15.53 g/L of natural clay 

condition, three leached levels of 1.33, 1.07, and 0.73 g/L, and one salinized sample of 30.55g/L. 

However, due to a technical break down of the XRD machine, only three samples were 

investigated for their mineralogical changes using XRD namely, 30.55, 1.33, and 1.07 g/L 

samples. The results from SEM with EDS provide information on hydration products that 

substantiate the identification of chemical compounds by XRD. The results form XRD of 

stabilized clay samples cured for 28 days show the evidence of the effect of salinity level on the 

cement hydration products. 

4.5.1 Unconfined compressive strength 

Table 4-3 summarizes the peak UCS values of clay samples at different pore fluid salt 

concentrations mixed with general use Portland cement and cured for different curing times.  
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Figure 4-36presents the stress-strain curves of Champlain Sea clay at different salinity levels 

treated with 50 kg/m3 of general use Portland cement. The figure shows that samples with the 

salinity level of 1.33 g/L showed a comparatively higher UCS value at 28 days compared to other 

samples in other salt levels. At 28 days of curing, samples with 1.33 g/L salt concentration showed 

the highest peak UCS value of 1374 kPa. As the salt level decreased to 1.07 and 0.73 g/L, a slight 

decease in UCS values was observed. The natural clay at a salinity level of 15.53 g/L showed the 

least peak UCS of 877 kPa. Samples with salinity level of 30.55 g/L showed an average USC value 

close to the natural clay. 

The strength development with curing time of Champlain Sea clay at different salt concentrations 

is shown in Figure 4-37. It is noted that the leached samples did not show a significant strength 

increase with an increasing curing time from 7 days to 14 days. The strength of salinized samples 

decreased at 14 days before reaching an UCS value close to that of the natural clay at 28 days of 

curing. All leached clay showed a higher strength than that of the natural clay. This may be 

interpreted that the presence of salt reduces the cementation of bond strength in Champlain Sea 

clay admixed with cement.  

Table 4-3: Peak UCS values of cement treated Champlain Sea clay at different salt level 

Sample Id Binder 
Type 

Dosage 
(kg/m3) 

Salt 
level 
(g/L) 

Curing 
Time (days) 

Peak 
UCS 
(kPa) 

Failure 
strain, 
f (%) 

WD21.6C50D07UCS1 GU 50 0.73 07 749 1.40 

WD21.6C50D07UCS2 GU 50 0.73 07 749 1.40 

WD21.6C50D14UCS1 GU 50 0.73 14 573 1.69 

WD21.6C50D28UCS1 GU 50 0.73 28 1022 1.42 

WD21.6C50D28UCS2 GU 50 0.73 28 973 1.59 

WD21.6C50D07UCS1 GU 50 1.07 07 745 1.39 

WD21.6C50D07UCS2 GU 50 1.07 07 650 1.50 

WD21.6C50D14UCS1 GU 50 1.07 14 743 1.20 

 WD21.6C50D28UCS1 GU 50 1.07 28 934 1.20 

WD21.6C50D28UCS2 GU 50 1.07 28 917 1.50 

WD21.6C50D07UCS1 GU 50 1.33 07 965 1.39 

WD21.6C50D07UCS2 GU 50 1.33 07 1037 1.50 
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WD21.6C50D14UCS1 GU 50 1.33 14 809 1.29 

WD21.6C50D14UCS2 GU 50 1.33 14 1150 1.19 

WD21.6C50D28UCS1 GU 50 1.33 28 1374 1.28 

WD21.6C50D28UCS2 GU 50 1.33 28 1123 1.00 

WD21.6C50D07UCS1 GU 50 15.53 07 607 1.61 

WD21.6C50D07UCS2 GU 50 15.53 07 620 0.99 

WD21.6C50D14UCS1 GU 50 15.53 14 740 1.37 

WD21.6C50D14UCS2 GU 50 15.53 14 704 1.87 

WD21.6C50D28UCS1 GU 50 15.53 28 877 1.00 

WD21.6C50D28UCS2 GU 50 15.53 28 814 0.87 

WD21.6C50D07UCS1 GU 50 30.55 07 842 1.88 

WD21.6C50D07UCS2 GU 50 30.55 07 871 2.00 

WD21.6C50D14UCS1 GU 50 30.55 14 832 1.50 

WD21.6C50D14UCS1 GU 50 30.55 14 798 1.48 

WD21.6C50D28UCS1 GU 50 30.55 28 951 1.69 

WD21.6C50D28UCS2 GU 50 30.55 28 778 1.39 

 

 

Figure 4-36: Stress-strain curves of cement-treated Champlain Sea clay samples  



99 

 

 

 

Figure 4-37: UCS vs curing time of clay of cement-treated clay samples at different salinity 

levels 

The relationship between salt concentration and the average of two UCS samples at 28 days of 

Champlain sea clay treated with a cement dosage of 50kg/m3 is shown in Figure 4-38. It is observed 

that there is an optimum salinity level that corresponds to the highest UCS at 28 days curing period. 

The natural clay sample leached from 15.53 g/L to 1.33 g/L show a significant strength increase 

compared to all other samples. An increase of 47.7% in the UCS value from 845 to 1248 kPa is 

observed for leached sample at 1.33 g/L. Samples leached to lower salt values of 1.07, and 0.73 

g/L show an increase in UCS compared to that of natural sample but not as high as 1.33 g/L 

samples. Samples salinized to 30.55 g/L did not show significant changes compared to natural 

ones.  

Based on the UCS results, it is clear that the presence of the salt has a negative effect on the strength 

development of Champlain Sea clay. In order to confirm the observation of the optimum UCS at 

a certain salt concentration further XRD analysis was conducted in the next section to investigate 

the effect of salt content on the mineralogical changes of Champlain Sea clay admixed with 

cement.   
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Figure 4-38: 28-days UCS of cement treated Champlain Sea clay vs. salt concentration 
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4.5.2 Microstructure changes of cement -treated clay at different salinity levels 

The SEM examinations of the leached untreated specimens reveals that leaching induces the 

formation of individual fragments of soil resulting from de-flocculation of the soil grains and 

aggregates, as shown in Figure 4-39 and Figure 4-40. Leaching leads to an increase in inter-grain 

porosity. As a consequence, the porous network grows and the mean pore size between the soil 

grains increases which could lead to an increase in surface area of the clay samples. However, 

salinized specimens show an aggregated structure similar to the cement treated clay 

microstructure, as shown in Figure 4-41.  

For cement treated specimens, the SEM examination shows the presence of cementitious products 

linking the soil particles. Figure 4-42 to Figure 4-44 show the development of calcium 

silicate hydrates and calcium aluminium silicate hydrates covering the soil grains and filling the 

inter-aggregate voids after 28 days of curing period. These products are systematically associated 

with hydrated cement.  

In order to further examine the effect of salt level on the hydration reaction products, an EDS 

analysis was conducted. The element distribution within each sample was then determined. 

Figure 4-45 shows the elemental composition of natural Champlain Sea clay at its original salt 

concentration of 15.53 g/L treated with 50 kg/m3 cement and cured for 28 days. Generally, the 

mixture contains element such as silicon (Si), calcium (Ca), and aluminium (Al), which may be 

carried along in the forms of silicates (SiO2), calcium oxide (CaO), and aluminum oxide (Al2O3). 

Sodium (Na) and chlorine originates from sodium chloride salt. Other minor elements of the alkali 

groups, including magnesium (Mg), potassium (K) are also found in the soil-cement mix. 

The elemental distribution of leached clay admixed with cement after 28 of curing is shown in 

Figure 4-46 and Figure 4-47. The sodium chloride was most leached as indicated by the absence 

of the chlorine element from the EDS analysis. However, sodium appeared in a small quantity (2.4 

wt% for 1.33g/L sample, and 2.3 wt% for 1.07 g/L sample), this sodium leftover could be from 

sodium oxide (Na2O). 

Specimens salinized to 30.55 g/L show higher sodium and chlorine elements contents (more than 

50 wt%), which could explain the major changes in the bonding structure of the soil-cement mix. 
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Figure 4-39: SEM micrograph of Champlain Sea clay leached to 1.33 g/L 

 

Figure 4-40: SEM micrograph of Champlain Sea clay leached to 1.07 g/L 
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Figure 4-41: SEM micrograph of Champlain Sea clay salinized to 30.55 g/L 

 

 

Figure 4-42: SEM micrograph of leached (1.33 g/L) Champlain Sea clay treated with 50 kg/m3  

cement and cured for 28 days 
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Figure 4-43: SEM micrograph of leached (1.07 g/L) Champlain Sea clay treated with 50 kg/m3  

cement and cured for 28 days 

 

 

Figure 4-44: SEM micrograph of salinized ( 30.55 g/L) Champlain Sea clay treated with 50 

kg/m3 cement and cured for 28 days 
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Figure 4-45: Average elemental composition of natural Champlain Sea clay ( 15.53 g/L) treated 

with 50 kg/m3 cement and cured for 28 days 

 

 

Figure 4-46: Average elemental composition of leached Champlain Sea clay ( 1.33 g/L) treated 

with 50 kg/m3 cement and cured for 28 days 
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Figure 4-47: Average elemental composition of leached Champlain Sea clay ( 1.07 g/L)  treated 

with 50 kg/m3 cement and cured for 28 days 

 

 

Figure 4-48: Average elemental composition of salinized  Champlain Sea clay (30.55 g/L) 

treated with 50 kg/m3 cement and cured for 28 days 
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4.5.3 X-Ray diffraction analysis 

The XRD pattern obtained from Champlain Sea clay at its natural pore fluid salinity level of 15.53 

g/L is shown in Figure 4-49. The major crystalline minerals present in the clay sample are, illite 

(2 K2 O. 3Mg O. Al2 O3. 24 Si O2. 12 H2 O), kaolinite (Al2 O3. 2 Si O2. 2 H2O), and quartz (Si O2) 

from the XRD analysis. Compared to natural clay, a few new peaks of low to moderate intensities 

are observed in cement-treated clay samples, which were leached or salinized and then treated with 

the same cement dosage of 50 kg/m3. These cementitious materials formed in the samples are 

responsible for the strength increase. Among these, the major hydraulic hydration products are 

calcium silicate hydrate CSH (Ca1.5 SiO3.5. H2O) and calcium tecto-dialumodisilicate tetrahydrate 

CA2 S2 H4 (Ca Al2 Si2 O8 (H2O)4), as shown in Figure 4-50 to Figure 4-52. Apart from these 

identified products, there may be several other non-crystalline products which can not be identified 

using XRD technique. 

These new products bind together and form a hardened skeleton matrix. These compounds were 

observed in all the stabilized soil mixes and hence the improvement in strength properties is 

achieved. However, the formation of stronger and wider cementitious peaks is observed more 

clearly in sample with a reduced salinity level of 1.33 g/L as noted by the red box in Figure 4-51 . 

This observation agrees with the strength development and SEM observations mentioned 

previously. 

The peaks of other compounds originally present in the soil (quartz, illite) did not show significant 

change, which indicate that there was not a significant breakdown of these minerals. This may be 

because the low cement content (50 kg/m3), the dissolution of alumina and silica from the cement-

soil mixture is negligible. Thus, the pozzolanic reaction at 28 days of curing did not take place to 

produce more cementitious products. 
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Figure 4-49: X-ray diffraction spectrum of natural clay sample at salt level of 15.53 g/L  

 

 

Figure 4-50: X-ray diffraction spectrum of leached clay sample to 1.07 g/L treated with 50 kg/m3 

cured for 28 days 
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Figure 4-51: X-ray diffraction spectrum for leached clay sample to 1.33 g/L treated with 50 

kg/m3 cured for 28 days 

 

Figure 4-52: X-ray diffraction spectrum for salinized clay sample to 30.55 g/L treated with 50 

kg/m3 cured for 28 days 
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4.6 SUMMARY 

This section presented and compared the effect of cement and other binder types when mixed with 

Champlain Sea clay on the strength development and the microstructural changes. The shear 

strength of treated samples increases with increasing of cement dosage and curing time. Substantial 

changes in the microstructure of the clay samples were observed using SEM. Based on UCS and 

SEM, slag/cement has a higher improvement ratio among other binder. The effect of different pore 

fluid salinity levels on strength, microstructure and mineralogical changes of Champlain Sea clay 

mixed with the same cement dosage of 50 kg/m3 was also presented. XRD results showed that 

there is an optimum pore fluid salinity level (1.33 g/L) where the shear strength reaches the highest. 

The microstructure of leached samples to a salinity level of 1.33 g/L showed the densest 

microstructure among all other samples. XRD analysis supported the strength results and the SEM 

observations and confirmed that the hydration products are more significant in samples with 

salinity level of 1.33 g/L than in other samples.     
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5. SUMMARY AND CONCLUSIONS 

5.1 INTRODUCTION   

In this study, an experimental investigation was conducted to understand the microstructure 

changes associated with the strength development of Champlain Sea clay stabilizing with cement 

and other binders. Champlain Sea clay samples used in this study were obtained from an earth dam 

site in Ottawa region. The effect of five binder types on the strength development and the 

accompanying microstructural changes were established using the unconfined compressive 

strength (UCS) tests and the scanning electronic microscopy (SEM) method. A qualitative 

relationship between the strength development and the microstructural change was established.  

The effect of pore fluid salinity level on the cement-treated Champlain Sea clay samples was 

established by conducting both SEM and X-ray diffraction (XRD) analyses.  

5.2 MAIN CONCLUSIONS  

Based on the test results, the following conclusions can be drawn: 

1. In general, deep soil mixing (DSM) is an effective ground improvement technique to 

significantly improve the shear strength of Champlain Sea clay.   

2. Based on SEM observations, undisturbed Champlain Sea clay exhibits an open structure 

fabric with flocculated particles, which explains the phenomenon related to its low shear 

strength, large void ratio, and high compressibility.  

3. A total of five different binder types were used in this study and the results found that 

cement/slag is the best binder. Cement-treated samples showed the highest strength 

development for short-term strength gain up to 28 days of curing. However, as curing time 

increases to 300 days, samples treated with cement/slag and cement kiln dust gained higher 

UCS values than those of cement-treated samples due to the addition of cementitious 

products resulting from the pozzolanic reactions. 

4. Links were observed between the microstructural changes due to artificial cementation and 

the mechanical properties of the specimens. SEM images of the cement-treated clay 

samples indicated the presence of reticulated matrix within the material. As cement content 
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increases, the structure of cement-treated clay gradually transforms from a dispersed 

structure into a flocculated state. The produced cementitious products are affixed to the 

particles, coating the particle surfaces, and form matrices that fills the gap between clay 

aggregates  

5. Specimen treated with a high cement dosage displayed a highly flocculated structure and 

the appearance of needle-like ettringite crystals. 

6. Based on XRD analysis, cementitious products such as calcium silicate hydrate CSH (Ca1.5 

SiO3.5. H2O) and calcium tecto-dialumodisilicate tetrahydrate CASH (Ca Al2 Si2 O8 (H2O)4) 

were formed at 28 days of curing, which explains the strength improvement of Champlain 

Sea clay due to cement mixing. 

7. Leaching has a profound impact on Champlain Sea clay. Leaching reduces the shear 

strength of Champlain Sea clay specimen. As opposed to the flocculated structure of the 

natural clay, according to SEM observations, leached Champlain Sea clay exhibits an open 

dispersed structure resembling that of clays sedimented in fresh water found from other 

research work.  

8. Sodium chloride salt has a negative effect on the strength development of cement-treated 

Champlain Sea clay. Under the same cement dosage condition, the UCS of cement-treated 

leached clay samples displayed higher UCS values than those of natural samples.  

9. A series of stronger and wider cementitious peaks of CSH and CASH were observed more 

clearly in sample with salinity level of 1.33 g/L, which explains a potential optimum 

salinity level for strength development in cement-treated Champlain Sea clay.  

5.3 FUTURE WORK 

This research achieved its scope by identifying the microstructure changes and their relationships 

with the strength development of cement-treated Champlain Sea clay. The effect of salinity level 

on the strength development was also identified. However, a more comprehensive study with 

different tools will be required to reinforce the findings of this study. 

1. In this investigation a qualitative description is investigated on the microstructure of natural 

and treated Champlain sea clay. Obtaining quantitative information using advanced tools 
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such as image processing and mercury intrusion porosimeter (MIP) to determine the 

porosity will be of help in better quantifying the changes. 

2. The influence of the used conventional oven-drying on the observed microstructures 

requires further investigations. As oven-drying method may affect the microstructural 

changes.  

3. Investigation on the effect of other binder types on the leached Champlain Sea clay at a 

wide range of salinity level will confirm or negate the existence of an optimum salinity 

level at which the shear strength increase is the highest due to cement mixing. 

4. The average time to obtain a 2 kg sample of leached sample close to 1.5 g/L was about six 

weeks using the current leaching method through the leaching apparatus. Develop a rapid 

methodology to obtain leached Champlain Sea clay will accelerate the production of 

leached samples. 

5. A further investigation is needed on the effect of other factors for a comprehensive 

understanding of the strength development and microstructural changes of cement-treated 

Champlain Sea clay, such as the chemical composition of the CKD and the pore fluid 

chemistry and pH.  
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6.   APPENDICES 

APPENDIX A: DSM mix design according to FHWA (2103) 

PROJECT INFORMATION 

Client Boring Number   

Project Name: MASC Research Sample Number 12-19 

Sample Location: Waba Dam Sample Depth 21.45-21.75 

Specimen Description: Champlain Sea 
Clay 

Specimen Remarks   

      

MIX DESIGN (Based on FHWA Guidelines) 

Symbol Long name   

Input 

Nm Number of molds to be used 10 

Hm (m) Height of mold (meter) 0.1 

Dm (m) Diameter of mold (meter) 0.05 

w:b Water to binder ratio 1 

γ soil Total unit weight of soil (kg/m3)         1,549.00  

ω Water content (/100) 79.67% 

Gs Specific gravity of soil 2.67 

Gb Specific gravity of binder 3.15 

αin-place Binder dosage; Factor per total volume of mix (kg/m3) 200 

Calculations 

α Binder dosage; Factor per volume of wet soil (kg/m3) 272 

αw (%) Binder content in percentage of soil solid 31.50% 

Vmix(m3) (# of molds) (volume of mold) 0.00196 

γd soil  Dry unit weight of soil (kg/m3) 862 

S  Soil saturation  0.998 

VR Volume ratio expressed in terms of binder factor in-place for any S 0.358 

Vs Volume of the dry soil (m3) 0.0004528 

Vsoil Volume of wet soil (m3) 0.00145 

Ws Weight of soil (wet) (kg) 2.24 

Wsoil  Weight of soil (dry) (kg) 1.25 

Wb  Weight of the binder (kg) 0.393 

Ww,slurry   Weight of water in the slurry for wet mixing (kg) (water added) (kg) 0.393 

Vb Volume of the binder (m3) 0.000125 

γd, slurry  Dry unit weight of the slurry (Wb/Vslurry)  759 

Vw,slurry   Volume of water in the slurry for wet mixing (m3) 0.00039 

Vw,mix  Volume of water in the mixture 0.001386 

Vw,s Volume of water in the soil (m3) 0.000993 

Ww,mix  Weight of water in the mixture (m3) 1.39 

Vslurry  Volume of slurry before mixing (Vb + Vw,slurry) (m3) 0.000517 

Vmix Volume of the mixture (Vs + Vb + Vw,mix) (m3) 0.00196 

Wmix  Weight of the mixture (Ws + Wb + Ww,mix) (m3) 3.0255 

Results 

w:b Water to binder ratio 1 

wT:b Total water-to-binder ratio of mix (wT:b) 3.53 

VR Volume ratio expressed in terms of binder factor in-place for any S 0.36 

αin-place Binder dosage; Factor per total volume of mix (kg/m3) 200 

α Binder dosage; Factor per volume of wet soil (kg/m3) 272 

αw (%) Binder content in percentage of soil solid 31.50% 

Wsoil  Weight of the soil to be used (g) 2240.06 

Wb  Weight of the binder (g) 392.70 

Ww,slurry   Weight of water in the slurry for wet mixing (g) 392.70 
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APPENDIX B: Intact clay sample description (Qualitas, 2016) 
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