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Abstract 
 

 

This licentiate thesis presents results of laboratory experiments regarding the 

effectiveness of adding small amounts of binders in order to modify and improve the mechanical 

performance of low organic clayey silt soil. Two types of binders have been used i.e. cement 

and an industrial by-product named Petrit T.  The study covered both the immediate and long-

term effects on the soil material. Binder content was added by soil dry weight, Petrit T at 2, 4 

and 7% and cement at 1, 2, 4 and 7%. An experimental program has been carried out, including 

tests of consistency limits, unconfined compressive strength, density, solidification, grain size 

distribution (by laser particle size analyzer) and pH. The tests were conducted on the treated soil 

with varying binder contents and after different curing periods, i.e. after 7, 14, 28, 60 and 90 

days. Results show that cement is more effective in improving the physical and engineering 

properties than Petrit T. Plasticity index decreases after treatment and leads to an immediate 

increase in workability. This is found directly after treatment and it increases with time. Soil 

density increased, whilst water content decreased, with increasing binder content and curing 

time. Particle size distribution of soil is changed toward the granular side by the reduction of the

particles in clay size fraction and increasing silt size particles after 28 days of treatment. Both 

binder types resulted in an immediate effect on the soil pH value. This value increased to 12.3 

after adding 7% of the binder and then it gradually decreased as curing time increased. The 

cement treated soil exhibits a more brittle failure behavior than the soil treated with Petrit T. In 

this case a more ductile behavior was observed. The findings confirmed that adding small binder 

contents of cement and by-product Petrit T significantly improved the physical and mechanical 

properties of soil, which can contribute to reduce the environmental threats and costs that are 

associated with using high binder contents in various construction projects.   
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Chapter One - Introduction 

1.1 Background 
Soil stabilization is a general term refers to the use of various types of additives to 

modify and improve low quality soils. These materials normally have low shear strength, low 
stiffness and low workability. Workability is defined as how easily the soil can be controlled or 
handled physically. Usually, during construction works, large amounts of soil have to be 
excavated due to low shear strength, stiffness and workability. Particularly, in cold climate 
regions, the excavation is often done to a depth of maximum frost penetration and this tends to 
generate a tremendous amount of excavated mass.  

Several researchers have proposed many possibilities for the reuse of excavated soil. It 
could be used on the same site, used on another project’s site, stored for future use, treated 
before use with another project or used as landfill cover and finally dump the excavated soil as 
waste in landfill (Lafebre et al., 1998; Eras et al., 2013; Magnusson et al., 2015). The last option 
was gradually abandoned due to more stringent environmental regulations. 

On the other hand, transportation and excavation will be more and more problematic due 
to the release of high CO2 emissions. These kinds of problems represent a considerable 
challenge to any construction project now and in the future. This is especially true for 
infrastructure projects. 

Modifying the soils can provide attractive and economical ways to enhance the 
properties of soft soils. Chemical reactions between the soil and binder alert the physical and 
engineering properties of soft soil. Numerous additives can be used to improve soils such as 
cement, lime or by-products from industrial processes. Cement is one of the most popular 
stabilizers but there are some environmental issues related to the production of Portland cement 
such as release high CO2 emission (Yi et al., 2015). According to the European Commission 
(2010), the production of cement contributes an average worldwide carbon emission of about 
0.83 kg CO2 per kg cement. This value is expected to increase due to increased demand on 
cement production. 

On the other hand, the benefits of using industrial by-product material for the purpose of 
soil stabilization have increased as this binder material is considered to be cheap and easily 
available (Kaniraj and Havanagi, 1999; Parsons and Kneebone, 2005). In addition, there is an 
environmental benefit from the reuse of these types of by-products. Its contribution to decrease 
environmental impact posted by producing these material, which otherwise must be disposed in 
a landfill (Sherwood, 1993; Edil et al., 2006). 

1.2 Problem Statement and Research Question 
Extensive studies have been conducted on the use of high binder contents of cement and 

industrial by-product materials (>7 % of soil dry weight) for soil stabilization. In contrast, only a 
few studies have been conducted on the benefits of using a smaller dosage of binders (less than 
7%) to modify and improved soft soils. Therefore, there is little knowledge regarding adding 
small amounts of binders for soil stabilization field. This lack of knowledge is presented in more 
details within chapter two in this thesis. 

 Moreover, in society more and more focus will be on how to reduce costs and reduce 
CO2 emissions. Reducing the quantity of the binders used in modifying the soils in order to 
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obtain certain desirable properties can be useful regarding reducing the costs and CO2 
emissions. Consequently, the following research questions were raised: 

 Has this type of soil modification been used before? Experiences? Performance? What 
types of stabilizing agents have been used?  

 What is the effect of adding small binder amounts on the particle size of modified soil?  
 Can the modified soil be dealt with in a similar way as more grainy material, so as to 

accelerate construction works?  
 What is the effect of adding small binder amounts on the physical and mechanical 

properties of the soil? Behavior of treated soil versus curing time? Strength properties?    

1.3 Objective of the Research 
The objective of this research is to investigate the effects of adding small amounts of cement 

and the industrial by-product, Petrit T on the physical and mechanical properties of a clayey silt 
soil.  For this study, soil with a low organic content was used. The specific objectives are 
summarized as: 

 Investigate the effects of different binder types on the particle size distribution of soil 
after treatment. 

 Investigate the immediate and long term effects on the strength characteristics of 
modified soil using various binder amounts and curing periods. 

 Investigate the immediate and long term effects on the solidification, consistency limits 
and densification of treated soil using various binder amounts and curing periods. 

1.4 Scope of the Research Work 
The findings of this research study are valid for: 

 Untreated soil: The study has been restricted to the clayey silt soil that originating from 
Gothenburg, Sweden  

 Binders: Portland-limestone cement, CEM II from Finja AB Sweden and by-product 
Petrit T from Höganäs Sweden AB.  

  Test Method: Laboratory tests of unconfined compression (UCS), density, consistency 
limits, laser particle size analyzer and pH value. 

1.5 Thesis Layout 
This thesis consists of two parts. Part I “Thesis” and part II “Appended papers”. 

Part I consists of six chapters. Chapter one presents an introduction, problem statement, research 
questions, objectives and scope of the research. Chapter two provides literature reviews and 
background for the performance of cement and the industrial by-product “fly ash” as stabilizing 
agents. The mechanisms of the reactions of Portland cement and fly ash with soil is presented. A 
study of the optimum binder content is also presented. The experimental program is presented in 
chapter three, which provides a summary of the material properties that have been used during 
this study, specimen preparation and testing methodology. The results of laboratory tests and the 
discussion are presented in chapters four and five respectively. Conclusions and future works 
are presented in chapter six. Part II consists of three appended papers. Part I can be viewed as a 
synthesis of the appended papers in Part II.    
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Chapter Two- Literature Review 

2.1 Introduction 
Soil stabilization is the process of utilizing chemical admixtures and stabilizing agents 

(binders) to alter the physical and engineering properties of a soil to achieve the desired strength 
and durability properties. In this chapter, soil modification - stabilization by using cement and 
industrial by-product, fly ashes, are presented in this review. The mechanism of reaction, factors 
affecting strength development and optimum binder content is also included. 

2.2 Types of Additives  
Numerous additives can be used to improve or stabilize soft soils. Some of them are 

known as common additives such as cement, lime or by-products of industrial processes, such as 
various slags, fly ashes, blast furnace slags, etc. Generally; binders are classified into two types, 
primary binders (hydraulic) and secondary binders (non-hydraulic). The primary binders have 
the ability to be self-curing in contact with water. Therefore, they can be used alone, whilst the 
secondary binders need a catalyst for the reaction to start. The catalyst acts as an activator to 
initiate the reaction. Knowledge of the chemical reactions of binders is considered important to 
understand differences between each binder type which gives the stabilized soil its strength and 
durability. Table 1 illustrates some traditional binder’s strength-enhancing reactions.  

Table 1. Reaction and core agent for different binder types (after Janz and Johansson, 2002)  
Binder  Reaction Core Agent 
Cement Hydraulic Water 

Lime Hydraulic Water + pozzolanic soil or pozzolanic additive 

Granulated blast furnace slag Latent hydraulic Water + Ca(OH)2 from e.g. cement or lime 

Class F fly ash  Puzzolanic Water + Ca(OH)2 from e.g. cement or lime 

2.3 Pozzolanas 
The definition of a pozzolana is a siliceous and aluminous mineral, which in itself 

possesses little or no cementitious effect but under certain conditions and in the presence of 
water, it will be capable to react with an activator such as calcium hydroxide Ca(OH)2 to 
produce cementitious compounds (Janz and Johansson, 2002). Usually, clay and silt soils are 
classified as naturally pozzolanic materials because they contain a certain amount of aluminous 
and siliceous minerals. Clay minerals such as kaolinite, illite, smectite and mica are classified as 
naturally pozzolanic materials whilst by-product ashes are artificial pozzolanic materials.  

2.4 Cement Stabilization 
Cement is the most common and successful stabilizer. It was used extensively for long 

time for soil stabilization application (Kézdi, 1979). Cement was classified as a hydraulic and 
primary binder to stabilize a broad range of soils. 

According to European standard EN197-1 (2000) the Portland cement clinker should at 
least contain two-thirds by mass of calcium silicate, C3S and C2S. The ratio between CaO to 
SiO2 should not be lower than 2 and the magnesium oxides (MgO) not exceed 5% by mass.  

Portland cement mainly produced by mixing Portland clinker with 5 % of gypsum. Then 
the mixture is grounded to a particle size of 1 to 100 μm with a specific surface of 300 to 550 
m2/kg. During the grinding process, several additives can be added to the mixture to modify the 
cement properties. Clay and limestone represented the common raw materials used to 
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manufacture the Portland clinker. After grinding and mixing the raw materials, the mixture is 
calcined (heated up) in a rotary kiln at 1450 ºC. The heat sinters the materials and drives off 
carbon dioxide. Portland clinker is produced by cooling the materials rapidly after leaving the 
kiln (Sherwood, 1993). In Sweden, five types of cement have been classified from I to V (Janz 
and Johansson, 2002). Cement type I is known as a pure Portland cement without any additives. 
Cement type II/A-L is Portland- limestone cement. Tables 2 and 3 present the typical chemical 
composition in terms of oxide and the most important clinker minerals of Portland cement. 

In cement chemistry, it is customary to use the abbreviation notation for the oxide of 
cement. here, C, S, A, F, H were the abbreviations for calcium (CaO), silicate (SiO2), aluminate 
(Al2O3), iron (Fe2O3) and water (H2O) respectively. 

The cement clinker minerals with abbreviation C3S, C2S and C3A were not pure in 
Portland clinker. Therefore, the impure forms of C3S, C2S and C3A were known as alite, belite, 
and aluminate respectively (Janz and Johansson, 2002). 

 
Table 2.Typical chemical composition of Portland cement (after Janz and Johansson, 2002) 

Oxide CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O 

Content [%] 60-70 17-25 2-8 0-6 0-6 1-4 0.2-1.5 0.2-1.5 

 
Table 3.The most important clinker minerals of Portland cement (after Janz and Johansson, 2002) 

Name Chemical formula Abbreviation 
Tricalcium silicate 3CaO·SiO2 C3S 
Dicalcium silicate 2CaO·SiO2 C2S 

Trikalcium aluminate 3CaO·Al2O3 C3A 
Tetracalcium aluminate ferrite (Ferrit) 4CaO·Al2O3·Fe2O3 C4AF 

 
2.4.1 Mechanisms of soil-cement reaction 

Soil–cement reactions (hydration and pozzolanic reactions) improved the engineering 
properties of soil by producing primary and secondary cementitious materials (Mitchell, 1981). 
Mixing cement and water initiates a chemical reaction known as a hydration reaction. A 
hydration reaction occurs rapidly and produces three types of primary cementitious materials; 
calcium-silicate hydrate (CSH) in the forms (C2SHx, C3S2Hx), calcium-aluminate-hydrate 
(CAH) in the forms (C3AHx, C4AHx) (Moh, 1962). These cemented products bind soil particles 
together and produce a strong and hard mixture with time (Kézdi, 1979). In addition, hydrated 
lime Ca(OH)2 was deposited as a third cementitious product, leading to the rapid release of 
calcium ions into solution, thereby raising the pH value.  

The hydration reaction of C3S, C2S, C3A and C4AF are presented in equations 1 to 4 
respectively (Janz and Johansson, 2002). 

  …………………………….…….. (1) 

  ………………………………… (2) 

……………………………….... (3) 

sulfate-rich ettringite) ……….…. (4) 

The reactions of C3S and C2S have been the main contributor to the gain in strength, 
whilst the reactions of C3A and C4AF have made only a minor contribution as shown in Figure 
1. Reaction of C3S gave rapid hardening for cement, whilst the reaction of C2S was similar to 
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C3S but with a slower effect due to its lower reactivity. The reaction rate of cement is mainly 
influenced by C3S to C2S ratio, fineness of grain and temperatures.  

On the other hand, the secondary cementitious materials were produced by the 
pozzolanic reaction between hydrated lime (released from the hydration reaction) and alumina 
and silica from clay minerals and provided additional cementitious products of CSH and CAH 
as expressed in equation  5 (Maclaren and White, 2003; Yong and Ouhadi, 2007; Puppala, 
2016). Usually, soils such as clay and silt were rich with aluminous and siliceous minerals and 
under certain conditions of increased pH value; the solubility of these minerals was increased. 
The pozzolanic reaction is much slower than the hydration reaction.  

…..………… (5) 

 
Figure 1. Strength curves of hydrated pure clinker minerals of cement (after Janz and Johansson, 2002)  

2.4.2 Factors affecting the soil - cement strength development  
The cement is used to modify and stabilize soils. Water content, types and graduation of 

soil, organic content, soil pH value, type and amount of cement, in addition to curing conditions 
(time, temperature and moistures) represent the most important factors controlling the strength 
development. 

2.4.2.1 Water content 
The water content of the soil is a major factor in strength development of cement 

stabilized soil. For full hydration reaction, cement took up about 20 percent of its own weight of 
water (Sherwood, 1993). Insufficient water content led to the cement not being fully hydrated or 
reactive, and that caused a reduction in soil strength. The water/cement ratio (  (equation 6) 
was used to express the effect of water content on the strength of cement stabilized soil. The 
increase in water cement ratio caused a decrease in soil strength. The reduction in soil strength 
was attributed to the fact that CSH gel produced with low water content was stronger than gel 
produced with high-water content.  

  …………………………….. (6) 

Where: W: weight of water, C: weight of cement  
Miura et al. (2001) found that a decreased water/cement ratio improved the stress-strain 

behavior of high plasticity clay stabilized with different amounts of cement content (8% to 
33%).  
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Chew et al. (2004) investigated the effect of initial water content on the unconfined 
compressive strength of cement treated soft marine clays. They found the strength obtained by 
using soil with low water content was higher than obtained from soil with high-water content. 

Lorenzo and Bergado (2004) showed the strength of high plasticity clay stabilized with 
cement decreased as the water/cement ratio was increased. Hassan (2009) also found similar 
observation for medium to high plasticity clay stabilized with various amounts of cement (3% to 
37%). 

Kang et al. (2017) investigated the effects of initial water content on the strength 
development of cement stabilized high plasticity marine clay. The variation in initial water 
content ranged from 1.5 to 2 times the liquid limit. They found that cement stabilized soil with a 
low water content (1.5 times the liquid limit) achieved high unconfined compressive strength.  

2.4.2.2 Soil types  
Cement was used for a wide range of soil types (granular and fine-grained soils). It is 

mainly depended on water to react and form hydrated compounds (Arman et al., 1990; 
Hausmann, 1990). Moreover, cement stabilization is also depended on the pozzolanic reactions 
as a long term effect. Cement contains calcium ion and silica, which are the main factors in the 
pozzolanic reactions. 

Fitzmaurice (1958) mentioned that soils having at least 33% sand, clay content between 
5%-20%, liquid limit not exceeding 40% and a plasticity index between 2.5% to 22% were 
suitable for cement stabilization. 

 Spence (1975) stated that cement was an effective stabilizer if less than 35% of the soil 
passed sieve No. 200 and the plasticity index was less than 20%. 

Kézdi (1979) demonstrated that cement was a more effective stabilizer for well graded 
soils than for those poorly graded. He also showed that cement was more effective to stabilize 
coarser soils rather than fine grained soils.  

Ingles and Metcalf (1972) investigated the effect on the unconfined compressive strength 
of various soil types of adding cement. They found cement was more effective on the sandy 
gravel soil than other soil types as showed in Figure 2.  

Little and Nair (2009) stated that cement was an effective stabilizer for sandy materials 
with a low plasticity index. Whilst for fine grained soils, the plasticity index and liquid limit 
should be less than 20% and 40% respectively. Puppala (2016) mentioned that soils with a 
plasticity index higher than 30 % were not suitable for cement stabilization. 

2.4.2.3 Organic content 
Organic matter has the effect of retarding the strength development of cement stabilized 

soil. Several types of organic matter were found in the soils, but the most harmful to stabilized 
soil is the type with lower molecular weight (Sherwood, 1993). Organic matter reacts with 
hydration products and leads to a decrease in the pH value. A reduction in pH value causes 
retardation in the hydration process which affects the hardening of stabilized soil (Army, 1994; 
Muhunthan and Sariosseiri, 2008).  Arman et al. (1990) stated that soil with an organic content 
higher than 2% was not suitable for cement stabilization.  

Tremblay et al. (2002) investigated the effect of various types of organic components on 
cement soil stabilization. They found that the organic acids have the greatest effect on reducing 
the strength by inhibiting the hydration reaction and lowering the pH value below 9.  
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Saride et al. (2013) investigated the effect of organic matter on the strength development 
of various soil types stabilized by cement. The optimum cement content was used according to 
the Texas department of transportation test procedure (TxDOT Tex-120-E, 2013). The plasticity 
index of soils ranged between 5 % to 38% and the organic content was between 2.3% to 6.1%. 
They found the strength of cement treated soil was significantly reduced for soils with a high 
organic content and high plasticity index. 

 
Figure 2. Unconfined compressive strength versus cement content for various cement stabilized soils 

(after Ingles and Metcalf, 1972). 

2.4.2.4 pH value 
A result from the hydration reaction of cement, raising the pH value was related to 

increasing the concentration of calcium ion (Ca+2) on the surfaces of flocculated particles (Feng, 
2002; Chew et al., 2004). 

Loughnan (1969) demonstrated the relationship between the solubility of soil minerals 
and pH value as presented in Figure 3. He stated that the solubility of most soil minerals such as 
silicate and alumina increased as the pH value was increased up to 10.  

Janz and Johansson (2002) stated that producing more CSH or CAH gel from the 
pozzolanic reaction resulted in decreased pH over time. The decrease in pH value was due to the 
consumption of (OH-). They also mentioned that the continuity of the pozzolanic reaction was 
mainly dependent on the availability of Ca(OH)2 and clay minerals in the mixture.  

Hassan (2009), Keller (1964) and Sargent et al. (2012) observed that cement soil mixture 
with a pH value higher than 10 is sufficient to dissolve silicates and aluminate and to produce 
additional cementing compounds from the pozzolanic reaction. 

2.4.3 Outcomes of soil - cement treatment 
Cement enhances the physical and engineering properties of treated soil, such e.g. 

reduction of moisture content and plasticity index, increased strength and stiffness. These effects 
were classified as immediate (modification) and long-term (stabilization) respectively. The 
immediate effect occurred during a short period after treatment. The immediate reduction in soil 
moisture content and plasticity index facilitates higher workability and improves the compaction 
properties of treated soil (Mallela et al., 2004). Long-term effects referred to the process that 
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occurred after curing time and lead to improved strength and stiffness of soil (Sherwood, 1993; 
Puppala, 2016). 

  
Figure 3. Effect of pH value on the solubility of most soil minerals (after Loughnan, 1969)  

2.4.3.1 Water content (Solidification) 
Adding cement to wet soil immediately reduced the initial water content as a result of 

hydration reaction (Sherwood, 1993). Hydration and pozzolanic reactions produced an 
additional drying effect with time. Therefore, soil was dried due to the rapid decrease in 
moisture content after mixing and with time. 

Bennert et al. (2000) found that adding 8% Portland cement reduced the water content of 
stabilized sediments immediately after treatment and with time.  

Chew et al. (2004) found similar observation for high plasticity soft clay stabilized with 
5% to 50% cement content.  They also found that the further reduction in soil water content 
occurred mainly within the first seven days of curing. The reduction in water content was 
increased as cement content increased. Sariosseiri and Muhunthan (2009) also found similar 
observation for low plasticity soils treated with 2.5% to 10% cement content.  

2.4.3.2 Compaction properties 
Cement improved the compaction properties of a broad range of soils. Kézdi (1979) 

stated that mixing fine grain soil (silt and lean size) with cement reduced the maximum dry 
density and increased the optimum moisture content compared to untreated soil. He also found 
that adding cement to sandy soil increased the maximum dry density and decreased the optimum 
moisture content. Kézdi (1979) also showed adding cement to fat clay increased both of the 
maximum dry density and optimum moisture content as illustrated in Figure 4. Sariosseiri and 
Muhunthan (2009) found that addition of cement to low plasticity soils increased the optimum 
water content and decreased the maximum dry density. This effect was increased as cement 
content increased. 
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Figure 4. Compaction properties of cement stabilized various soil types (after Kézdi, 1979)  

2.4.3.3 Consistency limits (Atterberg limits) 
Cement reduced the plasticity index for most of the soils by increasing the plastic limit 

and increasing or decreasing the liquid limit. Kézdi (1979) stated that cement immediately 
increased the liquid limit of soil if the liquid limit was less than 40 %. Otherwise a decreased 
effect was observed when the liquid limit exceeded 40%. Kézdi (1979) also investigated the 
effect of time on the plasticity index of soil treated with small amounts of cement (2% to 5%). 
Within ten days of curing time, he found that the plasticity index decreased over time. The 
reduction in the plasticity index was increased as cement content was increased as illustrated in 
Figure 5. 

 
Figure 5. Plasticity index versus time of cement stabilized soil (after Kézdi, 1979) 

Osula (1996) found that adding small percentages of cement (1% to 3%) immediately 
reduced the plasticity index of laterite soil (predominantly consisting of kaolinite). Osula 
mentioned that the reduction in the plastic index was due to a decrease in the liquid limit and an 
increased plastic limit after treatment. 

Chew et al. (2004) investigated the immediate and long-term effects of adding 5% to 
50% cement content on the consistency limit of high plasticity soft marine clay. They found that 
adding various amounts of cement (up to 10%) immediately increased the liquid limits followed 
by steady drops with a further increase in cement content. The plastic limit increased 
significantly as the cement content was increased. Consequently, the plasticity index started to 
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increase immediately at low cement content (5%) then gradually decreased as cement content 
was increased. They attributed the immediate increase in the liquid limit to the presence of 
entrapped water within the intra-aggregate pores after flocculation and agglomeration. In 
contrast, increased amounts of cement produced an increase in cementious products, and this 
lead to decreased liquid limits. Flocculation and agglomeration of clay particles were the main 
reason for the immediate increase in the plastic limit. 

For the long-term effect on soil consistency limits (seven and 28 days), Chew et al. 
(2004) found the plasticity index was decreased with time. The reduction increased as cement 
content was increased. They observed that the reduction in the plasticity index over time was 
due to increase the plastic limit and decrease the liquid limit. They attributed the increase in the 
plastic limit over time to an increase in agglomeration due to cementation of soil particles. 
Whilst, the decrease in the liquid limit with time was due to the production and deposition of 
more cementinous materials (CSH and CAH) from hydration and pozzolanic reactions on the 
surface of the flocculated soil leading to lower surface activity.  

For low plasticity soils, Sariosseiri and Muhunthan (2009) found that adding a small 
amount of cement (2.5%) immediately increased the liquid limit after treatment. Then the liquid 
limit decreased as cement content was increased up to 10%. The plastic limit significantly 
increased as the cement content was increased. This led to an increase in the plasticity index 
after treatment at low cement content and then followed by gradual decrease with further 
increase in cement content. 

Halsted (2011) stated that adding various amounts of cement (2% to 6%) to silt-clay soil 
reduced the plasticity index immediately after treatment and over time. This reduction increased 
as the cement content was increased. Halsted also mentioned that these effects were permanent 
over a long period.  

Portelinha et al. (2012) also investigated the effect of adding small amounts of cement 
(1% to 3%) on the consistency limits of lateritic soil. They found that the plasticity index of 
cement treated soil significantly reduced due to a decrease the liquid limit and an increased 
plastic limit after treatment. 

Wang et al. (2012) found that adding various amounts of cement (3% to 9%) to low 
plasticity marine sediments significantly increased the plastic limit compared to a slight change 
in the liquid limits. This led to reduce the plasticity index after treatment. Cation exchange and 
flocculation of soil particles were the main factor for these changes in consistency limits.   

Khemissa and Mahamedi (2014) investigated the effect of adding cement content (2% to 
12%) on the consistency limits of high plasticity clay. They found that both the plasticity index 
and the liquid limit were significantly reduced after treatment. 

2.4.3.4 Particle size distribution (PSD) 
Osula (1996) investigated the effect of adding small cement content (1% to 3%) on the 

particle size distribution of laterite soil. Osula observed a decreased in the clay size particles 
after treatment due to cation exchange and flocculation of soil particles.  

Chew et al. (2004) investigated the effect of adding various amounts of cement (10% to 
30%) on particle size distribution of high plasticity soft marine clay. After seven and 28 days of 
curing, they observed that cement reaction increased particle sizes of stabilized soil due to 
flocculation of the clay particles. This effect was increased as cement content increased. 
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 Portelinha et al. (2012) also investigated the effect of adding small amounts of cement 
(1% to 3%) on the particle size distribution curve of lateritic soil. They observed that the cement 
has the effect of reducing the clay proportion and increasing the proportions of silt and fine 
sand. 

2.4.3.5 Strength and deformation characteristic 
Several investigators used various laboratory methods to evaluate the enhancement in 

soil strength during both the short and long term. The unconfined compressive strength (UCS) 
and California bearing ratio (CBR) were considered the easiest method (EuroSoilStab, 2002; 
Mallela et al. 2004). In addition, the triaxial test and the direct shear test were used to predict the 
soil strength improvement (Little et al., 2000). 

Mitchell (1976) investigated the effects of adding various amounts of cement (3% to 
16%) on the unconfined compressive strength of fine-grained and coarse-grained soils after 28 
days of curing as shown in Figure 6. He found that the unconfined compressive strength for both 
fine and coarse-grained soils increased lineally with an increase in cement content. The more 
pronounced effect was found for the course-grained soil. The increase in soil strength varied 
between 40-80 times the cement content for fine-grained soils and 80 -150 times the cement 
content for coarse -grained soils. He also observed that the unconfined compressive strength of 
cement stabilized soil was increased with time. The relationship between unconfined 
compressive strength of cement stabilized soil and curing time as expressed in equation 7.  

…………………….(7) 

Where: 
: Unconfined compressive strength at age of d days, kPa 
: Unconfined compressive strength at age of do days, kPa 

K=70 C for granular soil and 10 C for fine grained soil, C= cement content, % by mass. 
 

 
Figure 6. Unconfined compressive strength versus cement content for cement stabilized soils (after 

Mitchell, 1976)  
 

Bryan (1988) investigated the effect of adding various amounts of cement (5% to10%) 
on the strength properties of low plasticity soils in England. Bryan found that the unconfined 
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compressive strength of stabilized soils increased, and the failure strain decreased, as the cement 
content was increased.  

Uddin et al. (1997) investigated the effect of adding different percentages of cement (5% 
to 40%) on the strength characteristics of high plasticity clay. Their findings showed that the 
unconfined compressive strength was significantly improved during the first month of curing. 
The strength increased, while failure strain decreased, as the cement content was increased.  

Feda (1998) investigated the effect of adding different cement contents (2% to 8%) on 
the strength properties of sand. He found the shear strength and stiffness of sand were improved 
after several treatments with a low cement content. Bennert et al. (2000) observed that adding 
8% Portland cement improved the strength characteristics of dredged sediments, thereby 
allowing them to be beneficially reused as structural fill. 

Feng (2002) investigated the effect of adding 3% and 6% cement content on the 
consolidation behavior of soft clay. Feng reported that adding a small cement contents 
effectively reduced the primary and secondary settlements of a structure. Feng et al. (2001) also 
found similar observation for soft mud treated with 6% cement content.  

Chew et al. (2004) investigated the effect of adding various amounts of cement (5% to 
50%) on the stress strain behavior of soft marine clay after 28 days of curing. They observed as 
cement content increased, the peak strength also increased whilst failure strain corresponding to 
the peak stress decreased. Failure mode changed toward brittle failure with increased cement 
content. Similar observations were found by Bahar et al. (2004) for low plasticity soil stabilized 
with different cement contents (4% to 20%). 

Lorenzo and Bergado (2004, 2006) showed that adding 5% to 20% cement content 
increased the unconfined compressive strength and stiffness of high plasticity clay. The 
improvement in strength and stiffness was increased as the cement content and curing time 
increased. The failure mode gradually changed toward brittle failure as the cement content and 
curing time were increased. 

Sariosseiri and Muhunthan (2009) investigated the effect of adding various cement 
contents (5% to 10%) on stress strain behavior of three different types of low plasticity soil. 
They found the peak stress increased significantly with increased cement content and curing 
time. Failure strain corresponding to the peak stress was decreased. This led to change the 
failure mode from plastic to brittle behavior.  

Hassan (2009) investigated the effect of adding various amounts of cement content (3% 
to 37 %) on the strength development of three types of clay with medium to high plasticity. 
Hassan found that both the strength and stiffness of stabilized clay increased as the cement 
content and curing times were increased. 

For a particular soil water content, Horpibulsuk et al. (2010) showed the strength 
development of cement stabilized silty clay varied through three different zones: the active, inert 
and deterioration zones. At optimum soil water content, and after seven days of curing, they 
found that the strength of stabilized soil was significantly increased as the cement content was 
increased up to 11%. This zone was defined as the active zone. Beyond that, gradual 
improvement in soil strength was observed as the cement content was increased from 11 to 30%, 
and this zone was called the inert zone. The deterioration zone was observed as being reached 
when the cement content was further increased above 30% leading to a reduction in the strength 
of the stabilized soil. They also observed high soil strength and more cementious materials were 
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produced when the initial water content of the soil was about 20% above the optimum water 
content.   

Halsted (2011) stated that adding small cement content (2% to 6%) to granular and silt-
clay soils improved the CBR after treatment. The improvement increased as cement content and 
curing time was increased. The improvement in CBR was more pronounced for granular soil 
when compared to silt-clay soil.    

Portelinha et al. (2012) investigated the effect of adding 1%, 2% and 3 % cement content 
on the mechanical properties of medium plasticity lateritic soil. They found that both the 
unconfined compressive strength and stiffness were improved as the cement content and curing 
time increased.  

Saadeldin and Siddiqua (2013) investigated the effect of adding 5% to 15% cement 
content on the unconfined compressive strength of clay soil. They reported that the strength of 
the stabilized clay increased as the cement content increased. Wang et al. (2013) also showed 
that adding 3% to 9% cement content improved the strength and stiffness properties of marine 
sediments. 

Rashid et al. (2014) investigated the effect of adding 7% and 13 % cement content on the 
strength and stiffness of three high plasticity soils. Their results showed that both the unconfined 
compressive strength and stiffness increased as the cement content was increased. From the 
stress strain curves, they also observed that stabilized soils behaved like brittle materials after 
treatment. 

 Khemissa and Mahamedi (2014) also found that adding various amounts of cement 
content (2 % to 12%) improved the shear strength of high plasticity clay.  

Eskisar (2015) studied the effects of adding different cement contents (5% to 10%) on 
improving the strength of medium plasticity clay. It was observed that the unconfined 
compressive strength increased as the cement content and curing time was increased. The 
significant change in the stress strain behavior occurred during the first 28 days of curing.  

Asgari et al. (2015) also found that adding small amounts of cement (3%, 5% and 7%) 
significantly improve the unconfined compressive strength for low plasticity clay. The strength 
increased as the cement content and curing time was increased.  

Subramaniam et al. (2016) used a series of tri-axial tests to investigate the stress-strain 
behavior of dredged marine clay treated with different cement contents (2.5% to 10%). They 
found that peak stress increased as the cement content and curing time was increased. Moreover, 
peak strain corresponding to the peak stress was decreased as the cement content and curing 
time was increased. 

Kang et al., (2017) investigated the strength characteristics of cement stabilized high 
plasticity marine clay. Cement was added in the amounts of 10%, 20% and 30%. The cement 
content was defined as the weight of cement to the total weight of solids (cement and soil). They 
found that the unconfined compressive strength and stiffness of stabilized soil increased 
significantly as the cement content and curing time was increased.   

Ho et al. (2017) researched the effects of adding 8% cement content on the strength 
development of two types of soils (sand and sand–loam mixtures). They reported that the 
compressive strength for both soil types increased during the first 28 days of curing. After that, 
no further increase in soil strength was observed for the sand, whereas a gradual increased in 
compressive strength for sand–loam mixture was noted after 28 days. This increase in 
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compressive strengths was attributed to the pozzolanic reaction between the cement and the clay 
minerals in sand–loam mixtures. 

Zhang et al. (2017) studied the effect of adding various amounts of Portland cement (7%, 
9% and 11%) to stabilized high water content waste mud. Their results showed that both 
strength and stiffness increased as the cement content was increased. 

2.4.4 Optimum cement content 
The amount of cement needed for soil stabilization was defined as the ratio of weight of 

cement to the dry weight of soil, expressed in percent. Several factors can control the required 
amounts of cement such as soil type, organic content, water content, curing condition and 
targeted soil properties. A small quantity of cement was used to dry and modify the soils (Army, 
1994; Sariosseiri and Muhunthan, 2009). Whilst, a large quantity of cement (5% to 15%) was 
used to obtain a certain improvement in soil strength (Bryan, 1988; Jaritngam and Swasdi, 2006; 
Saadeldin and Siddiqua, 2013).  

Several researchers tried to obtain the optimum cement content required for soil 
stabilization. For cement treated subgrade soil, the optimum cement content was defined 
according to the Texas department of transportation test procedure (TxDOT Tex-120-E, 2013), 
as the cement content of the soil specimen that achieved an unconfined compressive strength 
value of 1035 kPa after 7 days curing time. 

U.S. Army Corps of Engineers TM 5-822-14 (1994) and Arman et al. (1990) provided 
guidelines to obtain the optimum amount of cement for soil stabilization as presented in Table 4. 
For instance,  Arman et al. (1990) referred to the use  9% to 15 % of soil dry weight as a typical 
amounts of cement required to stabilized soil with CL,CH classification (ASTM soil 
classification), and these values did not take the effect of organic content into consideration. 

According to soil types, Kézdi (1979) suggested adding cement content between 6% to 
10% to stabilize very sand soil, 8% to 12% to stabilize silty soil and 10% to 14% to stabilize 
clay.  

Table 4 Typical cement requirements for various soils types (after Arman et al., 1990) 
AASHTO soil classification ASTM soil classification Typical range of cement 

content, % by weight 
A-1-a GW, GP, GM, SW, SP,SM 3-5 

A-1-b GM, GP, SP,SM 5-8 

A-2 GC, GM, SM, SC 5-9 

A-3 SP 7-11 

A-4 CL, ML 7-12 

A-5 ML. MH, CH 8-13 

A-6 CL, CH 9,15 

A-7 MH, CH 10-16 

2.5 Soil Stabilization Using Industrial by-Product Materials 
Different types of by-product materials from industrial processes, such as various slags, 

fly ashes, blast furnace slags, lime kiln dust, cement kiln dust and others were used in soil 
stabilization. In recent years, the benefit of using industrial by-product material for the purposes 
of soil stabilization has increased. As the binding material, it is considered to be cheap and 
easily available (Parsons and Kneebone, 2005). Moreover, it contributed to a decrease in the 
environmental impact posed by the production of these materials (Puppala, 2016). Fly ashes 
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were the most frequently used by-product materials for modifying and stabilizing different soil 
types. Therefore, in this review, more focus will be on soil modification and stabilization using 
various types of fly ashes. 

2.5.1 Fly ash 
Fly ash, also called coal ash, is a solid waste by-product of combustion of coal from 

power and heating plants. It is filter dust (fine particles) that are collected from flue gases. The 
color of fly ash's powder was between a light to dark gray. The lighter color of fly ash was due 
to the presence of a high amount of calcium oxide (CaO) whilst a darker color referred to the 
low amount of calcium oxide (Hausmann, 1990). Types of coals and different combustion 
processes were considered the main factors which affected the fly ash properties. Therefore, a 
very wide range of fly ash properties existed. Generally, combustion with high temperatures 
ranged between 1500 ºC to 1700 ºC and rapid cooling produced more desirable fly ash to work 
as a stabilizer agent (Janz and Johansson, 2002). Table 5 presents the wide range of chemical 
composition for one type of the fly ash. 

According to the standard specification ASTM C618 (2015), two types of fly ashes were 
classified as a stabilizing agent, class C and class F fly ash.  This classification was based on the 
variation in chemical compositions of fly ash. 

Class C fly ash contained high cementing properties due to the higher free lime content, 
in addition to pozzolanic properties. Class F fly ashes contained pozzolanic properties and very 
low self-cementing properties (Army, 1994; Rossow, 2003; Kang et al., 2014, Maher et al., 
2005). On the other hand, some types of fly ashes were off specification according to the ASTM 
C618 (2015) but it contained a significant amount of lime; therefore, it was used as a binder to 
take advantage of the free lime in addition to the pozzolanic properties (Sezer et al., 2006; 
Kolias et al., 2005). 

Table 5. Example of chemical composition of class F fly ash (after Janz and Johansson, 2002) 
Mineral CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O 

Content [%] 3-7 40-55 20-30 5-10 1-4 0,4-2 2 1 

2.5.2 Mechanisms of soil-fly ash reaction 
The mechanism of the hardening process of high calcium fly ash was divided into a short 

and long term. Initially when fly ash is mixed with soil, an enhancement in the soil properties 
took place directly as a short term effect. The long term strength effect was due to pozzolanic 
reactions.  Hydration reaction occurs only if the fly ash contains a large quantity of free lime 
(Saylak et al., 2008; Lloyd et al., 2009; Horpibulsuk et al., 2009; Kang et al., 2014). 

On the other hand, class F fly ash was considered a pozzolanic material. It has small 
cementitious properties compared to other binders such as lime and cement, so it was classified 
as a secondary binder. Therefore, adding an activator such as lime in the form of Portland 
cement or quicklime was necessary to initiate the reactions. For instance, the reaction of 
Portland cement or quicklime with water led to the formation of calcium hydroxide, Ca(OH)2, 
which subsequently led to the formation of either CSH gel with lower CaO/SiO2 ratio or calcium 
aluminate silicate hydrate gel (CASH), which was approximately similar to CSH but contains 
aluminum. The reaction with cement was illustrated in equations 8 and 9 and the reaction with 
lime (CaO) can be expressed in equations 10 and 11 (Janz and Johansson, 2002). 

 ………………….. (8) 
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 …………………..….. (10) 

 …….… (11) 
The fly ash pozolonic reaction was slow and it becomes even slower upon the formation 

of a shell of CSH gel around the fly ash particles. The reaction rate depended on the 
consumption of Ca(OH)2 by the pozzolanic reaction. The development in strength was 
considered in the long term as shown in Figure 7, where the consumption of Ca(OH)2 was 
increased with an increase in fly ash content and time.  

 
Figure 7. Consumption of Ca(OH)2 with time (after Janz and Johansson, 2002) 

2.5.3 Factors affecting the soil –fly ash strength development  
Fly ash was used to modify and stabilize soils. The strength of fly ash – soil mixture was 

approximately affected by same factors that affect the strength improvement of cement 
stabilized soils. Therefore, more details will be on the effect of the initial water content, soil type 
and organic content.  

2.5.3.1 Initial water content 
Misra (2000) investigated the effect of initial water content on the stress-strain behavior 

of clayey silt and clay soils stabilized with 10% and 20 % class C fly ash. He found that the 
unconfined compressive strength decreased as the initial moisture content was increased above 
the optimum content for the stabilized soil. Senol et al. (2002) also found similar observation for 
two of low plasticity soils stabilized with class C fly ash.    

Prabakar et al. (2004) investigated the effect of initial water content on the unconfined 
compressive strength of high plasticity clay stabilized with fly ash. They found the strength of 
stabilized soil significantly decreased as the initial water content was increased. They attributed 
the reduction in soil strength to wide separation between flocculated particles due to excessive 
water from hydration reaction.    

Edil et al. (2006) found the California bearing ratio (CBR) of fly ash stabilized soil 
decreased as the initial water content of soil was increased.    

2.5.3.2 Soil type 
Misra (2000) observed that adding 10% and 20 % of class C fly ash improved the 

unconfined compressive strength of clayey silt and clay soils. The highest improvement was 
observed in the lean clay (have less active clay mineral) rather than fat clay that have high active 
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clay minerals. Bin-Shafique et al. (2010) found the improvement in soil strength for low 
plasticity soil was higher than high plasticity soil due to adding various amounts of class C fly 
ash (5% to 20%).   

Kolias et al. (2005) also found a considerable improvement occurred with low plasticity 
soil than the high plasticity soils due to adding various amounts of high calcium fly ash (5% to 
20%). 

2.5.3.3 Organic content 
As discussed earlier in cement treatment, organic matter has an ability to retard the 

hydration and pozzolanic reaction and reduce the strength of treated soil.  
Edil et al. (2006) investigated the effect of adding 10% to 30% of different fly ash types 

(class C, F and off specification) to stabilized fine grained soil contained 10% organic content. 
They found the organic content effective in inhibiting the improvement of the California bearing 
ratio (CBR) after treatment with different fly ash types.   

For stabilized clay with various industrial by-products, Wilkinson et al. (2010) found 
that the presence of organic content affected the growth of cementinous products, and a slow 
gain in soil strength was observed. 

Tastan et al. (2011) investigated the effect of adding 10% to 30% of different fly ash 
types (class C, F and off specification) to stabilize three soft organic soils. The organic content 
varied from 5% to 27 %. They found that the reduction in strength of soil fly ash mixture 
decreased exponentially with an increase in soil organic content.  

2.5.4 Outcomes of soil- fly ash treatment 
As with cement stabilization, fly ash was widely used to enhance strength and stiffness 

of soils, reduce the water content and plasticity of soil. It was extensively used to modify (short 
term effect) or stabilize (long-term effects) a broad range of soil such as clay, silt, sand and 
gravels (Maher et al., 2005). 

2.5.4.1 Water content (Solidification) 
Adding class C fly ash or any by-product materials containing high free lime content to 

wet soils reduced the water content immediately. The reduction in water content was mainly 
related to the hydration reaction between the binder and water. Moreover, soil was further dried 
over time due to pozzolanic reactions (Rossow, 2003). 

Mackiewicz and Ferguson (2005) and Misra (2000) referred to rapid reduction in soil 
moisture content from 10% to 20 % due to adding high amounts of self-cementing fly ash. 
Jongpradist et al. (2009) also found similar trends of decreassed soil water content with curing 
time due to the pozzolanic reaction for soft clay treated with cement and fly ash. 

2.5.4.2 Compaction properties 
Misra (2000) investigated the effects of adding 10% and 20% class C fly ash on the 

compaction properties of two soil types (clayey silt and silty clay). It was found that adding 
class C fly ash decreased the maximum dry density and increased the optimum moisture content 
after two hour from mixing. Prabakar et al. (2004) observed that adding various amounts of fly 
ash (9% to 46%) reduced the maximum dry density and increased the optimum moisture 
contents for low and high plasticity soils.  
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Kolias et al. (2005) also found that adding 5% to 20% of high calcium fly ash decreased 
the maximum dry density and increased the optimum moisture content of stabilized soil. Similar 
observation were found by Sezer et al. (2006) when adding 5% to 50 % of high calcium fly ash 
to high plasticity soil. 

Horpibulsuk et al. (2009) investigated the effects of adding 10% of cement and class F 
fly ash with different replacements ratio on compaction properties of high plasticity clay. They 
observed that adding cement and class F fly ash increased the maximum dry unit weight without 
changing the optimum water content after treatment. 

Kang et al. (2014) investigated the effects of adding 10%, 15% and 20% class C fly ash 
on the compaction properties of two types of soft clay (low and high plasticity soil). They 
observed that adding of fly ash increased the maximum dry density and decreased the optimum 
water content. The compaction occurred within 30 minute after mixing. They attributed the 
increase in the maximum dry density to be the voids of soil particles being filled by finer 
particles of fly ash. Moreover, the pozzolanic products caused by hydration of fly ash, filled in 
the pore voids and made the treated soil denser. The decrease in optimum water content with an 
increase in fly ash content was attributed to the hydration process of fly ash, which needs to 
consume more water inside the voids. Kang et al. (2015) also found similar observation of 
increased the maximum dry density and lowered the optimum water content for low plasticity 
soil stabilized with 10% and 15% class C fly ash. Athanasopoulou (2013) observed that adding 
high calcium fly ash reduced the maximum dry density and increased the optimum water 
content of high plasticity clayey soil in Greece. 

2.5.4.3 Consistency limits (Atterberg limits) 
Sivapullaiah et al. (1996) investigated the immediate effect of two types of class F fly 

ash on the index properties of high plasticity soil. The fly ash added at different amounts from 
1% to 9% of soil dry weight. They found that adding fly ash decreased the liquid limit and 
increased the plastic limit, which led to reduce the plasticity index of treated soil.  

Cokca (2001) observed that adding various amount of class C and F fly ashes (3% to 
25%) to high plasticity soil significantly reduced the plasticity index and the liquid limit of soil 
after treatment. The reduction increased as fly ash content was increased.  

Kolias et al. (2005) observed that adding 5% to 20% of high calcium fly ash significantly 
reduced the plasticity index for three soil types after 24 hours from treatment. 

Reyes and Pando (2007) investigated the effects of adding 5%, 10%, 15% and 20% of 
high calcium fly ash on the consistency limit of high plasticity soft clay. Their results showed 
that the plasticity index immediately reduced as the fly ash content was increased. They also 
found that the plasticity index was further reduced with increased the curing time. 

For high plasticity silty clay soil in Thailand, Horpibulsuk et al. (2009) investigated the 
effect of adding 10% of class F fly ash and Portland cement (as a activator) in various 
proportions on the consistency limit of soil. They observed that adding cement and fly ash 
significantly increased the plastic limit and decreased the liquid limit, which subsequently 
reduced the plasticity index. They also observed that adding class F fly ash alone slightly 
reduced the plasticity index compared to the high effect of cement on the flocculation and 
agglomeration of clay particles. For the same soil type, Horpibulsuk et al. (2013) investigated 
the effect of mixing by-product calcium carbide residue as a activator (5% and 10%) and class F 
fly ash with various replacements ratio from 3% to 24% on the consistency limits of soil. They 
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found the plastic limit was increased significantly with an increase in fly ash content in the 
mixture compared to a slight increase in the liquid limit. This subsequently decreased the 
plasticity index.   

Bin-Shafique et al. (2010) observed that adding 5% to 20% class C fly ash significantly 
reduced the plasticity index of low and high plasticity soils after treatment.  

Athanasopoulou (2013) found that adding various amounts of high calcium fly ash (4% 
to 16%) decreased the liquid limit and increased the plastic limit of high plasticity clayey and 
thus decreased the plasticity index.   

Mir (2015) also observed that adding 10% to 80% of two fly ash types (class C and F) to 
high plasticity clay reduced the liquid limit and plasticity index immediately after treatment, and 
the reduction increased as the fly ash content was increased. Moreover, the plastic limit 
increased as the fly ash content was increased.   

2.5.4.4 Particle size distribution (PSD) 
Cokca (2001) investigated the effect of adding class C and F fly ashes on the particle 

size distribution of high plasticity clay. Fly ash added in quantities from 3% up to 25 % of the 
soil dry weight. It was observed a decrease in clay size particles as the fly ash content was 
increased.    

Ozdemir (2016) researched the effects of adding 3% to 10% of class C flay ash on 
particle size distribution of low plasticity fine grain soil and found that the percentage of fine 
particles decreased as the fly ash content was increased.  

2.5.4.5 Strength and deformation characteristic 
Misra (2000) used a series of tri-axial tests to investigate the stress-strain behavior of 

two soil types (clayey silt and silty clay) stabilized with 10% and 20 % Class C fly ash. Misra 
found that the stabilized soil exhibited stiffer, stronger and more brittle failure due to adding 10 
% fly ash. Misra also found the unconfined compressive strength increased approximately 
linearly as the fly ash content was increased for both soil types. 

Senol et al. (2002) investigated the effects of adding 12%, 16% and 20 % of class C fly 
ash on the strength properties of low plastic clay. They showed that the unconfined compressive 
strength of stabilized soil increased as the fly ash content was increased.  

Prabakar et al. (2004) showed that adding fly ash in different amounts (9% -46%) 
significantly improved the strength behaviors of low and high plasticity soils. The improvement 
increased as the fly ash content was increased.  

Senol et al. (2006) also found that adding various amounts and types of fly ash (10% to 
20%) improved the unconfined compressive strength and CBR of low and high plasticity soft 
soil.  

Kolias et al. (2005) researched the effects of adding different amounts of high calcium 
fly ash (5% to 20%) on the strength properties of low and high plasticity soils. Their results 
showed that the unconfined compressive strength and stiffness of stabilized soil increased as the 
fly ash content and curing time was increased.  

Sezer et al. (2006) investigated the effects of adding various amounts of high calcium fly 
ash (5% to 20%) to stabilized highly plasticity soil. An unconfined compressive strength test and 
a direct shear test were used to evaluate the enhancement in soil strengths at optimum moisture 
content. They found that the strength properties of stabilized soil increased as the fly ash content 
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and curing time was increased. The largest improvement in the unconfined compressive strength 
occurred during the first 28 days of curing.  

Edil et al. (2006) investigated the effect of adding 10% to 30% from several fly ash types 
(class C, F and off specification) on six types of soft fine grained soil (low to high plasticity 
soil). They found that adding fly ash improved the California bearing ratio (CBR) and resilient 
modulus after treatment. 

Reyes and Pando (2007) studied the possibility of adding 5%, 10%, 15% and 20% 
amounts of two types of fly ash (class C and high calcium fly ash) to stabilized high plasticity 
soft clay. Their study found that the unconfined compressive strength of stabilized clay 
increased as the fly ash content and curing time was increased. 

Bin-Shafique et al. (2010) investigated the effects of adding class C fly ash in various 
amounts (5% to 20%) on the strength properties of low and high plasticity soils. They showed 
that the unconfined compressive strength increased as the fly ash content was increased. The 
most pronounced improvement occurred in low plasticity soil rather than high plasticity soil.  

Wiechert et al. (2011) found that adding 20% of high calcium fly ash improved the 
unconfined compressive strength and stiffness of highly plasticity clay -rubber mixture. They 
also showed that the improvement in soil stiffness by high calcium fly ash was equal or even 
better than the class C fly ash.   

Sargent et al. (2012) studied the benefit of adding 10% of various industrial by-products 
materials such as blast furnace slag, fly ash and red gypsum to stabilize artificial silty sandy clay 
(low plasticity). Sodium hydroxide and sodium silicate was used as alkali activators. They found 
that adding alkali activator initiated the pozzolanic reactions and subsequently led to significant 
improved in strength, stiffness and compressibility of stabilized soil.  

Ghosh and Subbarao (2012) studied changes in strength properties due to adding 6% and 
10% lime content as an activator to class F fly ash. They found that the unconfined compressive 
strength increased as the lime content was increased. 

Kang et al. (2014) demonstrated that adding various amounts of class C fly ash (10%, 
20% and 30%) improved the unconfined compressive strength and resilient modulus of two 
types of soft clay (low and high plasticity soil). The strength and stiffness of treated soil 
increased as curing time and fly ash content was increased. 

Kang et al. (2015) investigated the effect of adding 10%, 15% and 20% class C fly ash 
on the strength and stiffness of low plasticity soil. They observed that adding class C fly ash 
improved the unconfined compressive strength and stiffness. The improvement increased as 
binder content and curing time was increased. Mir (2015) also found that adding different 
amounts of class C and F fly ashes improved the unconfined compressive strength of high 
plasticity clay. The percentage of fly ash added ranged from 10% to 80% of soil dry weights. 

Ozdemir (2016) investigated the effect of adding 3% to 10% of class C flay ash on the 
strength properties of low plasticity fine grain soil. He found that the unconfined compressive 
strength of stabilized soil increased as the fly ash content and curing time was increased.   

Jamsawang et al. (2017) researched the effects of adding Portland cement and bagasse 
ash on the strength development of high plasticity soft clay. Their results showed that using 10% 
to 20% of bagasse ash as a partial replacement for Portland cement enhanced the strength and 
stiffness of stabilized soil. 
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Zhang et al. (2017) studied the effect of adding 9% Portland cement and class F fly ash 
with different partial replacements to stabilized high water content waste mud. The study was 
based on field and laboratory investigation. The strength characteristics of the treated mud were 
determined by using UCS and SEM analyses. They found that the partial replacement of cement 
and fly ash improved the strength and stiffness of the mud, and that the highest level of chemical 
reaction occurred after 28 days of curing. They also found that adding fly ash reduced the brittle 
failure of treated mud compared to cement treatment.  

2.5.5 Optimum fly ash content 
Fly ash content was defined as the ratio of weight of fly ash to the dry weight of soil as a 

percentage. Soil type, fly ash type, water content, organic content and targeted soil properties 
represent the most important factors controlling the amount of fly ash needed for soil 
stabilization. For various applications, the most common range of using fly ash varied between 
12% to 16 % of soil dry weight for self-cementing class C fly ashes (Rossow, 2003; Mackiewicz 
and Ferguson, 2005). Whilst for fly ash with low cementing properties, high amounts of fly ash 
were expected to be used in addition to an activator.  

Chemical composition of various by-product materials has a high effect on the reactivity 
of the binder. Hydration modulus was defined (equation 11) as the ratio between the amount of 
CaO as a percentage to the sum of amounts of SiO2, Al2O3, and Fe2O3 expressed as a percentage 
was used to obtain the reactivity of the binder (Kamon and Nontananandh, 1991). It was also 
used to obtain the portion of fly ash or any by-product materials and lime in the admixture 
design (Muhunthan and Sariosseiri, 2008).  

 
For various by-product materials, Kamon and Nontananandh (1991) suggested that the 

hydration modulus should exceed 1.7 in order for a reaction to take place. 
 

……………………....(12) 

 

The cementing potential ratio (self-cementing properties) was used to obtain the 
hydraulic properties of the binder. It was defined as a CaO/SiO2 ratio (Janz and Johansson, 
2002). The higher the CaO/SiO2 ratio the more hydraulic properties was expected. 

2.6 Relationship between Unconfined Compression Strength, qu, and the Modulus of 
Elasticity, E50.  

Many investigators have obtained a variable conclusion about the relationship 
between the unconfined compressive strength (qu) and the elastic modulus (E50) for wide range 
of soil types stabilized with cement, lime and fly ash as illustrated in Table 6. 
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Table 6.The relationship between elastic modulus (E50) and UCS (qu) in previous studies 

Material Upper and lower range 
of soil stiffness times qu Reference 

Three type of soil in (silt, silty clay and laterite)  treated 
with cement (7% - 13% ) in Malaysia E50=(100 326)qu Rashid et al. (2014) 

Swedish clay stablized with 120 kg/m3 of cement and lime  E50=(53 92)qu Ignat (2015) 

Clay treated with Cement (3% to 37%) in Finland E50=(100 200)qu Hassan (2009) 

Bangkok clay treated with cement (5% to 20%) E50=(115 150)qu 
Lorenzo and Bergado 

(2006) 
Soft Bangkok clay treated with (10% to 13%) of cement 
and cement kiln dust with partial replacement of 10 to 20% 
fly ash 

E50=(99 159)qu Yoobanpot et al. (2017) 

Chinese marine clay at high salt concentration treated with 
cement (10% to 20%) E50=(150 275)qu Dingwen et al. (2013) 

Chinese Silt soil carbonated with reactive MgO (5% 30%) E50=(30 200)qu Cai et al. (2015) 
Marine sediments in France treated  with  cement (3%-9%) 
and class F fly ash (3%-9%) E50=(60 170)qu Wang et al. (2013) 

High plasticity Tokuyama marine clay in Japan stabilized 
with 10 to 30% Portland cement  E50=(30 169)qu  Kang et al. (2017) 

High plasticity Singapore marine clay treated with high 
cement content   E50=(80 200)qu Lee et al. (2005) 

High plasticity soft clay treated with 200 kg/m3 cement 
partially replaced with bagasse ash  E50=(50 110)qu Jamsawang et al. (2017) 

Cement treated zinc contaminated soils (12 to18%) E50=(18 53)qu Du et al. (2013) 

Class F fly ash modified with 4 to 10% lime content  E50= 55qu
0.87 Ghosh and Subbarao 

(2012) 
Soft clay at high water content stabilized with 5% to 40%  
Portland cement  

E50=93qu (7days) 
E50=88qu (28 days) Jongpradist et al. (2009) 

Soft clay at high water content stabilized with a mixture of 
Portland cement (5% to 35%) and class F fly ash (5% to 
30%) 

E50=(96 129)qu Jongpradist et al. (2009) 

 

2.7 Review Outcomes 

Cement was used extensively by many investigators to modify and improve the 
engineering properties of a wide range of soils. In addition, extensive studies were conducted 
using industrial by-product fly ash for soil stabilization. However, in most of the studies 
reported in this review, a high binder amount was used. The studies covered the short and 
various long-term effects for each binder type.  

Several factors can affect the soil binder reaction and strength development. Therefore, 
choosing the appropriate amounts of binder was dependent mainly on the soil type, initial 
moisture content, organic content, curing conditions and the desirable improvement in strength 
and stiffness.  

From this review, it can be concluded that only a few of those studies were using low 
doses of cement and fly ash. Moreover, most of these studies did not cover the long-term effects. 
Therefore, there is a little knowledge regarding the effect of adding small binder amounts on the 
physical and mechanical properties of soils, particularly in the long-term effects. In addition, 
modifying the soft soil using low binder amounts is an interesting field regarding reducing the 
costs and environmental threats that are associated with using high binder content. For these 
reasons, it is important to study the physical and mechanical properties of treated soil using low 
binder contents. 
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Chapter Three - Experimental Investigation 

This chapter describes the materials and experimental work used during this study 
to investigate the effectiveness of adding a small amount of two binder types to modify and 
improve the physical and mechanical properties of soil. In this chapter, basic characteristics of 
soil and binders are evaluated in addition to the testing procedures and methodologies of 
preparing samples which were utilized to obtain the main research objects.  

3.1- Materials  
3.1.1- Soil  

The soil used in this work originated from Gothenburg, Sweden. Untreated soil was 
classified by tests of particle size distribution, consistency limits, loss of ignition, chemical 
composition, compaction characteristics, pH and specific gravity. The physical and mechanical 
properties are presented in Table 7. The chemical composition of the untreated soil is obtained 
in a certified laboratory as listed in Table 8. The particle size distribution of the untreated soil is 
shown in Figure 8. The untreated soil mainly consists of silt (55%), fine sand (29%) and clay 
(16%). It is classified as lean clay (CL) according to the Unified Classification System ASTM D 
2487 (2011), and as clayey silt soil (Cl Si) according to the Swedish standard (Larsson, 2008). 
Organic content, assessed by ignition test according to ASTM D2974 (2014), was 4%, and thus 
the soil was classified as having a low organic content (Huang et al., 2009; Karlsson and 
Hansbo, 1989; Huang et al., 2012).  

 
Figure 8. Particle size distribution of untreated soil 

3.1.2 Binders 
3.1.2.1 Petrit T  

Höganäs Sweden AB provided the by-product Petrit T. It is produced from mixing 
limestone, coke and anthracite, and heating up the mixture to 1200°C in order to reduce iron ore 
into sponge iron. The total yearly production of Petrit T ranges between 17,000 and 20,000 
metric tons (Haase, 2014). Table 8 presents the chemical and physical properties. The cementing 
potential ratio (hydraulic properties) is expressed as a CaO/SiO2 ratio (Janz and Johansson, 
2002). Petrit T has a CaO/SiO2 ratio of approximately 1.9. The loss of ignition is 18%, which 
represents the unburned carbon in the binder. The x-ray diffraction (XRD) test indicates that the 
main chemical components of Petrit T binder consisted of 57% Larnite (dicalcium silicate), 
28.3% Gehlenite (calcium-silicon-aluminate), 11.5% quartz (silicon dioxide), and 3% 
Portlandite (calcium hydroxide) (Haase, 2014). 
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Petrit T has self-cementing properties in addition to having high amounts of dicalcium 
silicate, which is similar to the clinker mineral C2S (belite) in Portland cement that is 
responsible for increased strength of cement over a relatively long curing period due to the 
lower reactivity. 

3.1.2.2 Portland cement CEM II  
Portland-limestone cement CEM II, from Finja AB Sweden was used as a binder in this 

study. The chemical properties are listed in Table 8. The cementing potential ratio (CaO/SiO2) is 
3.5. 

Table 7. Engineering properties of tested soils. 
Parameter Values 

Particle-size distribution (%)  
Sand (%) (1-0.63mm) 29 
Silt   (%)  (0.063 – 0.002 mm) 55 
Clay (%)  ( < 0.002 mm) 16 
Consistency limits (%)  
Liquid limit (%)* 37 
Plasticity limit (%) 20 
Plasticity index (%) 18 
Proctor test  
Optimum moisture content (%) 12 
Maximum dry density, t/m3 1.97 
Natural Water Content (%) 30 
Specific Gravity, Gs 2.69 

                                             * Determined by the fall cone test 

Table 8. Chemical composition of soil, Petrit T and cement 
Parameter Soil  (Petrit T) * Cement** 

Chemical properties    
Silicon oxide (SiO2) % 65.7 19.7 18 
Aluminum oxide (Al2O3) % 12.3 9.8 5 
Iron oxide (Fe2O3) 3.42 6,1  
Sulfur trioxide (SO3) %  3.75  
Magnesium oxide (MgO) % 1.31 1.14  
Calcium oxide (CaO) % 2.4 36.8 63 
Potassium oxide (K2O) % 2.84 0.63  
Sodium oxide (Na2O) % 0.55 0.23  
MnO % 0.15 0.19  
P2O5 % 0.15 0.31  
TiO2 % 0.55 1.45  
Cementing potential ratio  (CaO/SiO2 )   1.9 3.5 
Physical properties    
Loss of Ignition % 4 18  
Moisture content % 30 0 0 
pH value 5 12.9 13.5 

             * From (B. Hasse, personal communication, 15 February 2017). 
            ** From (I. Nilsson, personal communication, 03 August 2016).  

3.1.3 Amount of additives 
The amount of binder used in this study is defined as the ratio of weight of the binder to 

the dry weight of soil, see equation 13. 
………………….. (13) 

Where: : Ratio of binder to soil dry mass (%),     Mb: Mass of binder, 
Ms: Mass of dry soil.  
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Mass of dry soil (Ms) can be found using the equation 14,   
 

………………….. (14) 
: Initial water content of soil before treatment. 
: Total mass of the wet soil.  

Therefore, in order to estimate the amount of binder (Mb) which is required per each 
batch in terms of  initial water content  , percentage of binder (Aw) and total mass of wet soil 

, equation 15 can be used.  
  ………………….. (15) 

3.2 Experimental Program 
An extensive experimental program has been initiated to achieve and clarify the 

objectives of this research, including tests of consistency limits, drying rate of soil, density, 
unconfined compressive strength, laser particle size analysis and also pH tests conducted on 
untreated as well as the treated soil with two binder types in various binder content and curing 
periods. Table 9 summarizes the main testing program used in this study. 

3.2.1 Drying rate of the soil (Solidification) and density 
Solidification is a term which refers to reduction in the soil water content after treatment 

with a cementuous binder as a result of the hydration reaction (Maher et al., 2004). It was 
investigated by measuring the reduction in water content of treated soil directly after one hour of 
treatment and over different curing periods. 

Water content is defined as the ratio of the weight of water to the total weight of the 
solids including the binder and soil. It is determined by heating the mixture in the laboratory 
oven at a temperature of 105 °C for 24 hours. Reduction in water content over time was 
investigated by measuring the water content of the unconfined compressive sample after testing.  

Bulk density of untreated and treated soil with two binder types were investigated after 
different curing periods. It was measured from the unconfined compressive samples after 
preparation and prior testing at various binder amounts and curing periods as shown in Figure 9.  

 

 
 

Figure 9. Measuring the density of UCS specimens after curing period 
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3.2.2 Consistency limits (Atterberg limits) 
One of the main objectives of chemical treatment is to accelerate the construction work 

by improving workability of the soil (Eskisar, 2015). Workable soil is a term that refers to soil 
which can easily be handled and compacted homogeneously. Workability of the soil has been 
shown to improve by reducing the plasticity index (Baran et al., 2001). A series of consistency 
limits tests were conducted on the treated soil with two binder types to investigate the 
improvement in soil workability directly after treatment, and over time, by measuring the 
reduction in the plasticity index. 

The relationship between water content and consistency limits of treated soil with 
various binder types and contents is explained by the liquidity index (LI), which is expressed in 
equation 16.    

     ……..……….. (16) 
Where: LI: liquidity index , Wc : water content, PL. Plastic limit and PI: Plasticity index. 

3.2.3 Unconfined compressive test (UCS) 
A series of unconfined compressive tests (UCS) were performed to investigate the 

enhancement of soil strength before and after treatment as shown in Figure 10. The unconfined 
compressive tests are considered simple and quick tests to compare the effects of different 
binder types and contents on increasing the strength of treated soils. In addition, failure strain, 
modulus of elasticity (E50), stress-strain behavior and the relationships between consistency 
limit, failure strain and stiffness versus UCS were measured and evaluated at different 
percentages of binder and over different curing times. Load and axial deformation were 
measured and the stress-strain relationship was evaluated by using the equations from 17 to 19.  

     …………………….. (17) 

Where: 
 Axial strain 
 Change in the height of UCS specimen during testing. 

L: Height of UCS specimen before testing. 
The average cross-sectional area of the UCS specimen (A) is calculated according to 

equation (18), 

    ………………….….. (18) 

Where: 
Ao: Original cross-sectional area of UCS specimen before testing. 
       The unconfined compressive strength (qu) is calculated according equation 19.  
 

     …………………….. (19) 
Where: 
F: Axial force. 

The shear strength of stabilized soil (  can be taken as half of the unconfined compressive 
strengths (qu) as expressed in equation 20. 

           ………………….. (20) 

 



(27) 

The secant modulus of elasticity (E50) was evaluated from the stress-strain curve at 
50% of the maximum value of the unconfined compressive strength (qu). Strain at failure ( ) 
represented the strain which is corresponding to the peak stress (qu) in the stress-strain curves. 
Figure 11 illustrates an example of the stress-strain curves, secant modulus of elasticity (E50) 
and failure strain. 

 
Figure 10. The unconfined compressive test. 

3.2.4 Laser particle size analyzer 
Laser particle size analyzer tests were conducted to investigate the effects of binder types 

on the particle size distribution (PSD) of soil before and after treatment. It was measured by 
using CILAS 1064 laser particle size analyzer in the liquid mode with a measurement range 
from 0.04 to 500 m.  

 
Figure 11. Example of stress-strain curve, qu, secant modulus of elasticity (E50) and failure strain 

obtained from UCS test 

3.2.5 pH concentration 
A series of pH tests were conducted to investigate the effects on the alkalinity of the soil 

from adding small amounts of binder immediately after treatment and over time, which can give 
an indication of the progress of the of soil-binder reactions.  
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Table 9.Main experimental program. 

Testing 
program 

Binder 
types 

Binder content  
% Curing time (days) 

Number of 
samples per binder content  Compaction method 

0% 1% 2% 4% 7% 

C
on

si
st

en
cy

 li
m

its
 

Im
m

ed
ia

te
 

ef
fe

ct
s 

Portland 
cement 

(CEM II)  
1,2,3,4,5,7,10,15 

0     1 
1 1 1 1 

N/A 

Petrit T   1,2,3,4,5,7,10,15  1 1 1 

Lo
ng

 te
rm

 
ef

fe
ct

s 

Portland 
cement , 
CEM II 

1, 2, 4, 7 
3 7 14 28 60 90 N/A 

7 7 7 7 hand compaction by 
light hammer 

Petrit T 2 , 4 , 7 - 7 7 7 

pH
 te

st
 Im

m
ed

ia
te

 
ef

fe
ct

s Portland 
cement 

(CEM II) , 
Petrit T   

1,2,3,4,5,7,10,15 0     1 1 1 1 1 

N/A 

Lo
ng

 te
rm

 
ef

fe
ct

s 

Portland 
cement , 
CEM II 

1 ,2 ,4 ,7 
7 14 28 60 90 N/A 

7 7 7 7 

Petrit T 2, 4 ,7 - 7 7 7 

Unconfined 
compression 
test (UCS) 

Portland 
cement , 
CEM II 

1, 2, 4, 7 
7 14 28 60 90 11 

7 10 11 11 Compacted in five 
layers. Proctor hammer 
with 25 blows per layer Petrit T 2, 4 , 7 - 10 11 11 

Particle size 
distribution 

(PSD) 

Portland 
cement , 
CEM II 

4 , 7 
                    28  1 

  1 1 Compacted in five 
layers. Proctor hammer 
with 25 blows per layer Petrit T 4 , 7   1 1 

N/A : Not applicable. 
 
3.3 Specimen Preparation and Testing Methodology 

3.3.1 Specimen for unconfined compressive tests (UCS) 
Specimens for the unconfined compressive tests (UCS) were prepared following a 

standard procedure of homogenising and crumbling the untreated soil with its initial water 
content (30%) followed by adding the binder (i.e., cement or Petrit T) as a dried material at 
various ratios (see Table 9) by soil dry mass and mixing for ten minutes using a laboratory 
mixing machine. The mixtures were then put into cylindrical plastic tubes (170 x 50mm) by 
hand. The specimen was compacted in five layers, with 25 blows per layer, using a Proctor 
hammer and standard procedure as illustared in in Figure 12. The height of the specimen was 
100mm. The tubes were covered with a plastic cover and sealed with rubber lids at both ends to 
prevent access to water. The curing periods were set at 7, 14, 28, 60 and 90 days before testing. 
For curing, the specimens were placed inside a glass container partially filled with water (Figure 
12) and stored at a controlled room temperature of 20°C. After curing, the specimens were 
removed from the tubes by using a mechanical jack and tested using unconfined compression 
tests (UCS). The testing rate was 1mm/minute until failure occurred. The specimen height-to-
diameter ratio was 2. Before testing, the specimen was cut and smoothed to obtain parallel end 
surfaces. The end plates were lubricated to reduce friction. Water content and densities were 
determined in relation to the unconfined compression tests. All specimens for the unconfined 
compressive tests were prepared during a period of one hour after mixing the untreated soil with 
the binder. During the unconfined compression tests when the stress almost reaches the peak 
stress, small cracks can be clearly observed on the specimen surface as shown in Figure 13. 
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Figure 12. Preparation and curing of specimens  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. Development of UCS sample during the test. (1) At beginning of test, (2) Prior to peak stress, 
(3) at peak stress (4) after peak stress. 
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3.3.2 Specimens for consistency limit tests 
Specimens for consistency limit tests were prepared and cured in identical way to the 

unconfined compression specimens, but using a light hammer for compaction, instead of a 
Proctor hammer, to remove air bubbles. Before testing, and after curing, the specimen was 
removed from its tube. Liquid limit and plastic limit tests were conducted according to Swedish 
standards SS 027120 (1990) and SS 027121 (1990). The fall cone method was used to determine 
the liquid limit as shown in Figure 14. The average of four tests represents the liquid limit, 
whilst the plastic limit is based on the average of five tests. 

3.3.3 Specimens for laser particle size distribution tests (PSD)  
Specimens for particle size distribution tests (PSD) were prepared and cured in an 

identical way to the unconfined compression specimens. Binder content was added as dry 
material with 4 and 7% by soil dry mass and cured for 28 days. After curing, the specimens 
were removed from the tubes by using a mechanical jack and tested using particle size analyzers 
CILAS 1064 based on the laser diffraction pattern analyzer as shown in Figure 15. Prior to PSD 
test, both stabilized and unstabilized soil specimens were air-dried and ground through 0.5-0.063 
mm sieves. Then, about 5 g of that passing from 0.063 mm sieve was mixed with sufficient 
distilled water and subjected to the PSD analyzer (CILAS 1064).  

3.3.4 Specimens for pH concentration 
Soil pH tests were conducted after one hour of mixing soil with the binder by air drying 

and grinding the treated soil. Whilst,  the measurement of pH values over time were conducted 
on air dried and ground material from the UCS specimens. pH tests were carried out using an HI 
208 pH meter with built in magnetic stirrer. The procedure was used for both the treated and 
untreated soils according to ASTM D4972 (2013). The average of three pH tests represents the 
soil pH value. A ratio of liquid to solid of 1 was used to mix the soil and distilled water. The 
mixture was poured into a glass container and mixed thoroughly using a magnetic stirrer for 2 
minutes. The soil-water mixture was then left for one hour for retention, and the mixing process 
was repeated every 10 minutes before the pH value was measured. A pH meter was calibrated 
by using standard buffer solutions before testing. 

 

 
 
 
 

 

 

Figure 14. Liquid limit test of stabilzed 
soil by using fall cone method. 

Figure 15. PSD of stabilzed soil by using laser 
particle size analyzer (CILAS106). 
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Chapter Four- Laboratory Results 

This chapter presents the results of laboratory tests of stabilized clayey silt soil by using 
two binder types, cement and by-product of Petrit T. The results of laboratory tests include, 
consistency limits, solidification, density, laser particle size analysis, unconfined compressive 
strength, pH concentration. In addition to the results of stress-strain curves, stiffness, strain at 
failure and the relationships between consistency limit, failure strain and stiffness versus 
unconfined compressive strength are also included.  

4.1 Consistency Limits (Atterberg Limits) 
4.1.1 The immediate effects 

The immediate effect (after one hour) of mixing various amounts of cement and by-
product Pertit T on the consistency limits of treated soil are presented in Figures 16 and 17 
respectively. For cement treatment (Figure 16), the liquid limit (LL) increases immediately to 
48% due to adding a small amount of cement (1% to 4%), then it remains almost constant with 
further additions of cement content between 4% and 7 %, before it slightly drops to 46% and 
41% at higher cement content 10% and 15% respectively. The plastic limit slightly increased 
between 7% to 15% cement content in addition to the significant increases to 27% at lower 
cement contents (1% to 7%). The plasticity index (PI) slightly increased to 20% at a small 
cement content (1-4%), followed by a gradual decrease to 11% as the cement content was 
increased to 15%. 

For by-product Pertit T treatment (Figure 17), the liquid limit immediately increased to 
45% due to adding small amounts of Petrit T (1-4%), then the liquid limit remained constant 
between 4% and 7% binder content, before its gradual drop to 43% and 41% with further 
addition of Petrit T content at 10% and 15% respectively. The plastic limit slightly increases 
between 7% and 15% binder content in addition to the large increases to 25% due to additional 
low binder content (1% to 7%). The plasticity index (PI) slightly increased to 21% at small 
binder content (1-4%) and then gradually decreased to 14.5% as binder content was increased to 
15%.    

 
4.1.2 The long term effects 

The plasticity index of the treated soil with cement and by-product Pertit T versus curing 
time are presented in Figures 18 and 19 respectively. For both binder types, it can be seen that 

Figure 16. Immediate change in consistency limits 
versus cement content. 

Figure 17. Immediate change in consistency limits 
versus Petrit T content. 
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the plasticity index is further decreased with increasing curing times. The reduction increased in 
relation to the increase in binder content. After 90 days of curing time, the reduction in the 
plasticity index is 16, 15, 14 and 12% due to the addition of 1,2,4,7% cement content 
respectively, as shown in Figure 18. Whilst for Petrit T treatment, the plasticity index is reduced 
to 16, 14.5 and 13% due to the addition of 2, 4 and 7% Pertit T content respectively after 90 
days of curing as shown in Figure 19. 

 

4.2 Water Content (Solidification) 
4.2.1 The immediate effects 

The immediate reduction (one hour after mixing) in the water content of treated soil with 
cement and by-product Pertit T are presented in Figures 20 and 21 respectively. It is seen that 
soil water content decreased from its initial value (30%) due to the addition of various amounts 
of cement and Petrit T and the reduction gradually increased as the binder content increased. 

 
4.2.2 The long term effects 

Figures 22 and 23 show the effect of curing time on the water content of treated soil with 
various amounts of cement and Petrit T respectively. For both binder types, it can be seen that a 
gradual decrease in water content is observed with increased curing time, and the reduction 

Figure 18. Plasticity index versus curing time 
and cement content.

Figure 19. Plasticity index versus curing time 
and Petrit T content. 
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Figure 20. Immediate reduction in soil water 
content versus cement content. 

Figure 21. Immediate reduction in soil water 
content versus Petrit T content. 
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increased with increasing binder content. For cement treatment (Figure 22), the addition of 1,2, 
4 and 7% cement content further reduced the soil water content to 28%, 26.7%, 25%, and 23.7% 
respectively after 28 days of curing. For specimens having 4% cement content, an increase in 
water content is observed after 60 and 90 days of curing. Whilst, for Petrit T treatment, the 
addition of 2, 4 and 7% binder content further decreased the soil water content to about 27% 
26% and 24.8% after 90 days of curing respectively as shown in Figure 23.   

 

4.3 Bulk Density 
Figures 24 and 25 show the specimen density versus binder content for treated soil with 

cement and by-product Petrit T respectively. For both binder types, It can be seen that the 
density of treated soil increased with increasing binder content and curing time. 

 

4.4 Particle Size Distribution (PSD)  
The results from the laser PSD analysis of untreated and treated soil with cement and 

Petrit T at 7% binder content is presented in Figure 26. Moreover, Table 11 presents the 
percentage of clay size and silt size particles obtained by laser particle size analysis for untreated 
and treated soil with 4 and 7% binder content. It can be seen that after 28 days of curing time, 
the addition of 4% and 7% of cement content leads to a reduction in the percentage of clay-sized 
particles to 13% and 11% respectively. On the other hand, the addition of  4% and 7% of Petrit 

Figure 22. Soil water content versus curing 
time and cement content. 

Figure 23. Soil water content versus curing 
time and Petrit T content 
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Figure 24. Specimen density versus cement 
content and curing time.

Figure 25. Specimen density versus Petrit T 
content and curing time.
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T reduces the percentage of clay-sized particles to 14% and  13.4% respectively, additionally 
increasing the silt sized particles for both binder types.  

 
Figure 26. PSD for untreated and treated soil with cement or Petrit T measured by CILAS 1064. 

 
Table 10. Percentage of clay and silt size particles measured by CILAS 1064. 

Soil Binder 
content % 

Curing time 
(days) 

clay-sized particle %  
(< 2 μ m) 

Silt-sized particle % 
(2 to63 μ m) 

Untreated soil 0 0 17 83 

Cement treatment 
4 28 13 87 
7 28 10 89 

Petrit T  treatment 
4 28 14 86 
7 28 13.4 86.6 

4.5 pH Value 
4.5.1 The immediate effects 

The immediate effects (after one hour) of adding cement and Petrit T on the soil pH 
values are presented in Figures 27 and 28 respectively. For both binder types, the pH value of 
treated soil rose from 5 to 12.25 and 12.4 as the binder content was increased up to 7% for 
cement and Petrit T respectively. Beyond that, the pH value was slightly increased to 13 at 15% 
binder content for both binder types.  
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Figure 27. Immediate rise in soil pH value versus 
cement content. 

Figure 28. Immediate rise in soil pH value versus 
Petirt T content.
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4.5.2 The long term effects 
The pH value versus curing time and binder content for treated soil with cement and by-

product Petrit T are presented in Figures 29 and 30 respectively. Regardless of binder content, 
the pH value gradually decreases with increasing curing times for both binder types. For cement 
treatment (Figure 29) with low binder content 1% and 2 %, a gradual decrease in soil pH value 
is observed to about 8.8 and 9.2 during the first 28 days of curing with almost no further 
reduction at longer curing periods. In contrast, gradual decreases in the soil pH value due to the 
addition of 4% and 7% cement content is observed during long curing periods. After 90 days of 
curing, the decrease in the soil pH value is about 10.5 and 11 for 4% and 7% cement content 
respectively as shown in Figure 29. For Petrit T treatment (Figure 30), a gradual decrease in pH 
value was observed even for low binder content. After 90 days of curing, the decrease in the soil 
pH value is about 9, 10.3 and 11.5 for 2,4 and 7% petrit T content respectively as shown in 
Figure 30. 

 4.6 Unconfined Compressive Strength (UCS) 
Figure 31 shows that the unconfined compressive strength (qu) of the untreated soil is 

slightly increased with increasing curing time.  
Figures 32, 33 and 34 show the unconfined compressive strength (qu) versus curing time 

for treated soil with 2, 4 and 7% Petrit T content respectively. The unconfined compressive 
strength (qu) increased by increasing the Petrit T content and curing time. Adding 2% Petrit T 
content increased the unconfined compressive strength to 49 kPa after 28 days of curing with 
almost no further increases in the unconfined compressive strength is observed for longer curing 
periods at 60 and 90 days as shown in Figure 32. For treated soil with 4% Petrit T, gradual 
increase in unconfined compressive strength (qu) is observed with curing time to about 92 kPa 
after 90 days of curing as shown Figure 33. Addition of 7% Petrit T gradually increased the 
unconfined compressive strength to about 110 kPa during the first 60 days of curing, with steep 
increases to about 150 kPa at 90 days of the curing period observed as shown in Figure 34. 

For cement treatment, Figures 35, 36, 37 and 38 show the unconfined compressive 
strength (qu) versus curing time for treated soil with 1, 2, 4 and 7% cement content respectively. 
It can be seen that adding 1% and 2% cement content increased the unconfined compressive 
strength to about 52 and 94 kPa respectively during the first 28 days of curing time, after that 
almost no further increase in soil strength is observed for longer curing periods at 60 and 90 
days as shown in Figures 35 and 36. For treated soil with 4% cement content, the unconfined 

Figure 29. Soil pH value versus curing time and 
cement content.

Figure 30. Soil pH value versus curing time and 
Petrit T content.
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compressive strength (qu) increased to about 200 kPa during the first 28 days of curing with a 
reduction in the unconfined compressive strength for longer curing periods at 60 and 90 days as 
shown in Figure 37. Figure 38 shows that the unconfined compressive strength (qu) steeply 
increased to about 600 kPa during the first 28 days of curing for the treated soil with 7% cement 
content, in addition to slight increases in the unconfined compressive strength is observed for 
longer curing periods at 90 days.  

 

Figure 35. Unconfined compression strength, qu 
versus curing time for soil treated with 1% 
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Figure 36. Unconfined compression strength, qu 
versus curing time for soil treated with 2% cement. 
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Figure 33. Unconfined compression strength, qu 
versus curing time for treated soil with 4% PetritT. 

Figure 34. Unconfined compression strength,qu 
versus curing time for treated soil with 7% PetritT. 

Figure 32. Unconfined compression strength,qu 
versus curing time for treated soil with 2% PetritT. 

Figure 31. Unconfined compression strength,qu 
versus curing time for the untreated soil.
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4.7 Stress-Strain Curves 

For the untreated and treated soils with different binder amounts of cement and Petrit T, 
Figures 39, 40, 41 and 42 show the typical stress-strain behaviors after 14, 28, 60 and 90 days of 
curing period respectively. It can be seen that the untreated soil has a low peak stress of about 22 
kPa combined with 24% failure strain. In contrast, after several treatments with cement and 
Petrit T, even with very low binder content, as the binder content increases the peak strength 
also increases. Moreover, failure strain ( ) corresponding to the peak stress decreases with an 
increase in the binder content as shown in Figures 39, 40, 41 and 42. 

 

 

Curing time (days)

0 20 40 60 80 100

U
nc

on
fin

ed
 c

om
pr

es
si

ve
 st

re
ng

th
, q

u 
(k

Pa
)

0

50

100

150

200

250

Mean

Curing time (days)

0 20 40 60 80 100

U
nc

on
fin

ed
 c

om
pr

es
si

ve
 st

re
ng

th
, q

u 
(k

Pa
)

0

100

200

300

400

500

600

700

Mean

Figure 37. Unconfined compression strength, qu 
versus curing time for soil treated with 4% cement. 

Figure 38. Unconfined compression strength, qu 
versus curing time for soil treated with 7% cement. 

Figure 39. Stress–strain curves of untreated and 
treated soil with versus binder types and amounts 

after 14 days. 

Figure 40. Stress–strain curves of untreated and 
treated soil with versus binder types and amounts 

after 28 days. 
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4.8 Strain at Failure 

Figure 43 shows the strain at failure ( ) versus curing time for the untreated soil. It can 
be seen as a scatter pattern in failure strain, curing time is observed with an average value of 
24%. Failure strain ( ) versus curing time for various binder contents of cement and Petrit T are 
presented in Figures 44, 45 and 46. The addition of 2, 4 and 7% Petrit T reduced the failure 
strain ( ) from 24% (untreated soil) to 14, 8.5 and 7.5 % respectively. Curing time has almost 
no effects on reducing strain at failure.  

For cement treatment, the addition of 1,2, 4 and 7% cement content reduced the failure 
strain ( ) from 24% (untreated soil) to about 15, 10, 5 and 3% respectively. For low cement 
content, the failure strain decreased during the first 14 days of curing time, whilst for 4 and 7% 
cement content, the majority of the reduction occurs during 28 days of curing. 

 

Figure 41. Stress–strain curves of untreated and 
treated soil with versus binder types and amounts 

after 60 days. 

Figure 42. Stress–strain curves of untreated and 
treated soil with versus binder types and amounts 

after 90 days. 
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Figure 43. Strain at failure versus curing time 
for the untreated soil. 

Figure 44. Strain at failure versus curing time for 
treated soil with 1and 2% binder contnet.
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4.9 Soil Stiffness  
For the untreated soil, the modulus of elasticity, E50 slightly increased with increasing 

curing time as shown in Figure 47.  Figures 48, 49 and 50 show the modulus of elasticity, E50 
versus curing time for treated soil with 2, 4 and 7% Petrit T respectively. Adding 2% Petrit T 
content increases the modulus of elasticity to 0.8 MPa after 28 days of curing with no further 
increases after 90 days curing time as shown in Figure 48. For treated soil with 4% Petrit T, 
gradual increases in modulus of elasticity to 2 MPa  were observed during the 60 days of curing, 
with no further increases after 90 days of curing as shown in Figure 49. Addition of 7% Petrit T 
gradually increased the modulus of elasticity with time to 3 MPa after 90 days of curing as 
shown in Figure 50. 

For cement treatment, Figures 51, 52, 53 and 54 show the modulus of elasticity, E50  
versus curing time for treated soil with 1, 2, 4 and 7% cement content respectively. Figures 51 
and 52 show that adding 1% and 2% cement content increase the modulus of elasticity to about 
0.8 and 1.7 MPa respectively during 60 days of curing. The modulus of elasticity of 2% cement 
content was increased to 2 MPa after 90 days curing time.  

 For cement treated soil with 4% binder content, Figure 53 shows that the modulus of 
elasticity increased to 10 MPa during the first 28 days of curing, after that a reduction in the 
modulus of elasticity is observed for longer curing periods at 60 and 90 days. For cement treated 
soil with 7% binder content, the modulus of elasticity steeply increased during the first 28 days 
of curing to about 40 MPa, after that small decrease in modulus of elasticity is observed for 
longer curing periods at 60 and 90 days as shown in Figure 54. 
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Figure 45. Strain at failure versus curing 
time for treated soil with 4% binder contnet. 

Figure 46. Strain at failure versus curing time 
for treated soil with 7% binder contnet. 
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Figure 47. Modulus of elasticity,E50 versus 
curing time for the untreated soil. 
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Figure 48. Modulus of elasticity,E50 versus 
curing time for treated soil with 2% Petrit 
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Figure 49. Modulus of elasticity,E50 versus 
curing time for treated soil with 4% Petrit 

Figure 50. Modulus of elasticity,E50 versus 
curing time for treated soil with 7% Petrit 
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Figure 51. Modulus of elasticity,E50 versus 
curing time for soil treated with 1% cement. 

Figure 52. Modulus of elasticity,E50 versus 
curing time for soil treated with 2% cement. 
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4.10 Relationships between Solidification and the Liquidity Index 
4.10.1 Immediate effects 

Binder content versus liquidity index (LI) of treated soil after one hour from the addition 
of cement and Petrit T is presented in Figure 55. It can be seen that, with the addition of various 
binder contents; the liquidity index (LI) is reduced from 0.6 (untreated soil) until it becomes 
very close to the plastic limit (LI=0) at 3% cement content and 7% Petrit T content. The 
liquidity index is continuously decreased (below the plastic limit) as the binder content is further 
increased. 
4.10.2 Long term effects 

The effect of curing times on the relationship between further decreases in water content 
and the liquidity index are presented in Figures 56 and 57 for treated soil with Petrit T and 
cement respectively. It can be seen, as curing time increased, the liquidity index is further 
decreased by decreases in soil water content for both binder types.    
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Figure 53. Modulus of elasticity,E50 versus 
curing time for soil treated with 4% cement. 

Figure 54. Modulus of elasticity,E50 versus 
curing time for soil treated with 7% cement. 

Figure  55. Liquidity index versus binder content. 
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4.11 Relationships between UCS Versus Liquidity Index, Failure Strain and Modulus of 
Elasticity, E50. 

4.11.1 Relationship between UCS versus liquidity index  
Unconfined compressive strength, qu versus the liquidity index (LI) of treated soil with 

Petrit T and cement are shown in Figures 58 and 59 respectively. An approximately linear 
relationship can be observed between the increases in unconfined compressive strength with a 
decreasing in the liquidity index for treated soil with both binder types. 

 

4.11.2 Relationship between UCS versus ratio of water content/plastic limit  
Unconfined compressive strength, qu versus the ratio of water content to the plastic limit 

for treated soil with Petrit T and cement are presented in Figures 60 and 61 respectively. It can 
be seen that there is an increase in unconfined compressive strength with a decrease in the water 
to the plastic limit ratio for both binder types. A scattered pattern is observed; especially when 
the water/plastic limit ratio was lower than 1.    
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Figure 56. Liquidity index versus soil water content 
for different cement content and all curing times.  
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Figure 57. Liquidity index versus soil water content 
for different Petrit T content and all curing times.  

Figure 58. Unconfined compressive strength, qu 
versus liquidity index for different Petrit T content 

and all curing times.  

Figure 59. Unconfined compressive strength, qu 
versus liquidity index for different cement content 

and all curing times.  
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4.11.3 Relationship between UCS versus strain at failure  

Failure strains ( ) versus unconfined compressive strength, qu for the treated soil with 
Petrit T and cement are presented in Figures 62 and 63 respectively. For treated soil with various 
amounts of cement from 1% to 7%, a reduction in failure strain to 15, 10, 5 and 3% is observed 
compared to increases in soil strength up to 51, 94, 200 and 600 kPa respectively as shown in 
Figure 62. Whilst, for treated soil with 2,4 and 7% Petrit T content, a reduction in failure strain 
is observed to 14, 8.5 and 7.5%, which leads to increased soil strength up to 50,90 and 150 kPa 
respectively as shown in Figure 63.  

 
4.11.4 Relationship between UCS versus modulus of elasticity, E50 

Modulus of elasticity, E50, versus unconfined compressive strength,qu for treated soil 
with cement and Petrit T are presented in Figures 64 and 65 respectively. Based on the results, 
the modulus of elasticity can be taken as between 16 to 85 times qu for cement treatment (Figure 
64) and between 15 to 24 times qu for Petrit T treatment (Figure 65).  
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Figure 60. Unconfined compressive strenght, qu 
versus water/plastic limit ratio for different Petrit T 

content and all curing times.  

Figure 61. Unconfined compressive strenght, qu 
versus water/plastic limit ratio for different cement 

content and all curing times.  
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Figure 62. Strain at failure,  versus unconfined 
compressive strength ,qu for different cement 

contents and curing times. 

Figure 63. Strain at failure,  versus nconfined 
compressive strength ,qu for different Petrit T 

contents and curing times. 



(44) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 64. Modulus of elasticity,E50 versus 
unconfined compressive strength ,qu for different 

cement contents and curing times. 

Figure 65. Modulus of elasticity,E50 versus nconfined 
compressive strength,qu for different Petrit T contents 

and curing times. 
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Chapter Five- Discussion 

This chapter presents the discussion for the results of laboratory tests on stabilized 
clayey silt soil by using cement and by–product of Petrit T.  

5.1 Consistency Limits (Atterberg Limits) 
The addition of cement and by-product Petrit T in various amounts has effects on 

increases the plastic limit (PL) immediately after treatment. The liquid limit (LL) and plasticity 
index (PI) slightly increased followed by a decrease as the binder content increased. From 
Figures 16 and 17, it is observed that the trends of changing the consistency limits after 
treatment have generally been in the same direction but with more marked effects for cement 
treatment on both liquid and plastic limits. Due to different trend between the liquid and plastic 
limits, both of binder’s types have approximately the same trend behaviors of the plasticity 
index up to 10% binder content. While at high binder content (15%), cement has a more 
immediate effect on reducing the plasticity index rather than PetritT.  

The observation of an immediate increase in the liquid and plastic limits was due to 
flocculation and agglomeration caused by the hydration reaction. A similar trend is found by 
previous studies for stabilized soils with various amounts of cement and fly ash (Sivapullaiah et 
al., 2000; Chew et al., 2004; Horpibulsuk et al., 2009). 

 The immediate reduction in the plasticity index with increasing binder content is 
attributed to increase of flocculation and agglomeration of the soil particles. A similar trend of 
immediate reduction in the plasticity index is also observed by other previous studies for treated 
soil with different binder types (Bin-Shafique et al., 2010; Horpibulsuk et al., 2013; Asgari et 
al., 2015; Wang et al., 2012; Sariosseiri and Muhunthan, 2009) 

For the long-term effects on the plasticity index of treated soil, cement and by-product 
Petrit T generally has similar trends on further decreasing the plasticity index with time but with 
more marked effects for cement treatment. The decreasing in the plasticity index became larger 
with higher binder content. For both binders’ types, the decreasing in the plasticity index is 
mainly due to increases in plastic limits and decrease in liquid limits over time. The increase in 
the plastic limit with time can be related to an increase in agglomeration due to cementation of 
the soil particles. At the same time, a decrease in the liquid limit over time can be related to the 
production and deposition of more cementitious materials (CSH and CASH) from the hydration 
and pozzolanic reactions on the surface of the flocculated soil, leading to a lowering of surface 
activity. A similar trend of a decreasing plasticity index over time is consistent with (Åhnberg et 
al., 2003; Jiang et al., 2015; Sivapullaiah et al., 1996; Chew et al., 2004) for stabilized soil with 
various binder types.  

At longer curing times (90 days), it is observed that the addition of 2% of Petrit T has 
approximately the same effects of adding 1% of cement. A similar observation is valid for 4% 
Petrit T compared to 2% cement content. This can be attributed to lower reactivity in Petrit T 
compared to cement.  

Workability of the soil has been shown to increase by reducing the plasticity index 
(Baran et al., 2001). Improvement in soil workability makes the treated soil more easily handled 
and compacted homogeneously, which subsequently leads to accelerating the construction 
works. Thus, adding small amounts of cement or Petrit T have approximately the same impact 
on the increase in workability of the treated soil with increasing binder content (up to 7%) 
during a short time (one hour) after treatment, due to flocculation and agglomeration of soil 
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particles. In addition, continuous improvement in soil workability can be achieved over time due 
to hydration and pozzolanic reactions with more marked effect for cement rather than Petrit T.    

5.2 Water Content and Density 
 For soil treated with cement and by-product Petrit T, both binder types have the 
same trend of reducing the soil water content from its initial value (30%) due to the addition of 
various binder contents. The water in the soil-binder mixture comes from the untreated soil. 
Therfore, the immediate reduction in water content is mainly related to the hydration reaction 
between the binder and water. Cement has more effect on reducing the initial water content 
compared to to Petrit T as shown in Figures 20 and 21. This can be attributed to the variation in 
hydraulic properties between two binder types as illustrated in Table 8 (3.5 for cement and 1.9 
for Petrit T), which refers to the ability of the binder to react with water. A similar trend of rapid 
decreases in soil moisture content is consistent with Sariosseiri and Muhunthan (2009) for 
cement treated soil, and with Mackiewicz and Ferguson (2005) and Misra (2000) for soil treated 
with self-cementing fly ash. 

For cement and Petrit T treatment, further decreases in water content are observed with 
increasing curing time, with a more dominant effect for cement treatment during the first 28 
days of curing. In contrast, Petrit T shows a gradual decrease in water content with time. This 
can be related to lower reactivity of the main component C2S (belite) in Petrit T compared to 
cement, which has four major components, C3S (alite) and C2S (belite) in addition to C3A 
(aluminate) and C4AF. The further reduction in water content is mainly related to the hydration 
and pozzolanic reactions of binders as the specimens were cured in a sealed condition. A similar 
trend of decreases in soil water content over time is found by (Åhnberg et al., 2003; Chew et al., 
2004; Jongpradist et al., 2009). 

The increase in soil water content for 4% and 7% cement content can be related to small 
leaks in the covers of the specimens, which led to absorption of moisture from the surrounding 
water over a long curing period as showed in Figure 22.   

 The density of treated soil with cement and Petrit T is increased as the binder content 
and curing time increased. The density of cement specimens is higher than Petrit T specimens 
due to the addition small amouts of binders (1% to 4%). By contrast, a slight increase in 
specimen density of Petrit T compared to cement is observed at 7% binder content and longer 
curing period as shown in Figures 24 and 25. Consuming water content due to hydration and 
pozzolanic reactions produces a large amount of solid particles into the soil, which consequently 
leads to an increase in the density of the soil after treatment. An increase in density is related to 
the deposition of CSH (calcium-silicate hydrate) and CAH (calcium- aluminate hydrate) gels, 
which are produced during the hydration and pozzolanic reactions. These substances fill the 
pore voids. Similar observations of increased density and reduced water content for various 
binder types have been reported earlier by (Chew et al., 2004; Kang et al., 2014; Horpibulsuk et 
al., 2010; Åhnberg et al., 2003; Onitsuka and Junan, 1998). 

Generally, it can be concluded that the reduction in water content and increasing density 
of treated soil are mainly due to hydration and pozzolanic reactions between the binder and 
water, and it is dependent on the initial water content of untreated soil, binder content and curing 
time. The reduction in soil water content has dominant effects on the strength and durability 
index after treatment (Onitsuka and Junan, 1998; Misra, 2000). Therefore, cement and Petrit T 
can be used as a drying agent to reduce the initial water content of soil, which can facilitate the 
compaction process. Furthermore, Specimens with high density indicate to have a denser 
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structure of treated soil, which is desirable for various engineering practices such as subgrade, 
embankment and back-fill. 

5.3 Particle Size Distribution (PSD) 
The addition of cement and Petrit T affect particle size distribution (PSD) of soil after 

treatment by lowering PSD curves towards the granular side. Cement has more effect on 
reducing the finer parts compared to Petrit T. The changes in the PSD of treated soil are 
attributed to flocculation and agglomeration of the fine particles over a short-time in addition to 
the pozzolanic reactions as a long-term effect (Jiang et al., 2015). As stated by Kampala and 
Horpibulsuk (2013) and Tran et al. (2014) flocculation leads to agglomeration of fine particles 
during a short period and the pozzolanic reaction leads to coating the surface of soil particles by 
producing CSH and CSAH gel, both of the reactions contribute to increasing the fraction of 
coarse-grained particles. Similar observations in changing PSD for cement, lime and by-product 
treatment is consistent with previous studies (Osula, 1996; Chew et al., 2004; Jiang et al., 2015). 

5.4 pH Value 
Additions of cement and Petrit T have the same initial effect on increasing soil pH value 

after treatment. The reaction of both cement and Pertit T with water leads to the formation of 
calcium hydroxide, Ca(OH)2 and rapidly releases calcium ions (Ca+2) at the surface of soil 
particles and increases the pH value (Feng, 2002; Chew et al., 2004).  

The pH value was decreased with increasing curing times for treated soil with cement 
and Petrit T. The reduction in pH value over time is attributed to the production of more CSH or 
CAH gels during the hydration and pozzolanic reactions. The decrease in pH is due to the 
consumption of (OH-). The major decreases in pH value for cement treatment occurred during 
the first 28 days. In contrast, Petrit T has a gradual decrease over time. A similar trend for 
decreasing pH over time for treated soil with different binder types is reported by (Janz and 
Johansson, 2002; Saride et al., 2013). 

5.5 Unconfined Compressive Strength (UCS) 
Unconfined compressive tests were conducted on the untreated and treated soil, which 

were prepared in a similar way, for the same curing period and conditions. For the untreated 
soil, the unconfined compression strength (qu) was slightly increased over time. This can be 
attributed to small variations in natural water content.  

The improvement in soil strength after treatment with cement and Petrit T was observed 
by increasing binder content and curing time. This indicates the production of new cementing 
compounds such as calcium silicate hydrate (CSH) and calcium aluminate hydrate (CAH) gels 
from the hydration and pozzolanic reactions. Cement has four major clinker minerals. In 
contrast, the major components of Petrit T are dicalcium silicate and calcium-silicon-aluminate. 
The dicalcium silicate is similar to the clinker mineral C2S (belite) in cement, which is 
responsible for gaining strength over a relatively long curing period due to the lower reactivity. 
Therefore, the C2S reaction can explain the improvement in soil strength for Petrit T treatment 
due to the production of CSH and CAH gels from the hydration and pozzolanic reactions. 

 At a low binder content (1% and 2%) of cement and Petrit T treatment, the improvement 
in soil strength occurred during the first 28 days of curing, with almost no further improvement 
for longer curing periods as illustrated in Figures 32, 35 and 36. The pH value of treated soil can 
explain the lack of increase in soil strength for the longer curing time. For the 60 and 90 days of 
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curing, it was found that the pH value of the cement treated soil is almost the same (without a 
reduction) which is about 9 (Figure 29), whilst the pH value of  Petrit T is  also around 9 for 60 
and 90 days of curing (Figure 30). As observed by Keller (1964), Hassan (2009), Sargent et al. 
(2012) and Saride et al. (2013), a pH value higher than 10 is sufficient to dissolve silicates and 
aluminates and to produce additional cementing compounds from the pozzolanic reaction. For 
this reason, a longer curing time has no additional effect on improving the strength as the pH 
value is below 10.  

Soil strength gradually increased with time when the binder content is increased from 
2% to 4% for both cement and Petrit T as showed in Figures 33 and 37. A similar trend has also 
been observed with notable strength development for cement treatment during the first 28 days, 
comparing to gradual increase in soil strength over time for Petrit T when the binder content is 
increased from 4% to 7% as showed in Figures 34 and 38. The reduction in soil strength for 4% 
cement content at longer curing periods (Figures 37) is explained by an increase in water content 
for long curing periods (60 and 90 days) as discussed earlier (see Figure 22). A similar trend of 
reduced soil strength at low cement content and under saturation conditions has been observed 
by (Arman et al., 1990; Sariosseiri and Muhunthan, 2009; Bahar et al., 2004) 

Form Figures 32 to 37, it can be observed that the increase in soil strength due to the 
addition of  1% cement content is approximately similar to improvement due to adding 2% 
Petrit T. Moreover, the increase in soil strength due to addition 2% of cement content is almost 
similar to strength improvement due to adding 4% Petrit T content at longer curing periods. 

Generally, the strength of the treated soil increases with binder content and curing time 
due to hydration and pozzolanic reactions. The gain in soil strength is noticed for the shorter 
curing time (28 days) for cement treatment whilst it is more pronounced for Petrit T at longer 
curing periods (90 days). With the same binder amount, cement has a more powerful effect on 
increasing the strength as opposed to Petrit T. This trend is consistent with other studies on 
different soils treated with various binder types (Jiang et al., 2015; Kolias et al., 2005; Bin-
Shafique et al., 2010; Kinuthia et al., 1999; Rashid et al., 2014; Dingwen et al., 2013; Kamon 
and Nontananandh, 1991). 

5.6 Stress-Strain Curves, Strain at Failure and Stiffness 
From the stress-strain curves of cement treatment, a significant change in the stress-

strain behavior is observed during the first 28 days of the curing period with small changes at 
longer curing times. In contrast, the most important changes occur during the long curing period 
(90 days) for soil treated with Petrit T as shown in Figures 40, 41 and 42. Moreover, it can be 
seen that the stress-strain curve for 4% Petrit T is improved with curing time from 14 days 
(Figure 39) and is almost similar to the stress-strain curves of 2 % cement at 90 days curing time 
(Figure 42). A similar observation is valid for the addition of 2% of Petrit T compared to 1% of 
cement. The cement treated specimens with high cement content (7%) exhibit a more brittle 
failure than for lower cement content and Petrit T specimens, where a more ductile behavior was 
observed. The failure mode thus gradually changes from ductile failure to brittle failure as the 
binder content increases. 

The addition of various amounts of cement or Petrit T significantly reduces the failure 
strain with a more pronounced effect for cement treatment. For Petrit T, curing time has a less 
significant effect on reducing failure strain compared to cement, which has major decreases in 
failure strain occuring during the first 28 days. This can be attributed to the production of more 
cementing components from cement rather than Petrit T. Generally; the average failure strain for 
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the long curing period (90 days ) and 7% binder content is less than for shorter curing times 
(seven days). A similar trend of changing the behavior of the stress–strain curves has been 
observed by other researchers for various binder types (Dingwen et al., 2013; Chew et al., 2004; 
Subramaniam et al., 2016; Rashid et al., 2014; Sariosseiri and Muhunthan, 2009; Wang et al., 
2013). 

Addition of cement and Petrit T increases the stiffness of treated soil with an increase in 
binder content and curing times. The development of the characteristic curve of modulus of 
elasticity (E50) over time has trends very similar to the development of unconfined compressive 
strength as presented in Figures 47 to 54. This can be related to the production of cementitious 
materials as a result of the hydration and pozzolanic reactions. Higher binder contents produce 
more cementing components and vice versa. As discussed earlier, the production and deposition 
of cementing materials leads to an infill of the pore space, resulting in a denser structure with a 
corresponding increase in soil stiffness with curing time and binder content. The trend is 
consistent with other studies of treated soil with different binder types (Rashid et al., 2014; 
Sariosseiri and Muhunthan, 2009; Dingwen et al., 2013; Kolias et al., 2005).  

5.8 UCS – Relationships 
The liquidity index (LI) is used to explain the relationship between water content and 

consistency limits of treated soil with cement or Petrit T. It can be observed that the reduction in 
water content is accompanied by a change in consistency limits immediately after treatment and 
over time. Therefore, the addition of cement or Petrit T has the effect of reducing the water 
content close to the plastic limit after treatment, with a more pronounced effect for cement as 
illustrated in Figures 55, 56 and 57. Åhnberg et al. (2003)  have pointed out that the reduction in 
water content for the natural soil from around the liquid limit towards the plastic limit is 
accompanied by an increase in soil strength. The relationship between the consistency limit, 
water content and soil strength after treatment is found as a linear relationship between the 
increases in unconfined compression strength and the decreases in the liquidity index as shown 
in Figures 58 and 59.   

Wood (1990) demonstrated that the remolded shear strength of natural clay is about 200 
kPa when the water content is at the plastic limit of the soil, and it decreased to about 2 kPa 
when the water content is at the liquid limit.  For natural soil, Wood (1990) suggested a linear 
relationship between the remolded shear strength and the plasticity index. The majority of 
investigators have pointed out that the remolded shear strength of soils is ranged between 1.6 to 
1.7 kPa and 110 to 170 kPa at the liquid and plastic limit respectively (Kayabali and Tufenkci, 
2010). A similar trend is consistent with (Åhnberg et al., 2003; Rashid et al., 2014) for soil 
treated with various binder types and with reported studies for natural remolded soil (Wood, 
1990; Sharma and Bora, 2003; Haigh et al., 2013).  

As discussed earlier, the addition of cement and Petrit T has the effect of reducing the 
water content combined with changing in consistency limits after treatment. Thus, the ratio of 
water content to the plastic limit can also have a major effect on the relationship between 
consistency limits and the unconfined compression strength after treatment. As shown before, 
there is an increase in unconfined compression strength with a decrease in the water to plastic 
limit ratio (Figures 60 and 61). A scattered pattern is observed, especially when the water/plastic 
limit ratio was lower than 1 (water contents less than the plastic limit), and the scattering is 
decreased with increasing the ratio to more than 1. With increasing the strength of stabilized 
soil, relatively more scattering can be expected due to difficulties of measuring the plastic limit 
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at higher soil strength. A similar trend is consistent with Åhnberg et al. (2003) for soil treated 
with various binder types. 

From the relationship between failure strain ( ) and the unconfined compression 
strength, qu, it can be observed as  the binder content increases, strength increases and strain at 
failure decreases. A scattered pattern in measured failure strain is observed at low soil strengths 
22 kPa for untreated soil. For cement treatment, a significant reduction in failure strain was 
noticed regarding different cement treatments from 1% to 4%, which led to increased soil 
strength of up to 200 kPa as shown in Figure 62. However, further increasing the cement content 
to 7%, increases the soil strength up to 600 kPa with less significant effects on decreasing failure 
strain. For Petrit T treatment, a reduction in strain at failure regarding different Petrit T 
treatments from 2% to 7% was observed, which led to an increased soil strength of up to 150 
kPa as shown in Figure 63. Therefore, a significant reduction in strain at failure was observed 
regarding different treatments with cement and Petrit T, which led to an increase in soil strength 
to about 150 to 200 kPa. Further increases in soil strengths prove less significant on decreasing 
failure strain. A similar trend of significant decreases in failure strain with increasing soil 
strength for treated soil with various binder types been observed by (Wang et al., 2013; Du et 
al., 2013; Kitazume and Terashi, 2013; Rashid et al., 2014; Ignat, 2015) 

The relationship between unconfined compression strength and the modulus of elasticity, 
E50, is observed by an increase in soil stiffness which was observed to have an increase in soil 
strength. It is observed the modulus of elasticity is ranged between 16 to 85 times qu for cement 
treatment and between 15 to 24 times qu for Petrit T treatment. In terms of the relationship 
between E50 and qu, many authors (Rashid et al., 2014; Dingwen et al., 2013; Cai et al., 2015; 
Wang et al., 2013; Jongpradist et al., 2009; Lorenzo and Bergado, 2006; Ignat, 2015; Hassan, 
2009) have obtained a variable conclusion about this relationship as summarized in Table 6. The 
results obtained in this study agree in general with previous studies of cement treatment. 

  For a comparison between the effectiveness of cement and Petirt T in modification and 
stabilization of clayey silt soil, an increase in soil stiffness or strength after treatment can be 
illustrated by the ratio between the stiffness or strength of the treated specimens to the stiffness 
or strength of the untreated soil specimens. Table 11 presents the improvement in soil stiffness 
and strength, values of failure strain and the relationship between E50 - qu after treatment with 
cement or Petrit T. From Table 11, it is observed that an increase in soil stiffness, strength using 
cement as a binder can be achieved approximately by the addition of double quantities of Petrit 
T and long curing periods. A similar observation is also valid for the reduction in failure strain 
and the relatioship between soil stiffness and UCS. 

 
Table 11. Enhancement in soil strength and stiffness, failure strain and the relationship between E50 - qu 

after treatment with two binder types. 
 

Binder 
content 

% 

Enhancing in  soil Strength , qu Enhancing in soil stiffness, E50 Failure strain % E 50=  qu 
(upper and lower range)  

Cement  Petrit T  Cement  Petrit T  Cement  Petrit T  Cement  Petrit T  

0 1 1 1 1 24 24 6 10 6 10 
1 2 - 4 - 15 - 14 18 - - 
2 4 2 9 4 9 14 15 20 14 20 
4 9 4 45 10 5 8.5 35 54 18 24 
7 27 6.5 180 15 3 7.5 55 80 13 22 
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Chapter Six - Conclusions and Further Research 

6.1 Conclusions 

The thesis presents a laboratory examination of the effectiveness of addition of small 
amounts of two different binder types, cement and by-product Petrit T to modify and improve 
low organic clayey silt soil by focusing on the physical and mechanical behavior. The evaluation 
focused on the immediate and long-term effects after treatment. An extensive experimental 
program has been initiated during this study, and the results provide details on the consistency 
limits, particle size distribution, strength, stiffness and deformation characteristics. The 
following conclusions can be drawn.   

  The addition of small binder amounts increase the strength of treated soil in both short-
term and long-term perspectives. Generally, the increases can be attributed to the type and 
quantity of binders, which are subsequently related to the cementinous products that were 
generated from hydration and pozzolanic reactions. Cement is more effective in improving 
strength properties, but the same effect can approximately be obtained by using the double 
amounts of Petrit T and long curing periods. The gain in soil strength is noticed for the 
shorter curing time (28 days) for cement treatment whilst it is more pronounced at longer 
curing periods (90 days) for Petrit T treatment.    

 Increase in soil strength after treatment with cement and Petrit T also increase the 
stiffness. It was found that relationship between the modulus of elasticity (E50) and the 
unconfined compression strength (qu) can be between 16 to 80 for cement and between 15 
to 24 for Petrit T. 

 The addition of dry binders of cement and Petrit T has an immediate and long-term effect 
on consistency limits. The immediate effect is an increase of plastic limit with increasing 
binder content. The plasticity index and liquid limit were slightly increased followed by a 
decrease as the binder content increased. The two binder types show approximately the 
same trend with an immediate decrease in the plasticity index up to 10% binder content. 
The long-term effect is observed by further reduction in the plasticity index with 
increasing curing time with a more dominant effect from cement. Due to reduction in the 
plasticity index in short and long terms, treated soil exhibited better workability directly 
after treatment and it  increased with  time. 

 Cement and Petrit T have effects on change the particle size distribution curves towards 
the granular side. The clay particles were reduced, and coarse-sized particles increased 
after treatment. 

 The addition of dry binders of cement and Petrit T have immediate effect on decreasing 
the initial water content. In addition, further reduction in soil water content can be 
observed over time. The reduction in soil water content has a more dominant effect from 
cement during the first 28 days of curing, compared to Petrit T, which shows gradual 
decreases in water content over time. Moreover, the density of treated soils are increased 
with increasing binder content and curing time.  

 Axial strain at failure was decreased by an increase in the binder content and curing time 
with more effects for cement treatment. Treated soil with 7% cement exhibits a more 
brittle failure than for lower cement content and Petrit T, where a more ductile behavior is 
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observed. Gradual change in failure mode is observed from plastic to brittle failure when 
compared to untreated soil. 

 pH, in connection with other variables, provides useful assessment information to describe 
soil binder reactions. A pH value lower than 9 is not sufficient to initiate the pozzolanic 
reaction and leads to a lack of improved soil strength for the long curing periods. 
 

6.2 Further Research 

 Investigate the effect of other binder types such as lime and Multicem on the improvement 
of clay soil by focusing on the mechanical properties.  

 Investigate the effect on the mechanical behavior of initial loading during curing periods 
for two soil types treated with various binder types and amounts to simulate the normal 
procedure for stabilization in the field.  

 Explore the effect of different binder types and their amounts on compressibility by using 
a standard odometer test to obtain more details about effect of binder on the strength and 
deformation behavior. 

 Investigate the effect of delay in compaction on the mechanical properties of treated soil 
as a main factor can affect the strength development of stabilized soil.    

 Investigate the effect of wet-dry cycles as durability factors affecting the strength 
properties of treated soil.  

 Investigate the effect of different curing conditions on strength development such as 
tempreture and water content.    
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Abstract 

 

This paper presents the effects of using a small percentage of cement to stabilize 
clayey silt with a low organic content. Cement was added at percentages of 1, 2, 4 
and 7% by dry weight. The physical and mechanical properties of the treated and 
untreated soil were evaluated by laboratory tests including tests of consistency 
limits, unconfined compressive strength, soil density, solidification and pH values. 
These tests have been conducted after 7, 14, 28, 60 and 90 days of curing time. 
Workability is defined as how easily the soil can be control or to handle physically. 
Results showed that the engineering properties of the clayey silt were improved. 
The soil exhibited better workability directly after treatment, and the workability 
increased with time. Soil density increased, while water content decreased, with 
increasing cement content and longer curing time. The pH value was immediately 
raised to 12 after adding 7% cement content, and then it gradually decreased as 
curing time increased. An increase of unconfined compressive strength and 
stiffness was observed, while strain at failure decreased. A gradual change in 
failure mode from ductile behavior to brittle failure was observed. The findings 
are useful when there is a need for modification and stabilization of clayey silt in 
order to increase the possibilities for different use which will reduce transportation 
and excavation.         
 
Keywords: Stabilization, small amounts, cement, secant modulus, workability, 
solidification, pH value. 
 
 

                                                 

1 PhD student, Lulea University of Technology, Lulea, Sweden . 
Civil Engineering Dept., Collage of Engineer, University of Babylon, Babylon, Iraq. 
2 Lulea University of Technology, Lulea, Sweden  
3 Lulea University of Technology, Lulea, Sweden  
 

 



78                                              Wathiq Al-|Jabban et al. 

1  Introduction  
Ground improvement is widely used to modify and improve the engineering 

properties of soft soils, i.e. soils with low shear strength, stiffness and workability 
[1]. Cement is the most commonly used agent since the modern application of soil 
stabilization [2].  

Numerous studies have been conducted on cement stabilization in a broad 
range of soils treated with high cement content (>10 % of soil dry weight). The 
most desirable outcomes of cement treatment are stronger and stiffer soil showing 
reduced plasticity and enhanced soil strength [3-13]. 

Generally, soil–cement reactions (hydration and pozzolanic reactions) 
improve the engineering properties of treated soil by producing primary and 
secondary cementitious materials [14]. A hydration reaction occurs rapidly and 
produces three types of primary cementitious materials; calcium-silicate hydrate 
(CSH) in the forms (C2SHx, C3S2Hx), calcium-aluminate-hydrate CAH in the 
forms (C3AHx, C4AHx) and hydrated lime Ca(OH)2 is deposited as a third 
cementitious product. Here, C, S, A, H are the abbreviations for calcium (CaO), 
silicate (SiO2), aluminate (Al2O3) and water (H2O) respectively. Secondary 
cementitious materials are produced by the pozzolanic reaction between hydrated 
lime and alumina and silica from clay minerals and provide additional 
cementitious products of CSH and CAH [15-17]. 

 
Several factors control the amounts of cement needed for stabilization such 

as, soil type, water content, organic content and targeted soil properties [18, 19]. 
In most of the reported studies, only high cement amounts were used.   

In contrast, some recent studies have been conducted on the benefits of using 
a smaller percentage of cement (less than 10%) to decrease the environmental 
impact of stabilized soils and the costs, in addition to improve the strength, 
stiffness and workability of the treated soil [20-23]. Therefor there is the need to 
study the behavior of treated soil with smaller cement content (e.g., less than 7%). 

  
This study presents an extensive experimental program to examine the effects 

of using a small amount of cement to modify and improve the engineering 
properties of low organic clayey silt. Tests of consistency limits, unconfined 
compressive strength, and pH tests were conducted on the treated soil with varied 
cement contents and curing periods to investigate the improvement in strength, 
stiffness and workability of the soil after treatment.   
 
 
2  Experimental Programs 
 

A series of unconfined compression (UCS), consistency limits, and pH tests 
were conducted on untreated and stabilized slight organic clayey silt with varied 
cement content and curing periods. Unconfined compression tests (UCS) were 
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performed to investigate the enhancement of soil strength before and after 
treatment. Workable soil is a term refers to the soil which can easily be handled 
and compacted homogeneously. Consistency limits tests were conducted to 
investigate the improvement in soil workability directly after treatment, and over 
time, by measuring the reduction in the plasticity index.  

Finally, pH tests were conducted to investigate the effects of small amounts 
of cement on the alkalinity of the soil immediately after treatment and over time, 
which can give an indication on the progress of the of soil-cement reactions. The 
solidification of the treated soil was investigated by measuring the reduction in 
water content directly after one hour of treatment and over time. In addition, 
density, strains at failure, stiffness and stress-strain behavior of treated soil were 
measured and evaluated at different cement percentages and curing times. Table 1 
summarizes the main testing program. 

 
Table 1: Testing program used.    

Testing 
program 

Cement 
content  

% 
Curing time (days) 

Number of 
samples per cement content  Compaction method 

0% 1% 2% 4% 7% 

Consistency 
limits 0 

1 
2 
4 
7 

0 3 7 14 28 60 90 1 7 7 7 7 hand compaction by 
light hammer 

Soil pH 0 7 14 28 60 90  1 7 7 7 7 N/A 
Unconfined 
compression 
test (UCS) 

7   14   28   60   90 11 7 10 11 11 
Compacted in five 

layers. Proctor hammer 
with 25 blows per layer 

N/A : Not applicable. 

 
2.1 Soil and Cement  

The soil under investigation originated from Gothenburg, Sweden. Untreated 
soil was classified by tests of particle size distribution, consistency limits, loss of 
ignition, chemical composition, compaction characteristics, pH and specific 
gravity. The physical and mechanical properties are listed in Table 2. The 
chemical composition of the untreated soil is presented in Table 3. The particle 
size distribution of the untreated soil is shown in Figure1. The untreated soil 
mainly consists of silt (55%), fine sand (29%) and clay (16%). It is classified as 
lean clay (CL) according to the Unified Classification System ASTM D 2487 [24] 
and as clayey silt soil (Cl Si) according to the Swedish standard [25]. Organic 
content, assessed by ignition test according to ASTM D2974 [26], was 4%, thus to 
be classified as having a low organic content [27-29]. Portland cement (FINJA 
concrete from Finja AB Sweden) was used as a binder in May 2016.  
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Table 2: Engineering properties of tested soils. 
Parameters Values 

Particle-size distribution (%)  
 Sand (%) (1-0.63mm) 29 
 Silt   (%)  (0.063 – 0.002 mm) 55 
 Clay  (%)  ( < 0.002 mm) 16 
Consistency limits (%)  
Liquid limit (%)* 37 
Plasticity limit (%) 19.5 
Plasticity index (%) 17.5 
Proctor test  
Optimum moisture content (%) 12 
Maximum dry unit weight (γd max), t/m3 1.97 
pH 5 
Natural Water Content (%) 30 
Specific Gravity Gs  2.69 
Loss of Ignition % 4 

                         * Determined by the fall cone test 
 
 

Table 3: Chemical composition of untreated soils. 
Oxides % SiO2 Al2O3 Fe2O3 Mg O Ca O K2 O Na2 O Mn O P2 O5 Ti O2 

Values 65.7 12.3 3.42 1.31 2.4 2.84 0.0556 0.159 0.159 0.55 
 
 

 
Figure 1: Particle size distribution of untreated soil 

 
2.2 Specimen Preparation and Testing methodology 

Specimens for unconfined compressive tests were prepared following a 
standard procedure of crumbling the untreated soil with its initial water content 
(30 %) followed by adding the cement as a dried material at ratios of 1, 2, 4 and 
7% by soil dry mass and mixing for ten minutes using a laboratory mixing 
machine. The mixtures were filled into cylindrical plastic tubes (170 x 50 mm) by 
hand. The specimen was compacted in five layers with 25 blows per layer by 
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using a Proctor hammer and standard procedure. The height of the specimen was 
100 mm. The tubes were covered with a plastic cover and sealed with rubber lids 
at both ends to prevent access to water. The curing periods were set at 7, 14, 28, 
60 and 90 days before testing. For curing, the specimens were placed inside a 
glass container partially filled with water (Figure 2) and stored in controlled room 
temperature at 20°C. After curing, the specimens were removed from the tubes by 
using a mechanical jack and tested using unconfined compression tests (UCS). 
Testing rate was 1 mm/minute until failure occurred. The specimen 
height-to-diameter ratio was 2. Before testing, the specimen was cut and smoothed 
to obtain parallel end surfaces. The end plates were lubricated to reduce friction. 
Water content and densities were determined in connection to the unconfined 
compression tests. All specimens for unconfined compressive tests were prepared 
during a period of one hour after mixing the untreated soil with the binder. 

Specimens for consistency limit tests were prepared and cured identical to the 
unconfined compression specimens with using a light hammer for compaction 
instead of Proctor hammer to remove air bubbles. Before testing and after curing, 
the specimen was removed from its tube.  

Liquid limit and plastic limit tests were conducted according to Swedish 
standards SS 027120 1990 and SS 027121 1990 [30, 31]. The fall cone method 
was used to determine the liquid limit. The average of four tests represents the 
liquid limit, while the plastic limit is based upon the average of five tests. 

pH tests were conducted on  air dried and grinded material from the UCS 
specimens. pH tests were carried out using a HI 208 pH meter with built in 
magnetic stirrer. The procedure was used for both the treated and untreated soils 
according to ASTM D4972 [32]. The average of three pH tests represents the soil 
pH value. A ratio of liquid to solid of 1 was used to mix the soil and distilled 
water. The mixture was poured into a glass container and mixed thoroughly using 
a magnetic stirrer for 2 minutes. The soil-water mixture was left for one hour for 
retention and the mixing process was repeated every 10 minutes before the pH 
value was measured.  

  

  
Figure 2: Laboratory mixer and curing specimens aimed for UCS and consistency limits tests 
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3  Results and Discussion 
3.1 Consistency Limits (Atterberg limits) 

One of the main objectives of cement treatment is to accelerate the 
construction work by improving workability of the soil [13]. Workability has 
shown to increase with reducing the plasticity index [22, 33, 34]. The immediate 
effect (after one hour of mixing) on the consistency limits is presented graphically 
in Figure 3. It can be seen that both the liquid limit (LL) and plastic limit (PL) 
increase due to the adding of cement (from 1 to 4 %). The liquid limit remains 
almost constant at further increased cement content 4 and 7 %, and drops slightly 
at higher cement content (10 and 15%). The plastic limit slightly increased 
between 4 to 15% in addition to the large increase at lower cement contents. 
Consequently, the plasticity index (PI) slightly increased at small cement content 
and then decreased as the cement content increased. Therefore, treated soil 
exhibits better workability with increasing cement content within a short time (one 
hour) after treatment due to flocculation and agglomeration from the hydration 
reaction. 

 
The observation of an immediate increase in the liquid limit in the low 

plasticity soil (LL<40%) was due to flocculation and agglomeration caused by the 
hydration reaction. In comparison to previous studies, [35] reported similar trends 
for lime treated black cotton clay with low clay content (19%). This black cotton 
clay showed an immediate increase in liquid limit because of a low cation 
exchange capacity, which leads to larger double layer. Another possible reason for 
the raised liquid limit, suggested by [36, 37], is related to the presence of 
entrapped water within the intra-aggregate pores after flocculation and 
agglomeration. In contrast, increasing the amount of cement produces an increase 
in cementitious products, and this has an effect that leads to decreasing liquid 
limits. A similar trend in the immediate increase in liquid limits has been found by 
other researches [22, 38, 39]. 

 
The long-term effects on consistency limits of the treated soil (Figure 4) were 

found to be an increase in plastic limits and decrease in liquid limits with time. 
Due to the different trends between liquid and plastic limits, the plasticity index 
was found to decrease with time. The decrease became larger in relation to the 
increase in cement content, as shown in Figure 4. A similar trend of a decreasing 
plasticity index over time was found by [2, 37, 39, 40]. Thus, an improvement in 
soil workability can be achieved after a relatively long period after treatment even 
with very low cement content. 
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3.2 Water content and density  

Solidification is defined as an immediate reduction in the soil water content 
after treatment with a cementitious binder as a result from the hydration reaction 
of cement [41]. The water content in the soil-cement mixture comes from the 
untreated soil. Results show an immediate reduction (after one hour of mixing) in 
water content of treated soil from its initial value due to adding small amounts of 
cement as shown in Figure 5. The reduction in water content (solidification) is 
mainly related to the hydration reaction between the cement and water. Moreover, 
solidification increases significantly with increase of cement content. 

 
The effects of curing time and cement content on the water content are 

presented in Figure 6. From Figure 6, it can be seen that further decreases in water 
content (increasing drying rate) occur during the first 28 days, with almost no 
further reduction for the longer curing periods. This is valid for all samples tested. 
The reduction in water content over time was mainly related to the hydration and 
pozzolanic reactions as the specimens were cured in a sealed condition. For 
specimens having 4% cement content an increase in water content after 60 and 90 
days, as shown in Figure 6 could be observed. This is due to small leaks in the 
covers of the specimens, which led to absorption of moisture from the 
surroundings at long curing period. 
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Figure 6: Effect of curing time and 
cement content on Plasticity index 
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One of the main outcomes of cement treatment is the reduction of water 
content as it has dominant effects on strength and durability. Generally, the 
reduction in water content mainly depends on cement content, curing time and 
initial water content of the untreated soil, which has been in this case about 30 %. 

In Figure 7 the effect of cement content on specimen density is depicted. It is 
seen that soil density increases with increasing cement content. Increase in density 
is related to deposition of CSH and CAH gel, which are produced during the 
hydration and pozzolanic reactions. These substances fill the pore voids.  

 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The hydration and pozzolanic reactions of cement reduce the water content of 

treated soil and produce a large amount of solids that increase the density of the 
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Figure 5: Immediate reduction in water 
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soil. As density is related to soil strength the observation reflect an increase in soil 
strength. In Figure 8 it is shown the general specimen density were in the range 
between 1.92 for untreated soil to 1.99 g/cm3 for a cement content of 7%. The 
reductions in soil water content were in the range of 30 to 24 % for all samples. 
Similar observations in increasing density and reducing water content for various 
cement contents is reported earlier [3,9,22,37,40,42,43]. 

 
3.3 pH value 

Figure 9 shows the immediate effects (after one hour) on pH value after 
mixing with cement. The soil pH value rose to 12 as the cement content was 
increased up to 7%. Beyond that, the pH is slightly increased to 13 at 15% cement 
content. The increase in pH was related to an increase in calcium ion 
concentration (Ca+2) on the particle surfaces as a result from the hydration 
reaction [21, 37] 

The variation in pH with curing time is presented in Figure 10. Regardless of 
the cement content, the pH gradually decreases with increasing curing times. 
Pozzolanic reactions have the effect of decreasing pH over time as the reactions 
produce more CSH or CAH gel. The decrease in pH is due to the comsumption of 
(OH-). Similar trend for decreasing pH with time is reported by [44, 45] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.4 Unconfined compressive strength (UCS) 

Unconfined compressive strength tests were conducted on untreated and 
treated soil, prepared in a similar way. For the untreated soil, unconfined 
compression strength (qu) slightly increased with curing time, as shown in Figure 
11 A. This was related to small variation in natural water content. Figures 11 B, C, 
D and E show the effect on soil strength when cement was added. As expected, 
the strength increased with increasing cement content and curing time. This is 
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explained by the production of new cementing compounds (primary and 
secondary) such as calcium silicate hydrate (CSH) and calcium aluminate hydrate 
(CAH) gels from the hydration and pozzolanic reactions. At low cement content 
(1 and 2%), soil strength improved during the first 28 days of curing time, but 
after this there was no further improvement i.e. after 60 and 90 days (see Figures. 
11 B and C, respectively). An increase in soil strength is related to the production 
of primary cementing materials as a result of the hydration reaction, which binds 
soil particles together and hardens over time. Additionally, the pH value can 
explain the lack of increase in soil strength after 28 days. For the 90 days curing 
time, it was found that the pH of the treated soil were 8,8 and 9 for 1 and 2% 
cement content respectively, see Figure10. As stated [45-48], a pH value higher 
than 10 is sufficient to dissolve silicates and aluminate and to produce additional 
cementing compounds from the pozzolanic reaction. For this reason, a longer 
curing time has no additional effect on strength as the pH is below 10. 

 
On the other hand, during the first 28 days of curing time, soil strength 

increased when increasing cement content from 2% to 4%. Soil strength was 
reduced for longer curing periods, as shown Figure 11 D. The reduction in soil 
strength is explained by an increase in water content for long curing periods as 
discussed earlier and shown in Figure 6. A similar trend of reduced soil strength 
under saturation conditions has been observed [3, 8, 22]. 
 

A similar trend of strength development when the cement content is 
increased from 4% to 7% during the first 28 days was observed. Strength 
gradually increases for longer curing time, as shown in Figure 11 E. This is related 
to the production of more CSH and CAH during the pozzolanic reactions at 
relatively high amounts of cement (7%), in combination with high pH values, as 
shown in Figure 10. 

In order to explain the improvement in soil strength after several treatments, 
the enhancement can be defined as the ratio between the strength of treated 
specimens to the strength of the untreated soil. Based on this, adding 1, 2, 4, 7% of 
cement improves the soil strength to about 2, 4, 9 and 27 times respectively after 
28 days curing time.  

Strength of the treated soil increases with cement content and curing time due 
to hydration and pozzolanic reactions. The gain in soil strength is noticed for the 
shorter curing time (28 days) and becomes gradual for longer curing periods. The 
trend is consistent with other studies on different soils [5, 10, 11, 49]. 
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Figure 11: UCS versus curing time for different cement content for all tests. 
 
 
3.5 Stress-strain curves 

Figure 12 show typical stress-strain behaviors for untreated and treated soils 
for different cement content and curing times. In Figure 12 it is shown that the 
untreated soil has a low peak stress of 23 kPa combined with a large failure strain 
(24%). In contrast, after several cement treatments from 1 to 7 %, even for very 
low cement content, as content of cement increases the peak strength also 
increases. Moreover, failure strain corresponding to the peak stress decreases with 
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an increase in the cement. Significant changes in the stress-strain behavior occurs 
during the first curing period (less than 28 days) with no further changes for 
longer curing times. Additionally, for 28 days curing time, the treated specimens 
with high cement content (7%) exhibit a more brittle failure than for lower cement 
content, where a more ductile behavior is observed, (Figure 12 B). The failure 
mode thus gradually changes from plastic failure to brittle failure as cement 
content increases. It can also be observed, that it is the cement content that has the 
major effects on the stress-strain curves, rather than curing times. These findings 
are in line with what has been observed by other [10, 11, 22, 37, 50] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 12: Stress–strain relationship for treated and untreated soils versus cement and 

curing time.  
 
 
 

(B) 28 dyas curing time

Axial strain  %
0 5 10 15 20

A
xi

al
 st

re
ss

 (k
Pa

)

0

100

200

300

400

500

600

700

Untreated soil
1% cement
2 % cement
4 % cement
7 % cement

7% cement

4% cement

2% cement

1% cement
Untreated soil

(C) 60 dyas curing time

Axial strain  %
0 5 10 15 20

A
xa

il 
st

re
ss

 (k
Pa

)

0

100

200

300

400

500

600

700

Untreated soil
1% cement
2 % cement
4 % cement
7 % cement

7% cement

4% cement

2% cement

1% cement

Untreated soil

(D) 90 dyas curing time

Axail strain %
0 5 10 15 20

A
xa

il 
st

re
ss

 (k
Pa

)

0

100

200

300

400

500

600

700

Untreated soil
2% cement
4 % cement
7 % cement

7% cement

4% cement

2% cement

Untreated soil

(A) 7 dyas curing time

Axial strain  %
0 5 10 15 20

A
xi

al
 st

re
ss

  (
kP

a)

0

100

200

300

400

500

600

700

Untreated soil
1% cement
2 % cement
4 % cement
7 % cement

7% cement

4% cement

2% cement
1% cement

Untrated soil



Modification-Stabilization of Clayey Silt Soil… 89  

3.6 Strain at failure 
The addition of cement significantly reduced axial strain at failure from 24% 

for the untreated soil to about 15, 10, 5 and 3% for 1, 2, 4 and 7% cement content 
respectively, see Figure 13. Failure strain slightly decreases as curing time 
increased for the first 28 days curing time. Axial strains at failure versus 
unconfined compressive strengths are presented in Figure 14 for all samples and 
curing times. As content of cement increases, strength increases and strain at 
failure decreases (see Figure 14) but the variations in measured UCS increased. 
From Figure 14, a scattered pattern in measured failure strain was observed at low 
strengths (22 kPa for untreated soil). Moreover, a significant reduction in strain at 
failure was observed regarding different cement treatments from 1 to 4%, which 
led to increased soil strength of up to 200 kPa (see Figure 14). However, further 
increasing in cement content to 7%, increase the soil strength of up to 600 kPa 
with less significant on decreasing failure strain. A similar trend has been 
observed in previous studies for higher cement contents [11, 40, 49]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.7 Stiffness of treated soil 

The effects of different cement contents and curing times on the stiffness are 
shown in Figure 15. The stiffness is defined by a secant modulus of elasticity (E50) 
of tested specimens. It was evaluated from stress–strain curve as a ratio of half of 
the maximum unconfined compressive strength to corresponding strain. Figure 15 
shows that the stiffness of the treated soil increases with an increase in cement 
content and curing time. This can be related to the production of primary and 
secondary cementitious materials as a result of the hydration and pozzolanic 
reactions. Higher cement contents produce more cementing components and vice 
versa. As discussed earlier, the production and deposition of cementing materials 
leads to an infill of the pore space, resulting in a denser structure. Consequently, 
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soil stiffness increased with increasing curing times and cement content. The trend 
is consistent with previous studies [10, 11, 22].  

Increase in soil stiffness can be illustrated by the ratio between the stiffness 
of the treated samples to the stiffness of the untreated soil samples. Based on this, 
adding 1, 2, 4 and 7% cement content improves the soil stiffness approximately 4, 
9, 45 and 180 times respectively when compared to untreated soil after 28 days 
curing time. 

 
Figure 15: Modulus of elasticity versus curing time and cement content for all tests. 
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The relationship between unconfined compression strength and the modulus 
of elasticity, E50, is shown in Figure 16. A significant increase in soil stiffness was 
observed with increase in soil strength. Based on the results shown in Figure 16, 
the soil stiffness can be taken between E50=16 qu and  E50=85 qu. Table 4 
presents the upper and lower ranges of soil stiffness, E50, and qu for both the 
untreated and treated soil. 

 
 

Table 4: Upper and lower range of soil stiffness times qu after 28 days 

Cement content 
E50= A × qu 

Lower range 

E50= B ×qu 

Upper range 

Untreated soil 6 10 

1% 14 18 

2% 15 20 

4% 35 54 

7% 50 85 

 

 
Figure 16: Modulus of elasticity versus UCS strength for different cement contents and 

length of curing periods. 
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for different clay types treated with 3 - 37 % cement content in Finland . [52] 
found the stiffness, E50, of stabilized Bangkok clay with cement content from 5 to 
20% ranged between 115 qu and 150 qu. 

 
 

4  Conclusion 
 

In this study, the modification and improvement of clayey silt soil treated 
with low cement content (≤7%) is investigated. The following conclusions can be 
drawn from the present study.    
1- Adding 1, 2, 4 and 7 % cement content improves unconfined compressive 
strength to about 1, 3, 7 and 23 times, while soil stiffness is increased by 3, 7, 36 
and 180 times respectively when compared to untreated soil during the first 28 
days. A gradual increase in soil strength and stiffness is observed for the longer 
curing periods when higher cement content (7%) is used. 
2- Adding small percentages of cement has the immediate effects of increasing 
the plasticity index followed by a decrease at higher cement content. The plasticity 
index significantly decreases over time, even for very low cement content. Treated 
soil shows better workability with increasing cement content directly after mixing 
and over time, even for very low cement content due to the reduction in the 
plasticity index.    
3- Treated soil with small percentages of cement has the initial effect of 
increasing the solidification of soil after treatment, and it has moderate effects 
over time until 28 days.     
4- Axial strain at failure decreases with an increase in cement content and time, 
leading to a gradual change in failure mode from plastic to brittle failure when 
compared to untreated soil.    
5- pH in connection with other variables provides useful assessment information 
to describe soil cement reaction. pH value lower than 9 is not sufficient to 
initialize the pozzolanic reaction leading to not gaining more soil strength for the 
long curing period. 
 

The findings confirm that using smaller percentages of binder still has a 
significant effect on the behavior of the clay used in this study. Further 
investigations will focus on other binders as the reduction in cement content will 
contribute significantly to the environmental balance and to saving money for 
construction. 
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Abstract 
Effects of using small amounts of a Petrit T, a by-product of manufacture 
sponge iron, to modify clayey silt soil were investigated in this study. Petrit T 
was added at 2%, 4% and 7% of soil dry weight. A series of unconfined com-
pressive strength tests, consistency limits tests and pH tests were conducted at
7, 14, 28, 60 and 90 days of curing periods to evaluate the physical and me-
chanical properties of treated soil. Results indicated improving in the uncon-
fined compressive strength, stiffness and workability of treated soil directly
after treatment and over time. Increasing in soil density and decreasing in
water content were observed, with increasing Petrit T content and curing 
time. The pH value was immediately increasing after treatment and then 
gradually decreased over time. Failure mode gradually changed from plastic to 
brittle behavior with increasing binder content and curing time. The out-
comes of this research show a promising way of using a new by-product 
binder to stabilize soft soils in various engineering projects in order to reduce 
the costs which are associated with of excavation and transportation works. 
 

Keywords 
Stabilization, Petrit T, Industrial By-Product, Secant Modulus, Workability, 
Solidification, pH Value 

 

1. Introduction 

Chemical stabilization is a widely used, low-cost and effective technique to im-
prove the physical and mechanical properties for a broad range of soils [1]. Nu-
merous additives can be used to improve soft soils. Some of these additives are 
well known and commonly used, including cement and lime. In addition to 
by-products from industrial processes, such as various slags, fly ashes, and blast 
furnace slags are also used. 
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In recent years, the benefits of using industrial by-product material for the 
purposes of soil stabilization have increased internationally as the binder materi-
al is considered to be cheap and easily available [2] [3] [4]. Moreover, it contri-
butes to a decrease in the environmental impact posed by the production of 
these materials [5] [6] [7]. 

Extensive studies have been conducted on using industrial by-product mate-
rials for soil stabilization in a wide range of soils treated with high binder con-
tent (>7% of soil dry weight). Enhancing soil strength and making the treated 
soil stronger and stiffer represent the most beneficial outcomes [6] [8]-[15]. 
However, in most of the reported studies, high binder amounts were used. 

In contrast, benefits of using by-products materials such as fly ashes in smaller 
amounts (less than 7%) have been recently investigated to improve the strength, 
stiffness and workability, in addition to decreasing costs and the environmental 
impact of stabilized soils [16] [17]. Therefore, there is a need to investigate the 
effectiveness of adding smaller amounts of by-product material (e.g., less than 
7%) to modify and improve the clayey silt soil. 

Petrit T is a by-product of manufacturing of sponge iron. The material used 
here is produced by Höganäs, Sweden AB. The total yearly production of Petrit 
T of this plant ranges between 17,000 and 20,000 tones. It is primarily produced 
during the production process of sponge iron, when coke, limestone and anthra-
cite are blended together into a reduction mix. During the production process, 
when the temperature reaches approximately 1200˚C, the carbon in the reduc-
tion mix reacts with the oxygen in the fine grounded iron ore. The fine ground 
iron ore is reduced, and forms sponge iron and, at the same time, the material 
sinters into pieces with a spongy structure. The remainder of the reduction mix 
forms a lime rich residual product called TK lime, which after some further 
processing (screening, etc.), becomes Petrit T [18]. 

This paper aims to study the effects of adding a small amount of Petrit T on 
the improvement of physical and mechanical properties of treated soil through 
an extensive experimental program which includes tests of Atterberg limits, un-
confined compressive strength, and pH value at various amounts of Petrit T and 
curing time.  

2. Experimental Program 

A series of unconfined compression tests (UCS) were conducted on both un-
treated and treated soil at different Petrit T content and curing time, in addition 
to consistency limits, and the level of pH were determined after each stage. Im-
provement in soil strength was investigated by using unconfined compression 
tests (UCS). Enhancing in soil workability directly after treatment and over time 
was investigated by conducting Atterberg limits tests, to measure the reduction 
in the plasticity index. 

Indication about soil-binder reactions progress was investigated by conduct-
ing pH test directly after treatment and over time. 

The solidification is a term refers to the reduction in soil water content due to 
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adding Petrit T directly after treatment and over time. 
In addition, the stress-strain curves, soil density, failure strain, deformation 

modulus (E50) and the ratio between E50 and UCS of the treated soil were meas-
ured and evaluated with different Pertit T contents and curing times. Main la-
boratory tests program is summarized in Table 1. 

2.1. Soil 

The soil used in this study was originated from Gothenburg, Sweden. Untreated 
soil was investigated by series of laboratory tests, which includes particle size 
distribution, Atterberg limits, loss of ignition, chemical composition, compac-
tion characteristics, pH value and specific density. Table 2 presents the basic 
physical and engineering properties and the major chemical composition of the 
untreated soil is listed in Table 3. The particle size distribution (PSD) of the un-
treated soil is shown in Figure 1. From PSD, the untreated soil mainly consists 
of silt (55%), fine sand (29%) and clay (16%). The soil is classified as lean clay 
(CL) according to the Unified Classification System ASTM D 2487 [19], and as 
clayey silt soil (Cl Si) according to the Swedish standard [20]. Organic content, 
assessed by loss of ignition test according to ASTM D2974 [21], was 4%, and 
thus the untreated soil was classified as having a low organic content [22] [23]. 

2.2. Binder (Petrit T) 

Höganäs Sweden AB provided the binder (Petrit T) used in this study. The 
chemical and physical properties of this particular Petrit T are listed in Table 3.  
 
Table 1. Summary of main tests, curing time, binder contnet, compaction method and 
number of samples. 
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Table 2. Engineering properties of tested soils. 

Parameters Values 

Particle-size distribution (%)  

Sand (%) (1 - 0.63 mm) 29 

Silt (%) (0.063 - 0.002 mm) 55 

Clay (%) (<0.002 mm) 16 

Consistency limits (%)  

Liquid limit (%)* 37 

Plastic limit (%) 20 

Plasticity index (%) 18 

Proctor test  

Optimum moisture content (%) 12 

Maximum dry density, t/m3 1.97 

Natural water content (%) 30 

Specific gravity Gs 2.69 

Loss of ignition % 4 

*Determined by the fall cone test. 
 
Table 3. Chemical and physical properties of untreated soil and Petrit T binder. 

Parameter Soil (Petrit T) [18] 

Chemical properties   

Silicon oxide (SiO2) % 65.7 19.7 

Aluminum oxide (Al2O3) % 12.3 9.8 

Iron oxide (Fe2O3) 3.42 6.1 

Sulfur trioxide (SO3) %  3.75 

Magnesium oxide (MgO) % 1.31 1.14 

Calcium oxide (CaO) % 2.4 36.8 

Potassium oxide (K2O) % 2.84 0.63 

Sodium oxide (Na2O) % 2.81 0.23 

MnO % 0.0556 0.19 

P2O5 % 0.159 0.31 

TiO2 % 0.550 1.45 

Cementing potential ratio (CaO/SiO2)  1.9 

Physical properties   

Loss of ignition % 4 18 

Moisture content %  0 

pH value 5 12.85 

Fineness   

<500 μm (%)  97.3 

<300 μm (%)  93.4 

<212 μm (%)  83.9 

<106 μm (%)  59.4 

Retained on 45 μm (%)  40.3 
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Figure 1. Particle size distribution of the untreated soil. 

 
The cementing potential ratio (self-cementing properties) is expressed as a 
CaO/SiO2 ratio [24]. Petrit T has a CaO/SiO2 ratio of approximately 1.9, com-
pared to a Portland cement figure of approximately 3. The loss of ignition is 
18%, which represent the unburned carbon in the binder. In addition, an x-ray 
diffraction (XRD) test indicates that the main chemical components of Petrit T 
binder consisted of 57% Larnite (dicalcium silicate), 28.3% Gehlenite (cal-
cium-silicon-aluminate), 11.5% quartz (silicon dioxide), and 3% Portlandite 
(calcium hydroxide) [18]. 

Based on this, Petrit T binder has self-cementing properties in addition to 
having high amounts of dicalcium silicate. This is similar to the clinker mineral 
C2S (belite) in Portland cement that is responsible for increased strength of ce-
ment over a relatively long curing period due to the lower reactivity. 

3. Samples Preparation and Testing Methodology 

Unconfined compressive samples (UCS) were prepared after crumbling the un-
treated soil with its initial water content (30%), then Petrit T was added as a 
dried material at ratios of 2%, 4% and 7% by soil dry mass and mixing for ten 
minutes using a laboratory mixing machine. The soil-binder mixtures were 
gradually filled as layers by hand into cylindrical polyvinyl chloride (PVC) tubes 
(170 × 50 mm, wall thickness = 1.9 mm). Using a Proctor hammer, UCS samples 
was compacted in five layers, with 25 blows per layer which provides energy per 
volume (600 kJ/m3). The total sample height was 100 mm. The sample tubes 
were covered with a plastic cover and sealed with rubber lids at both ends to 
prevent access of water. The curing time was set at 7, 14, 28, 60 and 90 days be-
fore testing. For curing, the samples were placed inside a glass container partially 
filled with water as shows in Figure 2 to ensure 100% of humidity and stored at 
a controlled room temperature of 20˚C. After curing, the samples were removed 
from the tubes by using a mechanical jack and subjected to the unconfined  



W. Al-Jabban et al. 

545 

 
Laboratory mixer                      Curing container for UCS samples 

Figure 2. Laboratory mixer and curing specimens prepared for UCS and consistency lim-
its tests. 
 
compression tests (UCS). The testing rate was 1 mm/minute until failure oc-
curred. The height-to-diameter ratio of the UCS sample was 2. Before testing, 
the sample was cut and smoothed to obtain parallel end surfaces. The end plates 
were lubricated with Vaseline to reduce friction. Water content and densities 
were determined in relation to the unconfined compression tests. All UCS sam-
ples were prepared during one hour after adding Petrit T. 

Atterberg limit samples were prepared and cured in a similar way to the un-
confined compression samples, but using a light hammer for compaction, in-
stead of a Proctor hammer, to remove air bubbles. After curing, the sample was 
removed from its tube and conducted to Liquid limit and plastic limit tests ac-
cording to Swedish standards SS 027120 1990 and SS 027121 1990 [25] [26]. The 
liquid limit was found by using fall cone method. The liquid limit is representing 
the average of four determinations, while the mean of five tests represents the 
value of the plastic limit. 

The pH tests were carried out using a HI 208 pH meter which posses a mag-
netic stirrer for treated and untreated soils as per ASTM D4972 [27]. pH tests 
were performed by air drying and grinding material from the UCS samples. The 
average of three pH tests represents the soil pH value. The ratio of liquid to solid 
of 1 was used to mix the soil and distilled water. The mixture was poured into a 
glass container and mixed thoroughly by using a magnetic stirrer for 2 minutes. 
The mixture was left for one hour for retention and mixing process was contin-
ued repeated for every 10 minutes. The pH value was measured by inserting pH 
meter into the slurry. 

4. Results and Discussion 

Workable soil is defined as the soil which can be easily controlled and com-
pacted homogenous. Increaser the workability of the treated is one of the main 
aims of the chemical treatment which lead to accelerate the construction work 
[28]. Decreasing the plasticity index has been shown to enhance the workability 
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of the soil [29] [30] [31]. The immediate effect (after one hour) of mixing Petrit 
T on the Atterberg limits of the treated soil is shown in Figure 3. Addition of a 
small amount of Petrit T (1% to 5%) has effects on increase both of the liquid 
limit (LL) and plastic limit (PL). Then, with further increase in Petrit T content 
to 5% and 7%, the liquid limit remains almost constant, followed by slightly de-
creases at even higher content of binder (10% and 15%). 

The plastic limit slightly increases due to addition in Petrit T from 5% to 15% 
compared to the large increase at lower binder contents. Due to different trend 
behavior between LL and PL, the plasticity index (PI) slightly increased at small 
binder content (1% - 4%) and then followed by decrease as the binder content 
increase. 

The immediate increase in the liquid limit after treatment was due to hydra-
tion reaction of binder which led to flocculate and agglomerate of soil particles 
during short period. 

Previous studies of soil lime reaction, [32] found similar trends for lime 
treated black cotton clay with low clay content (19%).This was explained by a 
low cation exchange capacity, leading to larger double layer. [33] also indicated 
similar trends of an increase in liquid and plastic limits at low lime content (1% - 
3%) for stabilized kaolinite with lime. [34] pointed out increases in liquid and 
plastic limits of Swedish soft clays after stabilization with different cementitious, 
lime and fly ashes. [16] [35] also reported similar trends by an increased fly ash. 
[36] [37] indicate that the presence of entrapped water within the in-
tra-aggregate pores after flocculation and agglomeration has a dominant effect 
leading to immediate rise in liquid limit. In contrast, decreasing in liquid limit 
was observed with increase in binder content. A similar trend in the immediate 
change in the plasticity index is also consistent with previous studies for lime 
and fly ash treated soil [12] [33] [38] [39]. Thus, due to flocculation and agglo-
meration of soil particles after treatment with Petrit T, treated soil showing  
 

 
Figure 3. Immediate change in consistency limits versus Petrit T content. 
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better workability with an increasing Petrite T content during a short time (one 
hour). 

The effects of curing time on plasticity index of the treated soil are presents in 
Figure 4. It can be seen that the plasticity index decreased with time, the de-
crease became larger with higher binder content. The decrease in the plastic in-
dex is due to decreases in liquid limits and an increase in plastic limits of the 
treated soil with time. A similar trend of decreasing plasticity index over time is 
consistent with [13] [34] [37] [40]. Thus, a continuous improvement in soil 
workability was achieved after a relatively long curing period after treatment. 

4.1. Water Content and Density 

Solidification is a term refers to the reduction in the water content of treated soil 
due to hydration reaction of binder [41]. 

The water content reduces immediately (one hour) after mixing Petrit T with 
untreated soil from its initial value, as shown in Figure 5. The hydration reac-
tion between the Petrit T and water is the main reason for the reduction in water 
content (solidification). Solidification increases significantly with an increase in 
Petrit T content. A similar trend of rapid decrease in soil moisture content is 
consistent with [31] [42] for cement treated soil and [31] [43] [44] for soil 
treated with self-cementing fly ash. 

Figure 6 shows the long term effect on the water content of treated soil.  Fig-
ure 6 shows further decreases in water content is observed with increasing cur-
ing time. After 90 days of curing time, the reduction in water content is about 
0.5%, 1% and 1.3% for 2%, 4% and 7% binder content respectively. This reduc-
tion in water content is mainly related to the hydration and pozzolanic reactions 
as the specimens were cured in a sealed condition. A similar trend of decrease in 
soil water content over time is also found by [45] for Bangkok soft clay treated 
with cement and fly ash. 
 

 
Figure 4. Effect of curing time and Petrit T content on plasticity index. 
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Figure 5. Immediate reduction in water content versus Petrit T content. 

 

 
Figure 6. Effect of curing time and Petrit T content on water content. 

 
From Figures 3-6, it is observed that the reduction in water content is ac-

companied by increase in the plastic limit. The relationship between water con-
tent and consistency limits due to the addition of Petrit T is explained by the li-
quidity index (LI), Equation (1). The relationship between liquidity index (LI) 
and Petrit T content after one hour of treatment is shown in Figure 7. It can be 
seen that, with the addition of various amounts of Petrit T, the liquidity index 
(LI) is reduced from 0.6 (untreated soil) until it reaches the plastic limit (LI = 0) 
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where: LI: liquidity index, Wc: water content, PL: Plastic limit and PI: Plasticity 
index. 

The effect of curing time on the relationship between decrease in water con-
tent and the liquidity index is presented in Figure 8. As curing time increase, the 
liquidity index is further decreased with the decrease in water content. For 7% 
binder content, the liquidity index is lower than zero at a longer curing period, 
i.e. the water content is lower than the plastic limit. [34] has pointed out that the 
reduction in water content for the natural soil from around the liquid limit to-
wards the plastic limit is accompanied by an increase in soil strength, which will 
be discussed later in this study. 
 

 
Figure 7. Liquidity index versus Petrit T content. 

 

 
Figure 8. Liquidity index versus water content for all curing times. 
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The effect of Petrit T content and curing time on the soil density is shown in 
Figure 9. The soil density increases with increasing Petrit T content and curing 
period (Figure 9). An increase in density is related to the deposition of CSH 
(calcium-silicate hydrate) and CAH (calcium-aluminate hydrate) gels, which are 
produced during the hydration and pozzolanic reactions and fill the pore voids. 

In the hydration and pozzolanic reactions of the Petrit T binder, water is con-
sumed, and large quantities of solid particles are introduced into the soil leading 
to an increase in density. Figure 10 shows that the density ranged between 1.92 
g/cm3 for untreated soil to 2.01 g/cm3 for treated soil with 7% Petrit T. The re-
ductions in soil water content were in the range of 2% to 6% for all samples. 
Similar observations of increased density and reduced water content for various 
binders have been reported by [34] [37] [46] [47] [48]. 
 

 
Figure 9. Avarge specimen density versus Petrit T content. 

 

 
Figure 10. Specimen water content versus bulk density and Petrit T content 
for all curing time. 

Petrit T content %
0 1 2 3 4 5 6 7 8

A
va

rg
e 

Bu
lk

 d
en

sit
y 

(g
/c

m
3 )

1.90

1.92

1.94

1.96

1.98

2.00

7   days
28 days
60 days
90 days
14 days
Mean



W. Al-Jabban et al. 

551 

4.2. pH Value 

The immediate effect (after one hour) of mixing Petrit T on the soil pH value is 
presented in Figure 11. The pH value of treated soil rose from 5 to 12.3 as the 
Petrit T content was increased up to 7%. Beyond that, the pH slightly increased 
to 13 at 15% Petrit T content. The reaction of Petrit T with water leads to the re-
lease of calcium ions (Ca2+) increasing the pH value [37] [49]. 

Figure 12 shows  the effect of curing time on the pH value of treated soil. Re-
gardless of the binder content, the pH value gradually decreases with increasing 
curing times. pH decreased with time for the treated soil due to more production 
of CSH or CAH gels as a results from pozzolanic reactions. Consumption of  
 

 
Figure 11. Immediate change in soil pH value versus Petirt T content. 

 

 
Figure 12. Effect of curing time and Petrit T content on the pH value of 
treated soil. 
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(OH−−) is the main reason for the decrease in pH. Reducing pH over curing time 
is consisted with [24] [50]. 

4.3. Unconfined Compressive Strength (UCS) 

Unconfined compressive strength tests were conducted on untreated and treated 
soil samples, prepared in identical way. Figure 13(a) shows the unconfined 
compression strength (qu) for the untreated soil at various curing time. 

Figures 13(b)-(d) show the effect on soil strength for different amounts of 
Petrit T added to the original clay. The major components of Petrit T are dical-
cium silicate (DCS) and calcium-silicon-aluminate (CSA). The DCS is similar to 
the clinker mineral C2S (belite) in Portland cement, which is responsible for 
gaining strength over a relatively long curing period due to the lower reactivity. 
Therefore, the C2S reaction can explain the strength development due to pro-
duction of calcium-silicate hydrate (CSH) gel. This binds soil particles together 
and produces a strong and hard mixture over time [24]. In addition, calcium 
hydroxide Ca(OH)2 is also formed as a result of the hydration reaction of C2S, 
which leads to an increase in pH value as discussed earlier. Moreover, the  
 

 

 
Figure 13. Unconfied compresion strenght versus curing time for different Petrit T content for all tests. 
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pozzolanic reactions start to dissolve silica-aluminium from clay minerals and 
provide additional cementitious products of CSH and CASH gel. CSH gel is the 
most common product from the hydration and pozzolanic reactions leads to 
enhanced strength of the stabilized soil. Reactions of C2S and hydrated lime are 
illustrated in Equations (2), (3) and (4) [24] [33] [51].  

2 3 2 42C S 5H C S H CH                   (2) 

CH S H CSH                       (3) 

CH A H CASH                      (4) 

where C, S, A, H, and CH are the abbreviations for calcium (CaO), silicate 
(SiO2), aluminate (Al2O3), water (H2O) and calcium hydroxide (Ca(OH)2) re-
spectively. 

The strength of the treated soil increases by increasing the Petrit T content 
and curing time. This indicates the producing a new cementing materials such as 
calcium silicate hydrate (CSH) and calcium aluminate hydrate (CASH) gels 
during the pozzolanic reactions. At low binder content (2%), soil strength im-
proved during the first 28 days of curing time, but there was almost no further 
improvement visible after 60 and 90 days (see Figure 13(b)). An increase in soil 
strength is related to the production of primary cementing materials from hy-
dration reaction, which binds soil particles together and hardens over time. 
Moreover, the pH value of treated soil can explain the lack of increase in soil 
strength after 28 days. For the 60 and 90 days curing time, it was found that the 
pH concentrations were 9.5 and 9 respectively (see Figure 12). 

According to [10] [50] [52] [53], treated soil with pH value higher than 10 
could be enough for continuous dissolving of silicates and aluminate in the soil 
to produce stabilizing component. For this reason, a long curing periods for 
samples mixed with only 2% of binder has no additional effect on strength as the 
pH value is below 10. 

Soil strength gradually increased with time when the Petrit T content was in-
creased from 2% to 4%. A similar trend has been observed after 60 days curing 
time when the binder content is increased from 4% to 7%. This is related to the 
provision of more C2S, leading to the production of more CSH and CAH during 
the pozzolanic reactions when using relatively high amounts of binder (7%). In 
addition to this the pH values were high as shown in Figure 112. 

The increase in soil strength after treatment is expressed as the ratio between 
the strength of the treated to untreated soil. Based on this, adding 2%, 4%, and 
7% of Petrit T binder increase the soil strength 2, 4 and 6.5 times respectively af-
ter 90 days curing time. 

4.4. Consistency Limit-UCS Relationship 

The addition of Petrit T reduces the water content (see Figure 77 and Figure 8). 
Thus, the ratio of water content to the plastic limit can have a major effect on the 
relationship between consistency limits and the unconfined compression 
strength. Figure 114 shows the increase in unconfined compression strength with  
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Figure 14. UCS versus water/plastic limit ratio for all tests. 

 
a decrease in the water to plastic limit ratio. A scattered pattern is observed, es-
pecially when the water/plastic limit ratio approaches 1 (see Figure 114). 

4.5. Stress-Strain Curves 

For different amount of Petrit T and curing times, stress-strain behaviors for the 
untreated and treated soils are presented in Figure 15. It is seen that the un-
treated soil has a low peak stress of 23 kPa reached at 24% of strain. As the Petrit 
T content increases, the peak strength increases. Failure strain, corresponding to 
the peak stress, decreases with an increase in binder content. At peak stresses, 
small cracks can be clearly observed on the surface of the specimen. 

A significant change in the stress-strain curves can be noticed for high Petrit T 
content (7%) and long curing period (90 days). A more brittle failure than for 
lower binder contents is observed (Figure 15(d)). The failure mode gradually 
changes from ductile to brittle failure as binder content increases and it is the 
binder content and curing time that have the major effects on the stress-strain 
curves [30] [54]. 

4.6. Strain at Failure 

The addition of Petrit T significantly reduced failure strain from 24% for the un-
treated soil to 14% and lower at 2%, 4% and 7% petrit T contents (see Figure 
16). The failure strain is almost constant independent of curing time. 

Figure 117 shows the failure strains versus unconfined compressive strengths 
(qu) for all specimens and curing times. When the Petrit T content increases, 
strength increases and strain at failure decreases. A scattered pattern in meas-
ured failure strain is observed at low strengths (22 kPa for untreated soil), which 
might be attributed to the method of sample preparation involved. Moreover, a 
significant reduction in strain at failure was observed regarding different Petrit T 
treatments from 2% to 7%, which led to an increased soil strength of up to 150 
kPa (see Figure 117). 
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Figure 15. Stress-strain curves for untreated and treated soil with different Petrit T contents and curing time. 

4.7. Stiffness of Treated Soil 

The effects of adding Petrit T and curing times on the soil stiffness are shown in 
Figure 118. The stiffness is defined by a secant modulus (E50) for the tested spe-
cimens. E50 is evaluated from the stress-strain curve at 50% of the maximum 
unconfined compressive strength (qu). Figure 118 shows that the stiffness in-
creases with an increase in binder content and curing times. This can be related 
to the production of cementitious materials as a result of the hydration and 
pozzolanic reactions. Higher binder content produces more cementing compo-
nents and vice versa. 

An increase in soil stiffness can be explained by the ratio between the stiffness 
of the treated samples to the stiffness of the untreated soil samples. Based on 
this, adding 2%, 4% and 7% of Petrit T improves the soil stiffness approximately 
4, 10 and 15 times respectively when compared to untreated soil after 90 days 
curing time. 

The relationship between unconfined compression strength and the modulus 
of elasticity, E50, is shown in Figure 119. An increase in soil stiffness was observed 
with an increase in soil strength. Based on the results shown in Figure 119, the  
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Figure 16. Strain at failure versus curing time and Petrit T content for all tests. 

 

 
Figure 17. Strain at failure versus UCS strength. 
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Figure 18. Modulus of elasticity versus curing time and binder content for all tests. 
 

 
Figure 19. Modulus of elasticity versus UCS strength for different binder 
contents and length of curing periods. 
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modulus of elasticity can be estimated between E50 = 15 qu and E50 = 24 qu. 
Mmany authors [42] [45] [54] [55] [56] have obtained a variable conclusion 

about the relationship between E50 and qu for a wider range of binders. The 
comparisons between previous studies and present results are summarized in 
Table 44. The results obtained from this study are lower than those obtained in 
previous studies. This is due to the use of small amounts of binder as well as due 
to the binder type. 

5. Conclusions 

In this study, the modification and improvement of clayey silt soil treated with 
low content of Petrit T (≤7%) was investigated. The following conclusions can 
be drawn from the present study. 

Small amounts of Petrit T increase strength and stiffness of treated soil. Soil 
strength and stiffness increase with curing times when higher binder content 
(7%) is used. 
The plasticity index decreases over time, even for very low binder content. 
Thus, Petrit T added to soil better workability.  
Petrit T has the immediate effect of increasing the solidification of soil after 
treatment and with time. Water content is reduced and is close to the plastic 
limit after treatment. Petrit T can be used as a drying agent in order to reduce 
the initial water content of soil to facilitate the workability and compaction 
processes for various engineering purposes. 
Failure strain decreases with an increase in binder content and curing time, 
leading to a gradual change in failure mode from ductile to brittle behavior. 
pH value provides useful assessment information to describe soil binder 
reactions. A pH value lower than 9 is not sufficient to initialize the pozzolan-
ic reaction and leads to a lack of improved soil strength for the long curing 
periods. 

The findings of this study show clearly that Perit T can be used as a binder to 
stabilize soil and thus will be effective in replacing cement as binder if the re-
quirements on stiffness and strength are not as high. The findings confirm fur-
ther that using smaller percentages of binder still has a significant effect on the 
behavior of the clay used in this study. Further investigations will focus on other  
 

Table 4. Comparison between the relationship of elastic modulus (E50) and UCS (qu). 

Material Upper and lower range of soil 
stiffness times qu Reference 

Three soil types (silt, silty clay and laterite) treated with cement (7% - 13%) in Malaysia E50 = (100 - 326) qu [55]

Swedish clay treated with cement and lime (200 kg/m3 (18%- 24%)) E50 = (53 - 92) qu [56] 

Bangkok soft clay with high water content treated with cement (5% - 35%) and fly ash (5% - 30%) E50 = (96 - 129) qu [45] 

Marine sediments in France treated with cement, lime and fly ash (3% - 9%) E50 = (60 - 170) qu [57]

Swedish clayey silt soil treated with cement (1% - 7%) E50 = (16 - 85) qu [42] 

Swedish clayey silt soil treated with Petrtit T (2% - 7%) E50 = (14 - 24) qu Present study 
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binders as the reduction in cement content will contribute significantly to the 
environmental balance and to saving money for construction. 
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Abstract 

This paper presents a comparison between the effectiveness of adding low binder amounts of 
industrial by-product Petrit T and cement to modify and improve clayey silt soil. The study covered 
both the immediate and long-term effects on the soil material. Binder content was added by soil dry 
weight; Petrit T at 2, 4 and 7%, and cement at 1, 2, 4 and 7%. The physical and mechanical properties 
of the treated and untreated soil were evaluated by laboratory tests, including tests of consistency 
limits, particle size distribution, unconfined compressive strength, density, solidification and pH. 
These tests were conducted after 7, 14, 28, 60 and 90 days of curing time. Results indicate that cement 
is more effective at improving the physical and engineering properties of the treated soil. The same 
effect is achieved by adding the double amount of Petrit T and long curing periods. The plasticity 
index decreases after treatment and leads to an increase in soil workability directly after treatment and 
over time. The soil density increased, while water content decreased, with increasing binder content 
and a longer curing time. Particle size distribution of the treated soil is changed by the reduction of the 
particles in clay size fraction and increasing silt size particles after treatment. Both binders have the 
same immediate effect of raising the soil pH value to 12.3 after adding 7% binder content, and then it 
gradually decreased as curing time increased. The soil treated with cement exhibits a more brittle 
failure than with Petrit T, where a more ductile behavior is observed. The findings confirm that 
adding small binder contents improve the physical and mechanical properties of soil, which 
subsequently reduce the environmental threats and costs that associated with using a high amount of 
binder contents in the various construction projects.   
Keywords: 
Stabilization, Petrit T, industrial by-product, cement, secant modulus, workability, solidification, pH value. 

 
Introduction 

Soil stabilization is a widely used, low-cost and effective technique to modify and 

improve the low engineering properties of soils (Saadeldin and Siddiqua, 2013). Numerous 

additives can be used to improve soils, but cement has been the most popular stabilizer used 

since the modern application of soil stabilization (Kézdi, 1979). Recently, the using of 

industrial by-product materials for the purposes of soil stabilization has increased, as the 

binder material is considered to be cheap and easily available (Keshawarz and Dutta 1993; 

Kaniraj and Havanag,i 1999; Parsons and Kneebone, 2005). In addition, there is an 

environmental benefit from the reuse of these types of by-products. It’s contribution to 

decrease environmental impact posted by producing these material (Edil et al., 2006). 

Generally, cement improves the engineering properties of soils by produce primary 

and secondary cementitious materials (Mitchell, 1981). A hydration reaction occurs rapidly 
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and produces three types of primary cementitious materials: calcium-silicate hydrate (CSH), 

calcium-aluminate-hydrate CAH, and deposited the hydrated lime Ca(OH)2 as a third 

cementitious material. Here, C, S, A, and H are the abbreviations for calcium (CaO), silicate 

(SiO2), aluminate (Al2O3) and water (H2O), respectively. A Pozzolanic reaction produces a 

secondary cementitious material due to the reaction of the hydrated lime and silica and 

alumina from clay minerals and provides additional cementitious products of CSH and CAH 

(Yong and Ouhadi, 2007; Maclaren and White, 2003; Puppala, 2016). 

 The benefit of using cement in soil stabilization field has been extensively 

investigated (Arman et al., 1990; Lorenzo and Bergado, 2004; Horpibulsuk et al., 2010; 

Dingwen et al., 2013; Rashid et al., 2014; Zhang et al., 2014; Eskisar, 2015; Al-Jabban et al., 

2017a). In addition, the possibility of using industrial by-product materials to improve soft 

soils has been encouraged by many studies (Tao and Zhang, 2005; Sargent et al., 2012; 

Horpibulsuk et al., 2011; Jiang et al., 2015; Edil et al., 2006; Kolias et al., 2005).  Enhanced 

soil strengths, reduced soil plasticity and swelling potential are the most desirable outcomes 

from the treatment. For certain soil stabilization applications, the cost of the binder itself 

could result in a considerable saving in the overall costs of the project (Peyronnard and 

Benzaazoua 2011). Petrit T is a by-product from the process of manufacturing sponge iron 

(Al-Jabban et al., 2017b). It is considered a cheap by-product material (Väänänen, 2017). 

Therefore, in order to decrease the environmental impact and costs, finding new binders as 

alternatives to Portland cement is important. Thus, there is a need to compare the 

effectiveness of using cement and by-product Petrit T as stabilizing agents.  

This paper presents a comparative evaluation between using Portland cement and 

Petrit T to modify and improve the engineering properties of low organic clayey silt. An 

extensive experimental program was carried out in this study, including tests of consistency 

limits, unconfined compressive strength, and laser particle size analyzer and pH tests, using 

various binder amounts and curing periods.   

Experimental Program 

A series of unconfined compression (UCS), consistency limits, particle size analyzer 

and pH tests were conducted on both untreated and treated soil with varying binder contents 

and curing periods. Unconfined compression tests (UCS) were performed to investigate the 

enhancement of soil strength before and after treatment. Workable soil is a term that refers to 

soil which can easily be handled and compacted homogeneously. Consistency limits tests 

were conducted to investigate the improvement in soil workability directly after treatment, 

and over time, by measuring the reduction in the plasticity index.  
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Laser particle size analyzer tests were conducted to investigate the effects of binder 

types on the particle size distribution (PSD) of the soil before and after treatment. Thus was 

measured using a CILAS 1064 laser particle size analyzer in the liquid mode with a 

measurement range from 0.04 to 500 m. Finally, pH tests were conducted to investigate the 

effects of adding small amounts of binder on the alkalinity of the soil immediately after 

treatment and over time. This can give an indication of the progress of the of soil-binder 

reactions. Solidification refers to a reduction in the soil water content after treatment, and it 

was investigated by measuring the reduction in water content directly after treatment and 

over time. In addition, density, failure strain, modulus of elasticity (E50), stress-strain 

behavior and the relationships between consistency limit, failure strain and stiffness versus 

UCS were measured and evaluated at various binder percentages and curing times. Table 1 

summarizes the main testing program. 

Table 1. Main experimental program. 

Testing 
program 

Binder 
types 

Binder content  
% Curing time (days) 

Number of 
samples per binder content  Compaction method 
0% 1% 2% 4% 7% 

C
on

si
st

en
cy

 li
m

its
 

Im
m

ed
ia

te
 

ef
fe

ct
s 

Portland 
cement 
(CEM II) , 
Petrit T   

1,2,3,4,5,7,10,15 0     1 1 1 1 1 N/A 

Lo
ng

 te
rm

 
ef

fe
ct

s 

Portland 
cement , 
CEM II 

1, 2, 4, 7 
3 7 14 28 60 90 N/A 

7 7 7 7 hand compaction by 
light hammer 

Petrit T 2 , 4 , 7 N/A 7 7 7 

pH
 te

st
 

Im
m

ed
ia

te
 

ef
fe

ct
s 

Portland 
cement 
(CEM II) , 
Petrit T   

1,2,3,4,5,7,10,15 0     1 1 1 1 1 

N/A 

Lo
ng

 t
er

m
 

ef
fe

ct
s 

Portland 
cement , 
CEM II 

1 ,2 ,4 ,7 
7 14 28 60 90 N/A 

7 7 7 7 

Petrit T 2, 4 ,7 N/A 7 7 7 

Unconfined 
compression 
test (UCS) 

Portland 
cement , 
CEM II 

1, 2, 4, 7 
7 14 28 60 90 11 

7 10 11 11 Compacted in five 
layers. Proctor hammer 
with 25 blows per layer Petrit T 2, 4 , 7 N/A 10 11 11 

Particle size 
distribution 
(PSD) 

Portland 
cement , 
CEM II 

4 , 7 
                    28  1 

  1 1 Compacted in five 
layers. Proctor hammer 
with 25 blows per layer Petrit T 4 , 7   1 1 

N/A : Not applicable. 

1- Soil  

The soil used in this study originated from Gothenburg, Sweden. The untreated soil 

was classified using the following tests: particle size distribution, consistency limits, loss of 

ignition, chemical composition, compaction characteristics, pH and specific gravity. Table 2 

sets out the physical and mechanical properties of the untreated soil, and Table 3 presents its 
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chemical composition. Figure 1 shows the untreated soil’s particle size distribution. The 

untreated soil mainly consists of silt (55%), fine sand (29%) and clay (16%). It is classified as 

lean clay (CL) according to the Unified Classification System ASTM D 2487 (2011), and as 

clayey silt soil (Cl Si) according to the Swedish standard (Larsson, 2008). Organic content, 

assessed by ignition test according to ASTM D2974 (2014) showed that organic content was 

4%, and the soil was therefore classified as having low organic content (Huang et al., 2009; 

Karlsson and Hansbo, 1989). 

2- Binders 

2-1 Petrit T  

The by-product, Petrit T was provided by Höganäs Sweden AB. It is produced from 

mixing limestone, coke and anthracite, and then heating the mixture to 1200°C in order to 

reduce iron ore into sponge iron. The total annual production of Petrit T is between 17,000 

and 20,000 metric tons (Haase, 2014). Table 3 present the chemical and physical properties. 

The cementing potential ratio (hydraulic properties) is expressed as a CaO/SiO2 ratio (Janz 

and Johansson, 2002). Petrit T has a CaO/SiO2 ratio is 1.9; therefore, it has the ability to react 

with water. The loss of ignition is 18%, which represents the unburned carbon in the binder.  

The x-ray diffraction (XRD) test indicates that the main chemical components of 

Petrit T binder consisted of 57% Larnite (dicalcium silicate), 28.3% Gehlenite (calcium-

silicon-aluminate), 11.5% quartz (silicon dioxide), and 3% Portlandite (calcium hydroxide) 

(Haase 2014). Therefore, Petrit T has high amounts of dicalcium silicate. This is similar to 

the clinker mineral C2S (belite) found in Portland cement and which is responsible for the 

increased strength of cement over a relatively long curing period due to the lower reactivity. 

2-2 Portland cement CEM II  

Portland limestone cement, CEM II, from Finja AB Sweden was used as a binder in 

this study. The chemical properties are listed in Table 3. The cementing potential ratio 

(CaO/SiO2) is 3.5. 
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Table 2. Engineering properties of tested soils. 

                                        Parameters Values 

Particle-size distribution (%)  
 Sand (%) (1-0.63mm) 29 
 Silt   (%)  (0.063 – 0.002 mm) 55 
 Clay (%)  ( < 0.002 mm) 16 
Consistency limits (%)  
Liquid limit (%)* 37 
Plasticity limit (%) 20 
Plasticity index (%) 18 
Proctor test  
Optimum moisture content (%) 12 
Maximum dry unit weight ( d max), t/m3 1.97 
Natural Water Content (%) 30 
Specific Gravity Gs  2.69 
Loss of Ignition % 4 

                                             * Determined by the fall cone test 
 
Table 3. Chemical properties of untreated soil, Petrit T and cement  

Parameter Soil (Petrit T) * Cement** 
Chemical properties    
Silicon oxide (SiO2) % 65.7 19.7 18 
Aluminum oxide (Al2O3) % 12.3 9.8 5 
Iron oxide (Fe2O3) 3.42 6,1  
Sulfur trioxide (SO3) %  3.75 3.3-4 
Magnesium oxide (MgO) % 1.31 1.14 1.1-1.3 
Calcium oxide (CaO) % 2.4 36.8 63 
Potassium oxide (K2O) % 2.84 0.63  
Sodium oxide (Na2O) % 2.81 0.23  
MnO % 0.0556 0.19  
P2O5 % 0.159 0.31  
TiO2 % 0.550 1.45  
Cementing potential ratio  (CaO/SiO2 )   1.9 3.5 
Physical properties    
Loss of Ignition % 4 18  
Moisture content % 30 0 0 
pH value 5 12.9 13.5 

                     * From (B. Hasse, personal communication, 15 February 2017). 
                ** From (I. Nilsson, personal communication, 03 August 2016).  
 

 
Fig. 1. Particle size distribution of untreated soil 
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Specimen Preparation and Testing methodology 

A standard procedure was used to prepare the specimens for the unconfined 

compressive tests (UCS). This procedure consisted of crumbling the untreated soil (with an 

initial water content of 30%), then adding the binder (here, cement or Petrit T) as a dried 

material in various proportions by soil dry mass (see Table 1). The soil binder mixture is 

mixed for ten minutes using a laboratory mixing machine. After this process, the blended 

mixtures were placed into 170 x 50mm cylindrical plastic tubes by hand. Each specimen was 

compacted in five layers using a Proctor hammer and a standard procedure and with 25 blows 

per layer. The compacted height of the specimen was 100mm. The tubes were then sealed 

using plastic covers and rubber lids at both ends to prevent access to water. The curing 

periods were set at 7, 14, 28, 60 and 90 days before testing. For curing, the specimens were 

placed inside a glass container partially filled with water (Fig.2) and then stored at a constant, 

controlled room temperature of 20°C. After curing, a mechanical jack was used to remove the 

specimens from the tubes, which were then tested using unconfined compression tests (UCS) 

at a testing rate of 1mm/minute until failure occurred. The specimen height-to-diameter ratio 

was 2. Prior to conducting the UCS tests, each specimen was cut and smoothed to ensure that 

end surfaces were parallel. The end plates were also lubricated to reduce friction. Water 

content and densities were determined in relation to the unconfined compression tests. All 

specimens for the unconfined compressive tests were prepared during a period of one hour 

after mixing the untreated soil with the binder. 

An identical procedure to that used for preparing the unconfined compressive 

specimens was used to prepare and cure the specimens for the consistency limit tests. 

However, in this instance, a light hammer was used for compaction instead of a Proctor 

hammer. This was done in order to remove any air bubbles. Before testing, and after curing, 

each specimen was removed from its tube. The liquid limit and plastic limit tests were 

conducted  Swedish standards SS 027120 (1990) and SS 027121 (1990). The liquid limit was 

determined using the fall cone method. The average of four tests was used to determine the 

liquid limit, whereas plastic limit was found from the average of five tests. 

Specimens for the particle size distribution tests (PSD) were prepared and cured in an 

identical way to the unconfined compressive specimens. Binder content was added as dry 

material at proportions of 4% and 7% by soil dry mass and then cured for 28 days. After 

curing, the specimens were removed from the tubes using a mechanical jack and tested using 

particle size analyzers CILAS 1064 based on the laser diffraction pattern analyzer. Prior to 

the PSD tests, both stabilized and unstabilized soil specimens were air-dried and ground 
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through 0.5-0.063 mm sieves. Then, approximately 5 g of the material that had been passed 

through the 0.063 mm seive was mixed with sufficient distilled water and subjected to the 

PSD analyzer (CILAS 1064).    

Soil pH tests were conducted after one hour of mixing soil with the binder by air 

drying and grinding the treated soil. Whilst, the measurement of pH values over time were 

conducted on air dried and ground material from the UCS specimens. These tests were 

conducted using an HI 208 pH meter with a built in magnetic stirrer. This procedure was 

applied according to ASTM D4972 (2013) and was used for both the treated and untreated 

soils. The pH value was determined as the average of three pH tests. A ratio of liquid to solid 

of 1 was used to mix the soil and distilled water. The mixture was poured into a glass 

container and thoroughly mixed for 2 minutes using a magnetic stirrer. The soil-water 

mixture was then allowed to stand for one hour for retention, and the mixing process was 

repeated every 10 minutes before pH value measurements were taken.  

   

 

 

 

 

 

 

 
Fig. 2. Laboratory mixer, Proctor hummer, mechanical jack and curing specimens prepared for UCS, PSD and 

consistency limits tests 
 
3. Results  

Consistency Limits (Atterberg limits) 

One of the main objectives of chemical treatment of soil is to accelerate construction 

work by improving the soil’s workability (Eskisar, 2015). Workability of the soil has been 

shown to improve by reducing the plasticity index (Baran et al., 2001). 

The immediate effect (after one hour) of mixing various amounts of binder (cement or 

Petrit T) on the treated soil’s consistency limits is presented in Fig. 3. The addition of small 

amounts of either type of binder (1% to 4%) had an immediate effect on increases in both the 

liquid limit (LL) and the Plastic limit (PL). The liquid limit remained almost constant for 

further increases from 4% to 7%, although it dropped at higher percentages of binder content 

(10% and 15%). The plastic limit slightly increased between 7% to 15% binder content 

Laboratory mixer Proctor hammer  Curing container  Mechanical jack 
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compared to the large increase at low binder contents (1% to 7%). Consequently, the 

plasticity index (PI) slightly increased at small binder content (1-4%) and then decreased as 

the binder content increased. From Fig. 3, it can be seen that the trends have generally been in 

the same direction, but with more marked effects for the cement treatment on both liquid and 

plastic limits. Moreover, both binder types have approximately the same behavior trend on 

reduced the plasticity index up to 10% binder content. In contrast, cement has more effect on 

reducing the plasticity index at high binder content (15%).  

The immediate increase in the liquid limit and plastic limit was due to flocculation 

and agglomeration caused by the hydration reaction. A similar trend is found in previous 

studies, for cement treatment, Chew et al. (2004) suggested that immediate increase in the 

liquid limit to the presence of entrapped water within the intra-aggregate pores after 

flocculation and agglomeration. In contrast, increased amounts of cement produced an 

increase in cementious products, and this lead to decreased liquid limits. Åhnberg et al. (2003) 

have reported increases in the liquid and plastic limit of Swedish soft clays after treatment 

with different binder types. For by-product soil stabilization, Athanasopoulou (2013) and 

Horpibulsuk et al. (2009) reported similar trends of an immediate increase in the plastic limit 

as fly ash content increased.  

Due to different trend between the liquid and plastic limits, the immediate reduction 

in the plasticity index with increasing binder content is due to increased flocculation and 

agglomeration of the soil particles. A similar trend has been observed by other previous 

studies for treated soil with different binder types (Bin-Shafique et al., 2010; Horpibulsuk et 

al., 2013; Asgari et al., 2015; Wang et al., 2012; Sariosseiri and Muhunthan, 2009). 

 Fig. 4 shows the long-term effects on the plasticity index after treatment. It can be 

seen that the trends are generally in the same direction (a decrease in the plasticity over time), 

but with more marked effects for the cement treatment. The reduction in the plasticity index 

is increased as binder content increased. Moreover, Fig. 4 shows that a 2% of Petrit T has 

approximately the same effects as adding 1% of cement. For both binder types, the decrease 

in the plasticity index is mainly due to increases in plastic limits and decreases in liquid limits 

over time. A similar trend of a decreasing plasticity index over time is consistent with 

(Åhnberg et al., 2003; Jiang et al., 2015; Chew et al., 2004). 

Thus, both binder types have approximately the same impact of an increase in the 

workability of the treated soil with increasing binder content during a short time (one hour) 

after treatment due to flocculation and agglomeration. Continuous improvements in soil 

workability are achieved after a relatively long period. 
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Water content and density 

 Fig. 5 shows the immediate effects of adding cement and Petrit T on the reduction in 

the soil water content after one hour of treatment. It is seen that the addition of both binders 

has the same trend of reducing the soil water content from its initial value (30%), but the 

effect is more marked for the cement rather than the Petrit T. The water in the soil-binder 

mixture comes from the untreated soil. The immediate reduction in water content is mainly 

related to the hydration reaction between the binder and the water. Cement has a greater 

effect on reducing the initial water content compared to Petrit T, and this is particularly so 

when binder content levels exceed 7% (see Fig. 5). This can be attributed to the variation in 

hydraulic properties between the two binders (see Table 3), which relates to the ability of 
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Figure 3. Immediate change in consistency limits versus binder content 
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each binder type to react with water. A similar trend of rapid decreases in soil moisture 

content is consistent with Sariosseiri and Muhunthan (2009) for cement treated soil, and with 

Mackiewicz and Ferguson (2005) and Misra (2000) for soil treated with self-cementing fly 

ash.  

Fig. 6 shows the effects of curing time on the water content of the treated soil with 

various amounts of binder. For both binders, it is clear that further decreases in water content 

can be observed with increasing time, with more dominated effect for cement treatment 

during the first 28 days of curing. In contrast, a gradual decrease in water content over time is 

observed for Petrit T treatment. This can be attributed to the lower reactivity of the main 

component C2S (belite) in Petrit T (compared to cement), which has four major components: 

C3S (alite) and C2S (belite) in addition to C3A (aluminate) and C4AF. The further reduction in 

water content is mainly related to the hydration and pozzolanic reactions of the binders as the 

specimens were cured in a sealed condition. A similar trend of decreases in soil water content 

over time was found by Jongpradist et al. (2009)  for Bangkok soft clay treated with cement 

and fly ash. The increase in soil water content for 4% and 7% cement content can be related 

to small leaks in the covers of the specimens, which led to absorption of moisture from the 

surroundings during the long curing period, as shown in Fig. 6. 

  

From Figs. 3 to 6, it can be seen that the reduction in water content is accompanied by 

a change in consistency limits. The relationship between water content and consistency limits 

due to the addition of cement or Petrit T is explained by the liquidity index (LI), eq. (1). The 

relationship between the liquidity index (LI) and binder content after one hour of treatment is 

presented in Fig. 7. With the addition of various amounts of binder, the liquidity index (LI) is 

Fig. 6. Effect of curing time and binder content on water content Fig. 5. Immediate reduction in water content versus binder content 
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seen to reduce from 0.6 (untreated soil) until it reaches the plastic limit (LI=0) at 3% and 7% 

binder content for cement and Petrit T, respectively. The liquidity index continuously 

decreases (below the plastic limit) as the binder content is increased. 

  …………….. (1) 

Where: LI: liquidity index, Wc: water content, PL: plastic limit, and PI: plasticity index. 

Fig. 8 shows the effect of curing time on the relationship between a reduction in water 

content and the liquidity index. It is seen that the increase in curing time cause a further 

decrease in the liquidity index with the decrease in water content. Thus, adding cement or 

Petrit T results in a reduction in the water content to close to the plastic limit after treatment. 

Åhnberg et al. (2003) have noted that a reduction in water content for natural soil from 

around the liquid limit towards the plastic limit is accompanied by an increase in soil 

strength. Consequently, the relationship between the consistency limit and soil strength after 

treatment will be discussed later in this study. 

 
The effect of the added cement and Petrit T on the bulk density of the soil after being 

treated with various percentage of binder is presented in Fig. 9. For both binder types, the soil 

density increases as the binder content and curing time is increased. The bulk density of the 

cement specimens is higher than for the Petrit T specimens due to adding 1% to 4% binder 

content. In contrast, a slight increase in the specimen density of Petrit T compared to cement 

is observed at 7% binder content and longer curing period (see Fig. 9). Consuming water 

content due to hydration and pozzolanic reactions produces a large amount of solid particles 

in the soil, which consequently leads to an increase in the density of the soil after treatment. 

An increase in density is related to the deposition of CSH (calcium-silicate hydrate) and CAH 
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(calcium- aluminate hydrate) gels, which are produced during the hydration and pozzolanic 

reactions. These substances fill the pore voids (Chew et al., 2004; Horpibulsuk et al., 2010; 

Åhnberg et al., 2003; Onitsuka and Junan, 1998).   

 
Fig. 9. Effect of binder content and curing time on specimen density for cement and Petrit T 

Particle size distribution (PSD) 

The result of the laser PSD tests for the passing from 63 μm of untreated and treated 

soil with cement and Petrit T at 7% binder content are presented in Fig. 10. It can be seen that 

both binders affect PSD after treatment by lowering PSD curves toward the granular side. 

Cement has more of an effect on reducing the finer parts compared to Petrit T. Table 4 

presents the percentage of clay size and silt size particles from the PSD curves for untreated 

and treated soil with cement and Petrit T. From Table 4, it can be seen that, after 28 days of 

curing time, the addition of 4% and 7% of cement content leads to reduction in the clay-sized 

fraction from 17% to 13% and 11%, respectively. On the other hand, the addition of 4% and 

7% of Petrit T reduces the percentage of clay-sized fraction to 14% and 13.4%, respectively. 

In addition, there is an increase in the silt sized particles for both binder types. 

The changes in the PSD of the treated soil is attributed to flocculation and 

agglomeration of the fine particles in the short term, in addition to the pozzolanic reactions as 

long-term effect (Jiang et al., 2015). As stated by Kampala and Horpibulsuk (2013) and  Tran 

et al. (2014), flocculation leads to agglomeration of fine particles within a short period, and 

the pozzolanic reaction leads to a coating of the surface of the soil particles by producing 

CSH and CAH gel. Both of the reactions contribute to an increase in the proportion of coarse-

grained particles. Similar observations regarding a changing PSD for cement, lime and by-

product treatment is consistent with previous studies (Osula, 1996; Jiang et al., 2015). 
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Fig. 10. PSD for untreated and treated soil with cement or Petrit T measured by CILAS 1064 

Table 4. PSD of treated and untreaed soil mesured by using CILAS 1064. 

Soil Binder 
content % 

Curing time 
(days) 

clay-sized particle %  
(< 2 μ m) 

Silt-sized particle % 
(2 to63 μ m) 

Untreated soil 0 0 17 83 

Cement Tretment
4 28 13 87 

7 28 10 89 

Petrit T  Treatment 
4 28 14 86 

7 28 13.4 86.6 

 

pH value 

Fig. 11 shows the immediate effects (after one hour) of adding cement and Petrit T on 

soil pH value. For both binders, the soil pH value rose from 5 to about 12.3 as the binder 

content was increased up to about 7%. Beyond that, the pH is slightly increased to 13 at 15% 

binder content. It is observed that both binder types have the same initial effect on increasing 

pH after treatment. The reaction of both cement and Petrit T with water leads to the release of 

calcium ions (Ca+2) and an increase in the pH value (Feng, 2002; Chew et al., 2004).  

The variation in pH value over time is presented in Fig. 12 for both cement and Petrit 

T. Regardless of the binder type and content, the pH value gradually decreases with 

increasing curing times. The major decreases in pH value for the cement treatment occurred 

during the first 28 days. In contrast, Petrit T has a gradual decrease over time. The decrease in 

pH is due to the consumption of (OH-) (Janz and Johansson, 2002). The reduction in pH 

value for cement treatment is higher than Petrit T. This can be attributed to the production of 

more CSH or CAH gels during the hydration and pozzolanic reactions. A similar trend for 

decreasing pH over time is reported by Saride et al. (2013). 
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Unconfined compressive strength (qu) 

Unconfined compressive tests were conducted on the untreated and treated soil, both 

of which were prepared in a similar way, for the same curing period and conditions. For the 

untreated soil, Fig. 13 A shows slight increases in unconfined compression strength (qu) over 

time from 22 kPa in the earlier stages to about 25 kPa at 90 days curing time. This can be 

related to a small variation in natural water content. Figs. 11 B, C and D show the effects of 

adding the two binder types (cement and Petrit T) on the improvement in soil strength. 

As mentioned earlier, cement has four major clinker minerals. In contrast, the major 

components of Petrit T are dicalcium silicate and calcium-silicon-aluminate. The dicalcium 

silicate is similar to the clinker mineral C2S (belite) in cement, which is responsible for a gain 

in strength over a relatively long curing period due to the lower reactivity. Therefore, the C2S 

reaction can explain the improvement in soil strength due to production of CSH and CAH gel 

from the hydration and pozzolanic reactions. 

An improvement in soil strength after treatment for both cement and Petrit T was 

observed when increasing binder content and curing time. This indicates the production of 

new cementing compounds such as calcium silicate hydrate (CSH) and calcium aluminate 

hydrate (CAH) gels from the hydration and pozzolanic reactions. At low binder content (1% 

and 2%), soil strength increases to 50 kPa due to the addition of 2% of Petrit T, and 52 and 97 

kPa due to the addition of 1 and 2% of cement content, respectively. For both binder, the 

improvement in soil strength occurred during the first 28 days of curing, with almost no 

further improvement for longer curing periods (see Fig. 13 B). Additionally, the pH 

Fig. 11. Immediate change in pH value versus binder content Fig. 12. Soil pH value versus curing time and binder content 
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concentrations can explain the lack of increase in soil strength for longer curing times. For 

the 60 and 90 days curing time, it was found that the pH concentrations of the treated soil 

were about 9.2 and 9 respectively for both cement and Petrit T (see Fig.12). As observed by 

Keller (1964), Hassan (2009) and Saride et al. (2013), a pH value higher than 10 is sufficient 

to dissolve silicates and aluminate and to produce additional cementing compounds from the 

pozzolanic reaction. For this reason, a longer curing time has no additional effect on strength 

as the pH value is below 10. 

Soil strength gradually increased with time when the binder content was increased 

from 2% to 4% for cement and Petrit T (see Fig. 13 C). A similar trend has also been 

observed, with notable strength development, for cement during the first 28 days compared to 

a gradual increase in soil strength over time for Petrit T when the binder content is increased 

from 4% to 7%, as shown in Fig. 13 D. The reduction in soil strength at 4% cement content is 

explained by an increase in water content for long curing periods (60 and 90 days) as 

discussed earlier (see Fig. 6). A similar trend of reduced soil strength for low cement content 

under saturation conditions has been observed by Arman et al. (1990) and Sariosseiri and 

Muhunthan (2009). 

The strength of the treated soil increases with binder content and curing time due to 

hydration and pozzolanic reactions. The gain in soil strength is noticed for the shorter curing 

time (28 days) for cement treatment, while it is more pronounced for Petrit T at longer curing 

periods (90 days). This trend is consistent with other studies on different soils treated with 

various binder types (Jiang et al., 2015; Kolias et al., 2005; Bin-Shafique et al., 2010; Rashid 

et al., 2014; Dingwen et al., 2013). 
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Consistency limit –UCS Relationship 

Fig. 14 shows the relationship between the liquidity index (LI) and the unconfined 

compression strength. It can be seen that there is a linear relationship between the increases in 

unconfined compression strength and the liquidity index.  

As discussed earlier, the addition of cement and Petrit T has the effect of reducing the 

water content (see Figs. 7 and 8). Thus, the ratio of water content to the plastic limit can have 

a major effect on the relationship between consistency limits and the unconfined compression 

strength as presented in Fig. 15. It can be seen that there is an increase in unconfined 

compression strength with a decrease in the water to plastic limit ratio. A scattered pattern is 

observed, especially when the water/plastic limit ratio approaches 1 (see Fig.15). A similar 

trend is consistent with Åhnberg et al. (2003) for soil treated with various binder types. 

 (B) 
Curing time (days)

0 20 40 60 80 100

U
nc

on
fin

ed
 c

om
pr

es
siv

e 
st

re
ng

th
, q

u 
(k

Pa
)

0

20

40

60

80

100

120

2% cement
Cement (mean)
2% Petrit T
Petrit T (mean)
1% cement

2% Cement

1% Cement
2% Petrit T

(A) 

Curing time (days)
0 20 40 60 80 100

U
nc

on
fin

ed
 c

om
pr

es
si

ve
 st

re
ng

th
, q

u 
(k

Pa
)

0

5

10

15

20

25

30

Mean

Untreated soil

Fig. 13. UCS versus curing time for different binder content for all tests 

 (C) 
Curing time (days)

0 20 40 60 80 100

U
nc

on
fin

ed
 c

om
pr

es
siv

e 
st

re
ng

th
, q

u 
(k

Pa
)

0

50

100

150

200

250

4 % Cement
Cement (mean)
4 % Petrit T 
Petrit T (mean)

4% Cement

4% Petrit T

 (D) 
Curing time (days)

0 20 40 60 80 100

U
nc

on
fin

ed
 c

om
pr

es
si

ve
 st

re
ng

th
, q

u 
(k

Pa
)

0

100

200

300

400

500

600

700

7 % cement
Cement (mean)
7 % Petrit T
Petrit T (mean)

7% Cement

7% Petrit T



(17) 

 

Stress-strain curves 

Fig. 16 shows typical stress-strain behaviors for the untreated and treated soils with 

cement and Petrit T at different binder content and curing times. Fig. 16 shows that the 

untreated soil has a low peak stress of 23 kPa combined with 24% failure strain. As the 

binder content increases, the peak strength increases. Failure strain, corresponding to the peak 

stress, decreases with an increase in binder content. At the peak stress, small cracks can 

clearly be observed on the surface of the specimen during the tests.  

For the cement treatment, a significant change in the stress-strain behavior is observed 

during the first curing period (28 days), with small changes for longer curing times. In 

contrast, for Petrit T, the most important change occurs with the long curing period (90 days) 

(Fig. 16 B, C and D). It can be seen that the stress-strain curve for 4% Petrit T is improved 

with a curing time from 14 days (Fig. 16 A) until it is almost similar to the stress-strain 

curves of 2% cement at 90 days curing time (see Fig. 16 D). A similar observation is valid for 

the addition of 2% of Petrit T compared to 1% of cement. The cement treated specimens with 

high cement content (7%) exhibit a more brittle failure than do the lower cement content and 

Petrit T specimens, where a more ductile behavior is observed (Fig. 16 D). The failure mode 

thus gradually changes from ductile failure to brittle failure as binder content increases.  

 A similar trend for a change in the behavior of the stress–strain curves has been 

observed by other researchers for various binder types (Dingwen et al., 2013; Chew et al., 

2004; Rashid et al., 2014; Sariosseiri and Muhunthan, 2009). 
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Strain at Failure 

The axial strain at failure versus curing time for untreated and treated soil is shown in 

Fig.17. A scatter pattern in failure strain is observed for the untreated soil (Fig. 17 A). In 

contrast, due to the addition of various amounts of cement or Petrit T, failure strain is 

significantly reduced with more effect from the cement treatment, as shown in Figs.17 B, C 

and D. For Petrit T, curing time has a less significant effect on reducing failure strain 

compared to cement, which exhibits major decreases in failure strain during the first 28 days. 

This can be attributed to produce more cementing components from the cement than Petrit T. 

Generally; the average failure strain for the long curing period (90 days ) and 7% binder 

content is less than for shorter curing times (seven days).    

Axial strain at failure versus unconfined compressive strength (qu) for both cement 

and Petrit T is presented in Fig. 18 for all samples and curing times. As the binder content 
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increases, strength increases and strain at failure decreases. A scattered pattern in measured 

failure strain is observed at low strengths (22 kPa for untreated soil). Moreover, a significant 

reduction in strain at failure was observed regarding different treatments with cement and 

Petrit T, which led to increases in soil strength of about 150 to 200 kPa. Further increases in 

soil strength prove less significant on decreasing failure strain. A similar trend has been 

observed in previous studies for different binders (Åhnberg et al., 2003; Rashid et al., 2014; 

Wang et al., 2013). 

 
Fig. 17. Strain at failure versus curing time and binder content for all tests 
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Fig. 18. Strain at failure versus UCS strength 

Soil stiffness  

The effects of the two binder types (cement and Petrit T) on the stiffness of treated 

soil with various binder content and curing times is presented in Fig. 19. The stiffness is 

defined by a secant modulus of elasticity (E50) of UCS specimens. E50 is evaluated from the 

stress–strain curve as 50% of the maximum unconfined compressive strength (qu). From Fig. 

19, it can be seen that the stiffness increases with an increase in binder content and curing 

times. 

The development characteristic curve of the modulus of elasticity (E50) over time has 

very similar trends to the development of unconfined compressive strength as presented in 

Fig.13. This can be related to the production of cementitious materials as a result of the 

hydration and pozzolanic reactions. A higher binder content produce more cementing 

components and vice versa. As discussed earlier, the production and deposition of cementing 

materials leads to an infill of the pore space, resulting in a denser structure with a 

corresponding increase in soil stiffness with curing time and binder content. The trend is 

consistent with other studies of treated soil with different binder types (Rashid et al., 2014; 

Sariosseiri and Muhunthan, 2009; Dingwen et al., 2013; Kolias et al., 2005).  

The relationship between unconfined compression strength and the modulus of 

elasticity, E50, for cement and Petrit T is shown in Fig. 20. An increase in soil stiffness was 

observed with an increase in soil strength. Based on the results shown in Fig. 20, the modulus 

of elasticity can be taken as being between 14 to 24 qu for Petrit T, and between 16 to 85 qu 

for the cement treatment. Table 5 presents the upper and lower ranges of soil stiffness, E50, 

times qu for various binder amounts of cement and Petrit T. 
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Fig. 19. Modulus of elasticity versus curing time and binder content for all test  

 

In terms of the relationship between E50 and qu, many authors (Al-Jabban et al., 

2017a; Rashid et al., 2014; Dingwen et al., 2013; Cai et al., 2015; Wang et al., 2013; 

Jongpradist et al., 2009; Lorenzo and Bergado, 2006; Ignat, 2015; Hassan, 2009) have 

reached varying conclusions about this relationship. A comparison between previous studies 

and present results is summarized in Table 6. The results obtained in this study agree in 

general with previous studies of cement treatment.    

For a comparison between the effectivness of cement and Petrit T as binders, an 

increase in soil stiffness or strength after treatment can be illustrated by the ratio between the 

stiffness or strength of the treated specimens to the stiffness or strength of the untreated soil 

specimens. Table 5 presents the improvement in soil stiffness and strength, values of failure 

strain and the relation between E50 - qu after treatment with cement or Petrit T. Table 5 shows 

that a comparable increase in soil stiffness and strength using cement as a binder can be 

achieved by adding double the amount of Petrit T and using long curing periods. A similar 

observation is also valid for the reduction in failure strain and the relationship between soil 

stiffness and UCS. 
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Fig. 20. Modulus of elasticity versus UCS strength for different binder contents and length of curing periods 
 

Table 5 Enhancement in soil strength and stiffness, failure strain and the relation between E50 - qu 
after treatment with two binder types 

Binder 
content 
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Enhancing in  soil 
Strength , qu 
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Table 6 Comparison between the relationship of elastic modulus (E50) and UCS (qu) 

Material 
Upper and lower range of soil 
stiffness times qu Reference 

Three type of soil in (silt, silty clay and laterite)  treated 
with cement (7% - 13% ) in Malaysia E50=(100 326)qu Rashid et al. (2014) 

Swedish clay treated with cement and lime (200 kg/m3 
(18%- 24%)) E50=(53 92)qu Ignat (2015) 

Clay treated with Cement (3% to 37%) in Finland E50=(100 200)qu Hassan (2009) 

Bangkok clay treated with cement (5% to 20%) E50=(115 150)qu 
Lorenzo and Bergado 

(2006) 
Soft Bangkok clay treated with (10% to 13%) of cement 
and cement kiln dust with partial replacement of 10 to 
20% fly ash 

E50=(99 159)qu Yoobanpot et al. (2017) 

Bangkok soft clay at high water content  treated with 
cement (5% 35%) and 
fly ash (5% 30%) 

E50=(96 129)qu Jongpradist et al. (2009) 

Chinese marine clay at high salt concentration treated 
with cement (10% to 20%) E50=(150 275)qu Dingwen et al. (2013) 

Chinese Silt soil carbonated with reactive MgO 
(5% 30%) E50=(30 200)qu Cai et al. (2015) 

Marine sediments in France treated  with cement, lime 
and fly ash (3%-9%) E50=(60 170)qu Wang et al. (2013) 

Swedish clayey silt soil treated with two binder types 
cement CEM II (1%-7%) and  by-product Petrtit T (2%-
7%) 

E50=(16 85)qu , 
E50=(14 24)qu 

Present study 

 

Conclusion 

The following conclusions can be drawn from the present study: 

 Cement is more effective on improving the physical and engineering properties of treated 
soil. The same effect can be achieved by using the double amount of Petrit T and long 
curing periods. 

 Adding small percentages of the two binder types (up to 10%) has approximately the same 
trend of behaviors in terms of the decrease the plasticity index. Cement has more effect with 
further increases in binder content. Due to a reduction in the plasticity index, the treated soil 
exhibited better workability directly after treatment and  it is increased wiht time. 

 Cement and Petrit T have effects on the particle size distribution curves towards the 
granular side. The clay particles were reduced and coarse-sized particles increased after 
treatment.  

 The addition of dry binders of cement and Petrit T have immediate effect on decreasing the 
initial water content. In addition, further reduction in soil water content can be observed 
over time. The reduction in soil water content has a more dominant effect from cement 
during the first 28 days of curing, compared to Petrit T, which shows gradual decreases in 
water content over time.  

 The density of treated soil with cement and Petrit T is increased with increasing binder 
content and curing time.  

 Axial strain at failure was decreased by an increase in the binder content and curing time 
with more effects for cement treatment. Treated soil with 7% cement exhibits a more brittle 
failure than for lower cement content and Petrit T, where a more ductile behavior is 
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observed. Gradual change in failure mode is observed from plastic to brittle failure when 
compared to untreated soil. 

 pH, in connection with other variables, provides useful assessment information to describe 
soil binder reactions. A pH value lower than 9 is not sufficient to initialize the pozzolanic 
reaction and leads to a lack of improved soil strength for the long curing periods. 
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