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Abstract 
Sulfide soils are silty soils, often found in saturated conditions, under the groundwater level. 
Characteristics of these soils, including particle size distribution and consistency limits along with 
chemical composition and environmental properties, cause excavation to be necessary for 
construction purposes. The excavated sulfide soil usually is transported and deposited in landfills. 
These soils are either deposited in saturated conditions or chemical buffers are added to the soil 
to prevent acidification. Special conditions of these landfills complicate the disposal procedure 
and the landfill maintenance which makes those financially expensive.   
Reusing sulfide soil in construction is a solution to reduce the expenses related to the 
management of sulfide soils. Since the mechanical properties of these soils are not suitable for 
construction purposes, the first step is to improve soil characteristics to the level that fulfills the 
needs of construction applications. One solution to improve the mechanical properties of the 
soil is adding a binder to the soil. 
The main focus of the research was to improve the mechanical properties of soil. The research 
activities were divided into two parts. The first part was conducted in a laboratory environment 
to develop mixtures, while the second focused on transferring the results to field conditions. The 
laboratory tests included mixing soil and binder i.e., cement was added to the soil at different 
percentages to evaluate the soil improvement. An unconfined compressive strength (UCS) test 
was conducted on the stabilized sample to evaluate the efficiency of the stabilization. The results 
of UCS for the stabilized samples were compared. Since the soil contains a high amount of water, 
the traditional sample preparation was not suitable. Therefore, an alternative method was 
developed and evaluated. Moreover, the effect of curing time on the strength and consistency 
limit of stabilized samples was evaluated. At last, the effect of different variables, including 
porosity, binder content and initial water content, on the UCS of soil was investigated to identify 
potential correlation between UCS and different soil variables.  
The results of the tests showed that adding a binder, regardless of the type of sulfide soil, 
positively affects the UCS of prepared samples and increasing the curing time increased the UCS 
of the samples. At higher cement content, the effect of curing time was more significant. Also, 
it was shown that at higher water content, the effect of binder is lower in comparison with the 
same soil at lower water content. By lowering the water content, the strength of stabilized soil 
reaches a maximum and drying further the soil, below the optimum water content, led to 
strength reduction. A correlation between UCS of sample and porosity/binder ratio was 
employed to predict the strength behavior of stabilized soil based on variables such as porosity, 
initial water content and binder dosage. 
In order to evaluate if laboratory results can be applied to geotechnical applications, the second 
part of this research included a field mixing experiment for a large-scale mixture of soil and 
cement. The effect of the mixing procedure with common equipment on the homogeneity of 
industrial-size mixture was investigated. A sampling strategy for collecting representative samples 
of mixture was selected and assessed. the number of mixing steps and the effect of binder dosage 
on the uniformity of samples were studied. Results of UCS of samples prepared from field and 
laboratory mixture were compared and evaluated. A field evaluation was conducted to determine 
the quality of the mixture and how many mixing steps are required to reduce variability between 
samples. Two different percentages of binder were added to the 5 Tons of soil. The UCS test 
samples were prepared from the soil-cement mixture in the same way as they were prepared in 
the laboratory and cured for a specific time. The UCS test was conducted on cured samples. The 
test results were compared to evaluate the mixture homogeneity in the field.  
The results showed that homogeneous mixtures can be obtained in the field with the available 
equipment. Assessing the sampling strategy showed that increasing the sampling sections from 5 
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to 12 and preparing single UCS sample from the collected soil provides representative samples 
from the soil mixture pile. Additionally, it was shown that by increasing mixing steps from 2 to 
3, it was possible to eliminate samples with notable lower strength than average UCS. A greater 
number of mixing steps improves homogeneity while reducing the average UCS. It was found 
that mixing soil and binder in the laboratory improves strength better than mixing them in the 
field. When applying laboratory results to field design, this point must be taken into account. 
  

5774588_Inlaga.indd   65774588_Inlaga.indd   6 2022-12-13   08:012022-12-13   08:01



 

IV 

 

Table of Contents 

1 CHAPTER 1: INTRODUCTION ....................................................... 1 
1.1 Sulfur-rich soil and sulfide soil .............................................................................. 1 
1.2 Sulfide soil excavation and disposal........................................................................ 1 
1.3 Scope and aims ..................................................................................................... 2 
1.4 Structure of thesis ................................................................................................. 2 

2 CHAPTER 2: BACKGROUND .......................................................... 3 
2.1 Soil stabilization .................................................................................................... 3 
2.2 Type of additive ................................................................................................... 3 

2.2.1 Cement as binder ......................................................................................... 3 
2.2.2 Mechanism ................................................................................................... 3 

3 CHAPTER 3: LABORATORY AND FIELD EXPERIMENTAL INVESTIGATION
 ............................................................................................................... 5 
3.1 Material and method ............................................................................................. 5 

3.1.1 Method for soil characterization of soil ........................................................ 5 
3.1.2 Results of soil characterization ..................................................................... 5 
3.1.3 Binder .......................................................................................................... 7 
3.1.4 Mixture and sample preparation ................................................................... 7 
3.1.5 Laboratory soil compaction and sample preparation .................................... 8 
3.1.6 Curing time .................................................................................................. 9 
3.1.7 Uniaxial test ................................................................................................. 9 
3.1.8 Consistency limits ........................................................................................ 9 

3.2 Experimental work ............................................................................................... 9 
3.2.1 Laboratory set up ......................................................................................... 9 
3.2.2 Field mixing Experiment ............................................................................. 9 

4 CHAPTER4: RESULTS ..................................................................... 11 
4.1 Sample preparation results ................................................................................... 11 
4.2 Stabilization of the sulfide soil samples (preliminary study) ................................... 12 

4.2.1 Consistency limits ...................................................................................... 12 
4.2.2 UCS results ................................................................................................ 12 
4.2.3 Relationship between soil strength and principal variables ........................ 14 
4.2.4 Industrial size mixing procedure and the effect on strength of stabilized 

samples ....................................................................................................... 16 

5 CHAPTER 5: DISCUSSION .............................................................. 15 
5.1 Methods of Sample preparation ........................................................................... 19 
5.2 Laboratory results discussion................................................................................ 19 

5.2.1 Consistency limits ...................................................................................... 19 
5.2.2 UCS results discussion ................................................................................ 20 
5.2.3 Evaluation of the field mixing .................................................................... 22 
5.2.4 Effect of increasing mixing step on homogeneity of mixture .................... 22 
5.2.5 Comparison results of laboratory and field experiment .............................. 23 

6 CHAPTER 6: CONCLUSIONS ......................................................... 24 

7 CHAPTER 7: FUTURE RESEARCH ............................................... 26 
 

5774588_Inlaga.indd   75774588_Inlaga.indd   7 2022-12-13   08:012022-12-13   08:01



 

VI 

 

 
Table of Figures 
Figure 1 Soils origin ................................................................................................................ 5 
Figure 2  Comparison of particle size distribution curve of studied soil .................................... 6 
Figure 3 Comparison of water content and consistency limits of soils ...................................... 6 
Figure 4 Comparison between results of modified proctor tests of different soil ....................... 6 
Figure 5 (a) Layers of sample preparation (b) Hammer (c) Sample ............................................ 8 
Figure 6 (a) sample prepared by tapping at 50% water content, and (b) Sample prepared by 
tapping method at 24% water content for 4% binder content mixture ................................... 11 
Figure 7 Average density of samples, prepared by tapping and hammering method at original 
water content (50%) vs binder percentage ............................................................................. 11 
Figure 8 Average density of samples, prepared by tapping and hammering method at original 
water content (50%) vs binder percentage ............................................................................. 12 
Figure 9 Consistency limits of binder-soil mixture for 14 days curing  ................................... 12 
Figure 10 UCS of sample vs curing time at different percentages of binder for soil No.1 (MC: 
binder percentage) ................................................................................................................ 13 
Figure 11 Strain vs curing time at different percentages of binder for soil No.1 (MC: binder 
percentage) ........................................................................................................................... 13 
Figure 12 Comparison of stabilization effect of 12% Multicem on two sulfide soils after 28 days 
curing ................................................................................................................................... 14 
Figure 13 Average dry density and water content of samples cured for 28 days (ω: water 
content) ................................................................................................................................ 14 
Figure 14 Relation between unconfined compressive strength with binder percentage for soil 
with various water content  𝑀𝑀𝑀𝑀:𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑝𝑝𝐵𝐵𝐵𝐵𝑝𝑝𝐵𝐵𝐵𝐵𝑝𝑝𝑝𝑝𝑝𝑝𝐵𝐵,𝐵𝐵𝐵𝐵: 𝐿𝐿𝐵𝐵𝐵𝐵𝐵𝐵 𝐵𝐵𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝𝐵𝐵𝑒𝑒𝐵𝐵 𝑝𝑝𝑒𝑒𝐵𝐵�𝑝𝑝𝑝𝑝𝐵𝐵𝑝𝑝� ........ 15 
Figure 15 Relation between porosity and binder content in different initial soil water content
 ............................................................................................................................................. 15 
Figure 16 Relation between undrained shear strength and porosity in different soil initial water 
content ................................................................................................................................. 15 
Figure 17 unconfined compressive strength of soil vs (porosity/volumetric cement) .............. 16 
Figure 18  UCS results of samples taken from mixtures with 7% cement, after the third mixing 
step. Six replicates from five sampled sections were prepared and tested after x days curing .... 17 
Figure 19 UCS of samples for mixing steps after 28 days of curing time after choosing new 
method of sampling .............................................................................................................. 18 
Figure 20 Comparison of laboratory and field UCS for different soil–binder mixture with Mulitcem .... 18 
Figure 21 Adjusting porosity/volumetric binder ratio for predicting unconfined compressive 
strength of samples ................................................................................................................ 22 
Figure 22 Residual values of the UCS results of 5 %Multicem .............................................. 23 

5774588_Inlaga.indd   85774588_Inlaga.indd   8 2022-12-13   08:012022-12-13   08:01



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 1 
INTRODUCTION

5774588_Inlaga.indd   95774588_Inlaga.indd   9 2022-12-13   08:022022-12-13   08:02



 

 

 

 
 

5774588_Inlaga.indd   105774588_Inlaga.indd   10 2022-12-13   08:022022-12-13   08:02



CHAPTER 1 
INTRODUCTION 
-------------------------------------------------------------------------------------------------                            

1 

 

 
1 CHAPTER 1: INTRODUCTION 

1.1 Sulfur-rich soil and sulfide soil 
Sulfur-rich soils are fine-grained sediments containing sulfidic minerals i.e., iron sulfide and iron 
disulfide. The iron sulfide minerals are formed in the soil as the result of a bacterial reduction of 
sulfate to sulfide while organic matter is oxidized. Acid sulfate soils can be classified as potential 
or actual acid sulfate soil. Sulfur-rich soils containing metal sulfides but not yet oxidized or 
(exposed to oxygen) with the potential to generate an acid leachate are called potential acid sulfate 
soils and are referred as sulfide soil in this thesis. An actual acid sulfate soil is a soil that has already 
been oxidized and is already acidic.  
Sulfide soils can be found worldwide in Australia, New Zealand, India, South Asia, the US, and 
South America and etc. Acid sulfate (AS) soils cover over 17 million ha worldwide (Andriesse 
and Van Mensvoort 2002)). Also, the Coastlines of Sweden and Finland, along the Gulf of 
Bothnia contain large amounts of sulfide soil. Typical sulfide soils are the clayey sediments 
contain organic material and iron sulfides. These sediments are often referred to as gyttja clay (3–
6% organic matter)(Sohlenius and Öborn 2004). High organic matter and water contents are 
distinctive features of this type of soil. In Sweden and Finland, fine-grained clay (and silt) 
sediments originally formed at the bottom of the Baltic Littorina Sea, are often used as arable 
land or for forestry. These sediments were deposited after the latest deglaciation and have been 
uplifted due to the ongoing isostatic land upheaval (Sohlenius and Öborn 2004).  
If a sulfide soil is exposed to oxygen, the sulfide minerals may oxidize. Soils lacking sufficient 
buffering capacity generate an acid leachate, which leads to metal ion mobilization such as 
Aluminum and Zinc in low pH environments. The exposure of soil to oxygen may have several 
reasons such as excavation for construction purposes, lowering of the groundwater level due to 
land upheaval, natural drainage, human activities, and climate change.  A consequence of the 
acid generation in the oxidized soil is the mobilization of metals and the consequent affect aquatic 
ecosystems, degradation of concrete construction and corrosion of steel infrastructures. The 
acidification of pore water mobilizes a fraction of the metal found in the soil and as pH drops 
below 4-5, the concentrations of Aluminum, Zinc and Nickel reach to a harmful level for aquatic 
life. Environmental hazards and adverse impact of acidification as a consequence of the metal 
mobilization have been reported in several studies (Sammut, White et al. 1996, Wilson, White 
et al. 1999, Callinan, Sammut et al. 2005, Mosley, Zammit et al. 2014, Karimian, Johnston et 
al. 2018)   The acid-producing capacity of a soil is dependent on its sulfur content and its 
buffering capacity. 
 

1.2 Sulfide soil excavation and disposal 
Besides potential environmental and health issues related to the oxidation of the sulfide minerals, 
sulfide soil is unsuitable for construction purposes. Sulfide soil was formed at the bottom of a sea 
and has been kept under saturated conditions. It contains high amount of water, usually above 
the liquid limit of the material. Additionally, this soil is classified in the category of silty, silty clay 
soil with fine particles. The prolonged ability of silty soils to retain and lose water under stress 
makes them inadequate for construction (eg, roads and foundations) as the building will be 
exposed to settlements due to shifting and expanding quality of silty soil and causing long term 
stress and risk of structural damage or failure. Besides, the presence of this type of soils in the 
road or railway base exposed to frost in cold region is problematic, causing cracks and differential 
settlements. Therefore, sulfide soils are often excavated and substituted with material with better 
geotechnical properties. The excavated soils are either disposed in landfills with special 
maintenance to prevent environmental hazards or used in earth construction designed to receive 
these soils and prevent oxidation to some extent. Both alternatives are costly and imply a non-
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negligible environmental footprint linked to transport and replacement of materials. Stabilizing 
these soils to improve their mechanical characteristics would facilitate their use in constructions 
and help to reduce the volume of soil that need to be landfilled and reduce costs associated with 
management of excavated sulfide soil. For example, the stabilized soil could be used as 
construction material in construction applications such as embankments, in slopes and roads. To 
stabilize soil, mixing soil with binders such as cement is a feasible method to enhance the 
characteristics of this material to a level suitable for geotechnical applications. Study on stabilized 
sulfide soil increases the need of laboratory investigations and tests on stabilized soil samples under 
controlled environment to understand the behavior of the soil, Therefore, having an efficient 
sample preparation method in the laboratory can save time and energy as well as increase 
accuracy.  The knowledge regarding the factors that affect soil stabilization as well as their 
importance in relation to each other, is another matter that needs to be taken into consideration 
and will need to be addressed.  Additionally, mixing silty clay soil containing high water content 
with dry materials like cement to achieve a homogeneous mixture is a challenge in large scale 
because of the consistency of the soil. 
  

1.3 Scope and aims 
The aim of this work was to assess the possibility of using excavated sulfide soil in the 
geotechnical application as construction material, after upgrading.  
This was achieved by: 

 An efficient sample preparation method for high-water-content soils 
 Improving the properties of sulfur-rich soil by adding cement-based binder 
 Assessing potential factors affecting sulfide soil stabilization 
 An evaluation of the effects of industrial mixing on soil-binder mixtures 

1.4 Structure of thesis 
This thesis has two parts: a summary and two appendices, including two papers. The first part 
consists of the following: 
Chapter 2 outlines the definition of soil stabilization, materials for soil stabilization, effects of 
soil stabilization, and significant results of previous research. 
Chapter 3 describes the characterization of the materials used for the study, the preparation 
method and details of the mixture, the preparation of samples, and the use of the uniaxial test. 
Also, a summary of experimental work done for the purpose of this research is presented. 
Chapter 4 presents the main laboratory results regarding sample preparation methods, 
stabilization of sulfide soil, principal variables affecting stabilization of this soil and field mixing 
experience. 
Chapter 5 discusses obtained results from the laboratory and field. 
Chapter 6 presents remarked conclusions. 
Chapter 7 outlines ideas for future research. 
 
Second part Presents: 
Appendix I presents Paper II (Relation between porosity and unconfined compressive strength 
undrained shear strength of cement stabilized Sulfur rich soil) which is going to be summitted. 
 
Appendix II includes paper I (Performance of excavated sulfur-rich soil stabilized with binder 
– a field study of mixing efficiency) which is submitted.
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2 CHAPTER 2: BACKGROUND 

2.1 Soil stabilization 
Soil stabilization involves the application of chemical admixtures and stabilizing agents. To 
increase a soil strength and durability, binder is added to modify its physical and engineering 
properties. 
 This chapter is divided into two parts. A variety of common binders are introduced in the first 
part of the chapter, including lime, cement, industrial byproducts, fly ashes, and cement kiln 
dust. The mechanism of the reaction, factors affecting strength development, and optimum 
binder content are also discussed for cement. The second part discusses the effect of adding 
cement-based binder on the behavior of soils. 
 

2.2 Type of additive 
Soft soils can be stabilized or improved with a variety of additives. Among them are cement, 
lime, fly ashes, cement kiln dust (CKD), and blast furnace slag (BFS). Hydraulic and non-
hydraulic binders are the two main types of binders. Activating the hydraulic binders self-curing 
properties requires water. A catalyst initiating the reaction is not necessary for the hydraulic 
binders but is needed for the non-hydraulic binders. Unlike pozzolanic reactions, which take 
weeks to complete, cement reactions occur very quickly. To understand if the stabilized soil is 
solid and durable, one must understand the chemical reaction of binders. Here cement binder 
reaction will be discussed as binder that has been used in this research. 
 
2.2.1 Cement as binder 
Cement is a common and effective stabilizer for soil. The technique has been extensively used 
for soil stabilization for many years in different research (Kezdi 1979, Sherwood 1993, Bell 1995, 
Bhatty, Bhattacharja et al. 1996, Prusinski and Bhattacharja 1999, Mohammad, Raghavandra et 
al. 2000, Zhang and Tao 2008, Altun, Sezer et al. 2009, Horpibulsuk, Rachan et al. 2010, 
Anagnostopoulos 2015, de Jesús Arrieta Baldovino, dos Santos Izzo et al. 2021). The hydraulic 
properties of cement make it an effective binder for stabilizing soils of all types of especially soil 
with high water content. 
 
2.2.2 Mechanism 
Soil-cement reactions (hydration and pozzolanic reactions) produce cementitious materials 
(Mitchell 1976). Hydration reactions occur when cement is mixed with water. A rapid hydration 
reaction produces calcium silicate hydrates (CSH) and calcium aluminate hydrates (CAH) (Moh 
1962). Kezdi (1979) reported that cement products bind soil particles together over time, 
forming a strong, hard mixture. The pH level increases as calcium ions are rapidly released during 
the hydration of lime Ca(Ca (OH)2, a third cementitious product. C3S and C2S are responsible 
for the strength gain. Due to the C3S reaction, cement hardened rapidly, whereas C2S lower 
reactivity caused cement to harden more slowly. Cement reaction rate is determined by 
temperature and grain size. 
Treatment with cement improves the soil physical and engineering properties, such as reducing 
moisture content and plasticity index, and increasing strength and stiffness. Several studies have 
evaluated the enhancement in soil strength in the short and long-term using various laboratory 
methods. Due to the hydration reaction, adding cement to wet soil immediately reduced its 
water content. Over time, hydration and pozzolanic reactions produced an additional drying 
effect. As a result, the soil mixture dried because the water content decreased rapidly after mixing 
and over time. The strength and compaction properties of soils were also improved by cement. 
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Mixing fine-grain soils with cement reduced the maximum dry density and improved the 
optimum moisture content, according to (Kezdi 1979). As soon as cement is added to a mixture, 
it increases the liquid limit and reduces the plasticity index. Various  amounts of cement (3% to 
16%) were added to fine-grained and coarse-grained soils to determine the unconfined 
compressive strength after 28 days (Mitchell 1976) . It was found out that the unconfined 
compressive strength for both fine and coarse-grained soils increased with an increased cement 
content. A more pronounced effect was found for coarse-grained soil. It was also observed that 
the unconfined compressive strength of cement-stabilized soil improved over time. 
Several studies have focused on the effect of adding cement to the fine-grained soil in order to 
modify their mechanical characteristics (Eskisar 2015). It was shown that adding cement to a low 
plasticity soil improves the Unconfined compressive strength of soil (UCS). Sariosseiri and 
Muhunthan (2009) have shown that by increasing the amount of cement in the mixture of low-
plasticity soil, the failure behavior of soil changes from plastic to brittle behavior meaning more 
cement to the mixture decrease ductility of samples. It is also shown that while adding cement 
to the low-plasticity soil first increase the plasticity index of soil, adding a higher amount of 
cement decrease the plastic limit (Asgari, Baghebanzadeh Dezfuli et al. 2015). In soft clay, the 
liquid limits as not affected by cement treatment. On the other hand, the plastic limit significantly 
increased with cement content and curing time with consequent reduction in plasticity index 
(Uddin 1997). The water /cement ratio is another parameter that can affect the final result of 
stabilization by cement. Horpibulsuk, Miura et al. (2003) showed that reducing water/cement 
ratio has a positive effect on strength improvement in high-plasticity clay soils.  It shows that 
while adding a small amount of cement has a positive effect on the consistency and strength of 
soils, the strength of soil was deteriorated by adding more than 30% of cement to the soil. More 
importantly, in view of the cement production high energy consumption and carbon footprint, 
the ability to identify/predict the optimum soil–cement mix design for a desired application can 
lead to significant cost and environmental benefits. In this context, a number of studies have 
proposed various forms of empirical/regression, physical and constitutive models capable of 
simulating the shear strength, mainly unconfined compressive strength (UCS), of compacted 
soil-cement blends (Soltani, Deng et al. 2020). 
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3 CHAPTER 3: LABORATORY AND FIELD 
EXPERIMENTAL INVESTIGATION 

The chapter is divided into two parts. The first part consists of an introduction to the 
characteristics of material for this study. Also, it introduces a method for sample preparation that 
can be applied to different parts of this research. Then it briefly explains about curing, tests and 
measurements. The results of a preliminary laboratory study on this part aroused the idea of 
papers The second part presents a summary of laboratory and field study based on investigation 
regarding sulfide soil stabilization. The soils presented in this section have been used for the 
purpose of both preliminary study and the papers. They were excavated from different locations 
and at different times. However, due to their common characteristics, they are classified as sulfide 
soils.  
 

3.1 Material and method 
3.1.1 Method for soil characterization of soil 
Different soils originating from Northern Sweden, excavated in Umeå and Skellefteå have been 
used (see Figure 1). A variety of tests were conducted to classify the soils, including particle size 
distribution (sieving and sedimentation), consistency limits (Fall cone test for liquid limit), loss 
on ignition (at 450° C), chemical composition (SS EN ISO 17294), compaction characteristics 
(Modified proctor test), and specific gravity Testing was performed based on the standards listed 
in Paper I. 
 
3.1.2 Results of soil characterization 
In  
Figure 2  , the particle size distributions of the tested soils for preliminary study are presented, 
indicating that soil No.2 has a higher content of clay particles than soil No.1. Figure 3 shows 
that the water content was higher than the liquid limit for both soils. The plasticity indices for 
soils No.1 and No.2 are 7% and 10%, respectively. The loss on ignition was 3.5 % for soil No.1 
and 5% for soil No.2. Figure 4 shows the results of the compaction proctor test. The Maximum 
density of soil No.1 was 1,57 g/cm3 with an optimum water content of 15%. At a water content 
of 22%, soil No.2 has a density of 1,52 g/cm3. The specific gravity of soil No.1 and soil No.2 
were measured to 2.7 and 2.58, respectively. The summary of results is presented in Table 1. 
Soils used for the purpose of paper I and II were characterized. Particle size distribution curve, 
proctor test and summary of results are presented in Figure 2 to Figure 4 and Table 1 respectively 

 
Figure 1 Soils origin 
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Figure 2  Comparison of particle size distribution curve of studied soil 
 

 
Figure 3 Comparison of water content and consistency limits of soils 

 
 

 
Figure 4 Comparison between results of modified proctor tests of different soil 
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Table 1 Summary of the soil properties1 
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No.1 

Umeå  
3 32 25 3.5 1.57 15 2.7 

No.2 

Skelefteå 
10 34 24 5 1.52 22 2.58 

Paper I 

Umeå 
10 33 23 3 - - - 

Paper II 

Umeå 
10 33 26 4 1.59 16 2.67 

 
3.1.2.1 Material comparison 
The particle size distribution curve showed that the two investigated soils are in the category 
silty clays. The results of consistency limit measurements showed that soil No.1 is low plasticity 
soil and soil No.2 has medium plasticity (Prakash 2002). The amount of clay particles in soil No. 
2 is higher which explains its higher plasticity compared to soil No.1. Although the results of 
proctor compaction tests showed low density at optimum water content for both soils. Soil No.1 
was compacted relatively higher density than soil No.2. The difference between compaction 
properties (Maximum density and optimum water content) can be due to difference between 
particle size distribution of soils. 
 
3.1.3 Binder 
Multicem is a blend of CKD and cement from Cementa. It is ready-mixed in the factory and 
delivered in bulk trucks. It has equivalent properties and mixing ratio as lime cement (KC) 
(Cementa website). During the production process, the raw material such as limestone is replaced 
with CKD according to a specific recipe at the plant site (Al-Jabban, Knutsson et al. 2017).  
 
3.1.4 Mixture and sample preparation 
3.1.4.1 Binder dosage 
Mixture preparation was started by mixing pure soil by a stand mixer to homogenize the soil 
before adding the binder. Next step was adding binder to the soil.  
 
The binder content was measured based on percentage of dry content of soil and was calculated 
based on following formula. 
 

 
1 Liquid limit (LL), Plastic limit (PL) 
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𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝐵𝐵𝑎𝑎�𝑔𝑔� � 𝐵𝐵𝐵𝐵𝑑𝑑𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑝𝑝𝐵𝐵𝐵𝐵𝑝𝑝𝐵𝐵𝐵𝐵𝑎𝑎𝑎𝑎𝑔𝑔𝐵𝐵�%� � �𝐵𝐵𝑎𝑎 𝑑𝑑𝑎𝑎𝐵𝐵𝑠𝑠 �𝐵𝐵𝐵𝐵𝑔𝑔�𝑎𝑎�𝑔𝑔�
��%�  

 
Binder was added to the homogenized soil and mixed with stand mixer for at least three minute 
to have a uniform soil-binder mixture. Since the addition of a dry binder reduces the overall 
water content in the mixture, no release of excess water during the sample mixing was observed. 
In this experiment, 4 different percentage of Multicem (4%,6%,8%,12%) were added to the soil. 
 
3.1.5 Laboratory soil compaction and sample preparation 
Soil compaction consists in applying a mechanical compaction effort to increase soil density, by 
reducing the void (porosity) between soil particles. The compaction process involves pressing 
particles together to reduce the space between them. The water content is a key parameter that 
has a major effect on soil compaction ability. As described in the introduction, Sulfide soil 
naturally contains a high amount of water, also after excavation. Therefore, it was chosen to 
work with soil with high water content. 
Available standard methods for sample preparation are not adapted to soil at water content above 
the liquid limit. Using proctor and hand proctor compaction led to unequal density in prepared 
samples. 
Two methods were introduced as alternatives to the proctor method. First, pressing samples by 
a hydraulic press to the required density, second tapping method. 
The pressing method included preparing a specific amount of the mixture and adding it to the 
mold and pressing the material in the mold until the volume necessary to reach the required 
density. 
The second method used was the “tapping method”. This molding technique has been studied 
by the Tokyo Institute of Technology (TIT), the Sapienza University of Rome (UR), the 
University of Coimbra (UC) and the Swedish Geotechnical Institute (SGI) to investigate the 
influence of molding technique on density and unconfined compressive strength of soil (Al-
Jabban, Laue et al. 2020).This method consists of filling a standard tube with 5 layers of soil and 
tapping the tube 30 times to the working surface after each soil layer is added (Figure 5 a). 
As the tapping method is practical for mixtures with high water content, it is not for drier 
material. Therefore, to have one method that works for all type of mixtures in laboratory, a third 
method was tested; using a small hammer (Figure 5 b) to compact the material in a sample tube. 
Material was hammered in 5 layers, similar to the tapping method. Instead of tabbing the tube 
30 times to surface the soil layer was hammered 30 times. The density of a mixture with 50 % 
water content and 4, 6, 8% binder, compacted with both methods were compared to ensure that 
samples prepared with both methods are comparable. This method was used for sample 
preparation in paper 2. Samples are prepared in sample tubes with 5 cm diameter and 10 cm 
height (Figure 5 c) 

 
Figure 5 (a) Layers of sample preparation (b) Hammer (c) Sample 
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3.1.6 Curing time 
In order to prevent evaporation, all the prepared samples were covered with lids and sealed. It is 
recommended that cement-based binders cure for seven, fourteen, 28 and 90 days. As soon as 
the samples were prepared by tabbing method, they were kept in the stable laboratory 
environment. A room with the most stable temperature in the laboratory was used to store the 
samples. In order to reduce the risk of drying during curing time, the samples were preserved in 
an airtight container with high humidity. 
 
3.1.7 Uniaxial test 
After each curing time, samples were taken out of the tubes. At higher percentage of binder 
there was a risk that the samples outer surface adheres to the tube. Therefore, the tubes were 
lubricated prior to filling. Also, the tubes had a longitudinal opening which made sample 
extraction easier and reduced the risk of disturbing samples.  
The height and weight of each sample were measured to measurer density. The uniaxial test was 
conducted on the samples according to the ASTM standard. In paper I and paper II more details 
regarding the uniaxial test are presented. 
 
3.1.8 Consistency limits 
The liquid and plastic limit tests were then performed on random cured samples according to 
ASTM standard (ASTM 2010).  

3.2 Experimental work  
A summary of experimental work and study in field and laboratory are presented here. The 
results of these studies are going to be published in two papers. These papers are presented in 
Appendices I and II.  
 
3.2.1 Laboratory set up 
The aim of this part is to examine the variables that affect the undrained shear strength (qu) of 
stabilized silty soil samples with binder and to determine whether a relationship exists between 
the variables studied and the qu of stabilized soil samples with binder. The idea of this paper 
came from preliminary laboratory results of stabilization of sulfide soil and importance of 
enhancing knowledge about the possibility to strengthen this soil by binder based on its state and 
characteristics. The principal variables such as the initial water content, porosity, and binder 
content were assessed in order to predict the behavior of stabilized silty soil with a cement-based 
binder. The samples are prepared with equal amounts of energy, but with differing levels of 
initial water and binder at the starting point. Three different binder percentages (4%, 6%, 8%) 
were mixed at five different soil water contents (50%, 34%, 24%, 20%, and 15%). Using uniaxial 
compression test apparatus, soil samples, made with different binder dosages were cured and 
tested under uniaxial pressure. A summary of results of this laboratory work is presented in 
section 4.2.3. The Appendix I of this study features a detailed description of the study. 
 
 
3.2.2 Field mixing Experiment 
This part is based on the results of a field investigation regarding the mixing of soil and binder. 
To enhance soil's unconfined compressive strength (UCS), Sulfur-rich soil (Sulfide soil) was 
mixed with 5% and 7% cement-based binder under field conditions. The aim of the study was 
to evaluate uniformity of an industrial-sized soil-binder mixture blended according to existing 
methods. A large-scale mixing experiment was conducted to study industrial-size mixing 
procedures and the difference between UCS results of laboratory and field experiments. Soil and 
binder were mixed by an ALLU mixer. An evaluation of uniformity of mixture requires a 
sampling strategy and a sufficient number of samples. Moreover, by comparing UCSs of 

5774588_Inlaga.indd   235774588_Inlaga.indd   23 2022-12-13   08:022022-12-13   08:02



CHAPTER 3 
LABORATORY & FIELD EXPERIMENTAL INVESTIGATION 
-------------------------------------------------------------------------------------------------                          

10 

 

stabilized soil samples mixed and prepared in the laboratory to UCSs of the corresponding 
samples mixed and prepared in the field, this study highlighted the difference between field 
mixing and laboratory preparation. In two to four stages, soil and cement were blended in the 
field using 5% and 7% cement (the percentages were determined by the soil's dry weight in the 
field). Following each stage of the field mixing, samples were collected from the mixtures in the 
field. For large-scale mixing, the number of samples required to represent mixture characteristics 
is not standardized. One part of this study was devoted to finding a sampling strategy for a large 
soil pile A summary of results of this field experiment is presented in section 4.2.4. A detailed 
description of this study can be found in Appendix II. 
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4 CHAPTER4: RESULTS 

4.1 Sample preparation results 
Tapping and hammering were compared for mixtures with different binder dosages as alternative 
sample preparation methods. In Figure 6, the average density is plotted versus binder content for 
two methods of preparing samples. The difference between average densities is displayed in this 
graph. According to the results, the difference between densities of prepared samples after 16 
days of curing time was negligible at the original water content (50%). Although the difference 
between densities increased as the amount of binder elevated, the difference between densities 
in two methods was minor. 
The density of samples was lower when a soil with 24% water content was compacted using the 
tapping method rather than hammering. In Figure 8, the densities of samples compacted with 
both methods are compared at 24% water content. The density difference was at least 2% and 
was higher than the differences between samples prepared at higher water contents, which was 
less than 1%. The preparation of samples with 4% binder dosage at different water contents is 
shown in Figure 6. Ocular observation of samples revealed hollow spaces on their outer surfaces, 
making the tapping method inconvenient for drier mixtures. Based on this comparison results a 
sample preparation method was used for sample preparations needed for paper 1 and 2. 
 

 
Figure 6 (a) sample prepared by tapping at 50% water content, and (b) Sample prepared by 

tapping method at 24% water content for 4% binder content mixture 
 

 
Figure 7 Average density of samples, prepared by tapping and hammering method at original 

water content (50%) vs binder percentage 
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Figure 8 Average density of samples, prepared by tapping and hammering method at original 

water content (50%) vs binder percentage 
 
 
4.2 Stabilization of the sulfide soil samples (preliminary study) 
4.2.1 Consistency limits 
Binder addition affected the consistency limit of sulfide soil. The plasticity index of soil varied 
when Multicem was used as binder. According to Figure 9, soil-binder mixture specimens had 
a higher liquid limit with 4% cement added at the start. Henceforth, the liquid limit decreased 
as the binder content increased to 6%. Adding 4% cement caused the greatest increase in liquid 
limit (19%) from 32 to 36%?  
Plastic limit increased slightly and remained relatively constant. In this mixture, the plasticity 
index initially increased (adding 4%), then decreased with increasing binder content. 

 
Figure 9 Consistency limits of binder-soil mixture for 14 days curing 2 

 
4.2.2 UCS results 
4.2.2.1 Effect of binder content and curing time 
Strength increases Proportionally with the binder amount (Figure 10). Increasing the binder 
amount at the original water content of soil No.1 increased the UCS of stabilized soil. The 
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strength of the material increased as the curing time increased. Strength development was more 
pronounced with increasing binder percentages and longer curing times.  
 
4.2.2.2 Effect of binder percentage on strain 
Figure 11 shows failure strain of samples in the uniaxial test. This parameter is derived from UCS 
test, and it is equal to strain of sample at their maximum UCS. It is shown in Figure 11 that in 
general, the failure strain of samples decreases with increasing the binder percentage. The effect 
of curing time on samples’ ductility3 can also be interpreted in Figure 11. It is observed that in 
dosages between 4% to 8 %, the failure strain of samples is relatively constant. Also, it was 
observed that by increasing the curing time, the samples showed slightly more ductile behavior. 
The difference between strains of samples with 7 to 28 days of curing time is not significant for 
4% and 6% binder dosage. Therefore, curing time did not influence failure strain of samples at 
these binder percentages. For, samples with 12 % binder showed more brittle behavior when the 
curing time increased. 

 
Figure 10 UCS of sample vs curing time at different percentages of binder for soil No.1 (MC: 

binder percentage) 

 
Figure 11 Strain vs curing time at different percentages of binder for soil No.1 (MC: binder 

percentage) 
 
4.2.2.3 Effect of type of soil 
A comparison of the stabilization effects on two different sulfide soils is shown in Figure 12. In 
the Previous sections the effect of binder on consistency limits, UCS, and failure strain of soil 
No.1 was examined. From the graph, it can be seen that, the UCS of both soils was nearly equal 
after stabilization with 4% and 6% binder. Increasing the binder amount strongly affected soil 

 
3 The ability of a solid material to deform plastically under loading 
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No.2, compared to soil No.1.  At 8% binder content, its UCS was approximately 100% higher 
than the other soil. at 12% binder content, the strength reached to 300% higher than the UCS 
of soil No.1.  
The average density and water content of soils after 28 days of curing are presented in Figure 
13. At the end of the 28-day curing period, soil No.1 had a lower water content than soil No.2 
as it did at the beginning of the mixture preparation process. Additionally, the dry density of soil 
No.2 was relatively higher than soil No.1. 

 
Figure 12 Comparison of stabilization effect of 12% Multicem on two sulfide soils after 28 

days curing 

 
Figure 13 Average dry density and water content of samples cured for 28 days (ω: water 

content) 
 
4.2.3 Relationship between soil strength and principal variables 
4.2.3.1 Relation between water content cement dosage, porosity, and compressive 

strength 
At each specific initial water content, qu and binder percentages are linearly related, as shown in 
Figure 14 where qu0 - qu4 are linear equations of unconfined compressive strength at various 
initial water contents. According to the results presented in Figure 13, adding more binder 
increased qu regardless of soil water content. In addition, it was found that the lowest values of 
qu were measured at a water content of 50% (Original water content). Assuming that qu and the 
binder percentage have a linear relationship in Figure 14, the strength increase corresponds to 
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the slopes of the respective lines (q0 to q4). When the water content reached above 24%, the 
rate of strength development was slower. At an initial water content of mixtures lower than 24%, 
the rate of strength development decreased.  
The effect of binder percentage (MC) on the porosity of the samples is shown In Figure 15. At 
all water content, the porosity decreased with increasing amounts of binder. 
The relationship between qu and porosity is shown in Figure 16 for all studied samples. As the 
porosity increased, the sample qu generally decreased. Moreover, the porosity-related strength 
reduction had an inverse relationship to initial water content.  

 
Figure 14 Relation between unconfined compressive strength with binder percentage for soil 

with various water content 
 𝑀𝑀𝑀𝑀:𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑝𝑝𝐵𝐵𝐵𝐵𝑝𝑝𝐵𝐵𝐵𝐵𝑝𝑝𝑝𝑝𝑝𝑝𝐵𝐵,𝐵𝐵�: 𝐿𝐿𝐵𝐵𝐵𝐵𝐵𝐵 𝐵𝐵𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝𝐵𝐵𝑒𝑒𝐵𝐵 𝑝𝑝𝑒𝑒𝐵𝐵�𝑝𝑝𝑝𝑝𝐵𝐵𝑝𝑝� 

 
 

 
Figure 15 Relation between porosity and binder content in different initial soil water content 

 

 
Figure 16 Relation between undrained shear strength and porosity in different soil initial 

water content 
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4.2.3.2 Strength prediction based on factors affecting stabilized soil behavior 
The ratio between the porosity and volumetric cement content was used as a variable to predict 
the strength of stabilized soil samples as a function of the porosity, initial water content, and 
binder dosage. 

Porosity/volumetric binder content:  �
���� �

� ��
�������
� ��
�������

� ��
�� 

Where 𝑉𝑉� is the voids volume in the sample, 𝑀𝑀𝑀𝑀�� is volumetric binder content, and 𝑉𝑉� is the 
volume of the binder. 
 
The Figure 17 shows the relationship between qu and porosity/volumetric binder content ratio 
for samples with different initial water contents. It was found qu is a function of 

�
����. The 

function is as follows: 

𝑞𝑞� � � � ɳ
𝑀𝑀𝑀𝑀���

��
 

As it can be seen in Figure 17 there is an exponential relationship between qu and
�

���� for each 

water content. Even though the constants of functions (A and a) in Figure 17 are different, the 
constants value in the equation decreases as the water content lowered.  

 
Figure 17 unconfined compressive strength of soil vs (porosity/volumetric cement) 

 
4.2.4 Industrial size mixing procedure and the effect on strength of stabilized samples 
4.2.4.1 Stratified Sampling method for industrial size mixture experiment 
A stratified random sampling strategy was used to evaluate the homogeneity of the mixed pile. 
In the first stage, dividing the pile in five sections, making six replicates to measure the UCS of 
the mixture, showed that even though there are differences between the results of UCS between 
different sections (Shown with different color), the differences between samples from the same 
section are negligible (Figure 18). One-way ANOVA was used to verify this statement. For 
statistical analysis, the results of the UCS test of the samples taken from the third step of mixing 
were used since there were more samples to analyze. Using the p-value calculation for the third 
mixing step, it was found that the average UCS results for each section differed significantly (p-
value ≤ 𝛼𝛼 � 0.05) while the repeatability of the UCS within a section did not differ. By 
performing the one-way ANOVA method between triplicate samples for each section for the 
third mixing step, the result of p-value is greater than 𝛼𝛼. In order to improve the assessment of 
pile homogeneity while still limiting the number of samples that need to be tested, the number 
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of increments in the stratified sampling was decreased to 12 sections, and single samples only 
were tested for the UCS. 

 
Figure 18  UCS results of samples taken from mixtures with 7% cement, after the third mixing 

step. Six replicates from five sampled sections were prepared and tested after x 
days curing 

 
4.2.4.2 Effect of increasing the number of mixing steps on strength of samples of soil-

binder mixture 
 Figure 19 shows that in the second mixing step, a spot with low UCS was observed (No. 1). It 
is shown that despite local spots with low UCS, the averages of UCS after the second and third 
steps of mixing were close. 
 
4.2.4.3 Upscaling laboratory result to field application  
Fig. 10 compares the average UCS of field samples and laboratory samples after each mixing 
step. As a result of laboratory mixing, the UCS was higher than that obtained by field mixing. 
As the amount of binder used in the laboratory and the field experiment differed, the UCS for 
5% and 7% binder is interpolated based on laboratory trendlines. Due to the low difference in 
binder percentages in the laboratory mixtures, the trendline was assumed to be linear. Lab UCS 
values are predicted to be 108 kPa and 174 kPa for 5% and 7% binder dosages, respectively, 
which are 80% and 75% higher than average field UCS values. 
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Figure 19 UCS of samples for mixing steps after 28 days of curing time after choosing new 

method of sampling 
 

 
Figure 20 Comparison of laboratory and field UCS for different soil–binder mixture with 

Mulitcem 
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5 CHAPTER 5: DISCUSSION 

5.1 Methods of Sample preparation 
The binder dosage was calculated based on soil dry matter basis to obtain the same soil/binder 
ratio independently of the water content which varied between soil batches. 
To homogenize pure soil, one minute mixing with stand mixer was found to be enough for the 
tested soils. Mixing longer than one minute caused the soil and water to separate.  Severe mixing 
of silty clay soils causes bound water release and liquefaction of the soil, resulting in reduction of 
capacity of compaction and lowering final densities (Mäkitalo, Mácsik et al. 2015). Proctor 
compaction whether by hand or using compaction apparatus also caused water to separate from 
solid. At higher water content, the procedure became not feasible, due to the liquefaction of the 
soil. After each proctor hammer impact, the mixture was forced out of sample mold resulting 
into an ineffective compaction at higher water contents. 
To avoid the practical issues occurring during proctor packing, pressing the soil was found more 
viable than proctor method while working with wet mixtures. However, at higher water 
contents, specifically in natural water content of the soils, water was also released from the 
mixture by pressing the soil. Consequently, the pressed samples had a lower water content than 
the original mixture. The water release was mostly the result of the low water retention of silty 
materials under specific pressure. Further tests were needed to determine the pressure at which 
the soil samples could be pressed without releasing water, which was time-consuming and 
pressing was found relatively ineffective. 
The tapping method was considered an efficient method for sample preparation in laboratory. 
To have an effective compaction, the samples should be tapped onto a well-founded surface as 
surface vibration would absorb the energy of compaction and make the compaction less efficient. 
The drawback of the tapping method is that the energy of compaction depends highly on the 
person operating the compaction. It is therefore difficult to standardize. Accordingly, it is 
therefore suggested that the same person always should operate the compaction to keep the 
energy of compaction relatively equal for all the samples and prevent high variation in the sample 
density. 
Hammering the sample with a small hammer showed to be the most practical and repeatable 
method of sample preparation for the proposes of the present study. The difference in the density 
of samples between the tapping method and hammering method at higher water content was 
negligible and the method is applicable to make samples from drier mixtures. It is therefore 
recommended that this method be used for the preparation of future samples in the future 
research. 
 

5.2 Laboratory results discussion 
5.2.1 Consistency limits 
The consistency limit is primarily determined by the affinity of clay and organic matter for water. 
During soil stabilization, there are four mechanisms that contribute to a decrease in clayey soil’s 
affinity for water: (a) destroying clay-mineral structures when they react with cement, (b) 
cementing fine mineral particles into aggregates, and (c) altering and masking the surface, and 
(d) supporting particle restraint by cementitious reaction products (Thaden and PW 1975).  
For stabilized sulfide soil, the increase of the liquid limit can be attributed to the consumption 
of water needed to make the cement-modified kaolin more fluid (Abbey, Eyo et al. 2020). By 
adding 4% Multicem to the soil, the liquid limit increased by 32% or to 38%. (Yong and Ouhadi 
2007) also reported an increase of liquid limits by increasing cement dosage. This difference 
between the behavior of stabilized soil, regarding liquid limit changes depends on the structure 
of clay minerals in the soil. The possibility of increase of liquid limit exists in Kaolinitic clay for 
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example kaoline clay. On the opposite,  the liquid limit decreases by adding cement to the soil 
with montmorillonite clay (Attoh-Okine 1995). Al-Jabban, Laue et al. (2019) reported 
immediate increase of liquid limit of silty soil after adding cement. The increase of liquid limit 
was explained by the flocculation and agglomeration caused by hydration reactions. Similar 
phenomenon was observed with silty clay stabilized with fly ash and lime (Rai, Qiu et al. 2021).  
A decrease in plasticity index was observed by increasing the amount of cement in the current 
study.  Furthermore, the plasticity index decreased at higher percentages of cement due to a 
decrease of the liquid limit. Using cement stabilization to reduce soil plasticity on silty clay was 
effective, based on the present results. However, various types of sulfide soils need to be studied 
to verify the effects of stabilization on consistency.  In order to determine the changes in liquid 
and plastic limits of different sulfide soil mixtures with a variety of binder types, more information 
will be needed. 
Furthermore, soils with a high plastic index are difficult to mix with cement because of high 
water content. In order to prevent this problem, lime could be added before adding cement as 
an initial step to make the soil more workable. 
 
5.2.2 UCS results discussion 
5.2.2.1 Effect of binder percentage and curing time 
The main objective of mixing binder and soil is to increase soil strength. The high-water content 
and poorly graded particle distribution of sulfide soil generally result in low bearing capacity. 
Adding cement is one way to improve the soil strength according to the UCS test.  As a result 
of the hydration reaction of binder, calcium silicate hydrates (CSH), calcium aluminates hydrates 
(CAH), and calcium aluminum silicate hydrates (CASH) are formed in soil, increasing soil 
binding. Due to the time-dependent nature of inter-cluster bonding reactions between binder-
based binder and soil, strength increases with curing time.  There is no evidence that organic 
matter in soil blocks pozzolanic reactions with time. There is a negative correlation between 
organic matter and pozzolanic reactions,  because organic matter hinders the strength producing 
reactions (Thompson 1965, Thompson 1966). Active organic components form complexes with 
metal ions, including calcium, which interfere with strength-producing reactions. The UCS 
results have shown that the strength has not degraded after 90 days of curing time in the case of 
this study. In order to be able to verify that organic matter in sulfide soil does not have a 
consequential effect on the strength of stabilized soil with cement, further samples with a longer 
curing time are needed.  
  
5.2.2.2 Effect of binder percentage and strain behavior 
Cement treated soils showed a brittle behavior compare of non-treated soils. Increasing cement 
dosage changed soil behavior to a noticeable brittle behavior. Also, failure strain was dependent 
on the curing time. (ShahriarKian, Kabiri et al. 2021) observed that curing time results in a 
decrease in failure strain for a given cement content. While in this study it was observed that the 
strain changes differently in relation to curing time, depending on the amount of cement. For 
cement amounts lower than 8% the strain decreased with increasing the curing time. Although 
this reduction is not significant and difference of strain between samples was related to the 
amount of cement in the mixture. Ductile behavior of soil is mostly related to clay particle. One 
reason for brittle behavior of stabilized soil is the modification of the particle size distribution 
with a lower clay size fraction and higher silt size fraction after treatment.  
 
5.2.2.3 Effect of stabilization on different type of soil 
The results of this study showed that different soil shows different behavior after treatment by 
Multicem. This difference may be due to the soil chemical composition and particle size 
distribution. Also, the differences between UCS of samples can be related to soil initial water 

5774588_Inlaga.indd   385774588_Inlaga.indd   38 2022-12-13   08:022022-12-13   08:02



 CHAPTER 5 
DISCUSSION 
------------------------------------------------------------------------------------------------- 
 

21 

 

content and soil porosity. Moreover, the relation between these variables and cement content 
can gives better understanding of stabilized soil behavior and leads to find a solution to predict 
soil undrained shear strength (qu) after stabilization with binder. Appendix 2 delved into this 
topic to find a relationship between soil initial water content, porosity of samples and binder 
content in the soil-binder mixtures. 
 
5.2.2.4 Predicting the qu of soil-binder mixture samples 
The strength of samples was the highest at initial water content equal to 24%. One hypothesis is 
that samples at 24% water content were compacted to a higher degree. Higher compaction, and 
correspondingly higher density led to increased sample strength. Another explanation is 
associated with the cementation bond that occurred at that water content and dosage of the 
binder.  
The relation between porosity and binder content shows that adding binder, the compaction of 
samples is more efficient since the water content would be reduced and closer to optimum 
amount by the addition of a dry material (i.e. binder) to the soil. 
By analyzing the relation between qu and porosity, it is shown that not only porosity has an 
essential effect on qu of samples, but also the initial water content of samples that control the 
porosity of material. Decreasing the water content from original level to 24% the qu increased 
to its maximum value and after further water reduction, the qu of samples decreased. As the 
binder dosage also affects porosity, finding a relationship between mentioned factors would help 
to predict qu of samples based on physical information about the soil-binder mixture.  
As a results, 

�
���� was used in this study as a parameter to assign a relationship between different 

variables and qu of samples. An exponential function was identified, to explain the relationship 
between the introduced parameter and qu of samples. Also, it is shown that the relationship 
between qu and 

�
����  is unique for each initial water content. Consequently, finding a general 

relationship between qu and porosity and binder content is necessary for predicting the strength 
of samples.  
Based on initial water content of soil, it is shown that the introduced parameter( 

�
�����) has two 

relationships with qu of samples. For both equations, α is equal to 0.2. The qu of samples 
prepared at high water content is lower than for samples prepared at low water content. As two 
equations trend lines meet at 

�
�����.� � 23, it is shown that smaller value of this parameter is 

correlated with higher value of qu at all initial water contents. If the porosity is reduced and the 
binder amount is increased, 

�
�����.� parameter can be lowered.  

It is not possible to reduce porosity by compaction in samples with high water content, especially 
at original water content (ω=50%). Therefore, increasing the amount of binder is the only 
alternative to reduce the prosoity. There are however, two disadvantages associated with this 
solution. First, considering the economic aspects of a project, increasing the amount of binder 
will affect the cost of the treatment. Second, an optimum amount of binder can be added to the 
soil to increase its strength. Increased binder amounts also causes adverse effects on the strength 
of materials when added more than optimum amounts, a limitation that is not considered in the 
equation presented. 
The overall assessment of the investigated relationship showed that drying soil increases soil 
strength and cannot be compensated by increasing binder dosage. 
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Figure 21 Adjusting porosity/volumetric binder ratio for predicting unconfined compressive 

strength of samples 
 
5.2.3 Evaluation of the field mixing  
5.2.3.1 Sampling method 
It is suggested that five to seven samples should be taken for solid materials with a sampling size 
of 30 tons or less, based on Nord Test specification. To determine the sampling method, the soil 
pile was divided into five sections in the first phase, which determined the sampling method. 
Based on statistical analysis of sampling results in the first phase, the UCS values of samples within 
a section did not differ significantly. There were, however, differences in the UCS results across 
sections. According to the results of the one-way ANOVA analysis, it was concluded that samples 
must be taken from different sections of the soil pile in order to determine if the soil pile is 
homogeneous in terms of strength enhancement. In terms of p-values, there was no significant 
difference between the UCS test results within a section when comparing them. The results of 
the first phase and the ANOVA analysis have led to the conclusion that each section of the 
mixture pile can be regarded as representing the characteristics of the specific location of the pile. 
In the second phase of the study, the number of sampling sections was increased to 12 and single 
samples were prepared from each of the 12 sampling sections. 
 
5.2.4 Effect of increasing mixing step on homogeneity of mixture 
Mixing binder and soil is intended to increase soil strength. Therefore, UCS of samples was used 
as criteria in order to compare the homogeneity of different sections of a soil-binder mixture 
pile based on the homogeneity of their samples. According to Figure 21, it can be concluded 
that by increasing the mixing step for the 5% binder, the residual values are reduced by the 
addition of more mixing steps. In the fourth step of mixing, the distribution of residuals is shown 
to be approximately even, and the variance of the results is found to be approximately 10, and 
the variation of the results decreases as the number of mixing steps increases, since residuals are 
closer to zero in the fourth step of mixing. Increasing the  number of mixing steps not only 
eliminate spots with low strength in the mixture pile, but also the UCS will be homogenous 
along all sections, indicating that the soil pile has been mixed uniformly. 
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Figure 22 Residual values of the UCS results of 5 %Multicem 

 
5.2.5 Comparison results of laboratory and field experiment 
The notable differences between UCS of field and laboratory samples can be explained by two 
main reasons. The binder was dispersed on top of the soil pile and was scattered around and not 
distributed evenly. It is safe to conclude that the percentage of binder measured at the beginning 
of the experiment was lower than it should have been at first. Secondly, the mixing procedure 
required to achieve a well-mixed and uniform batch in the field was less successful than when 
using a stand mixer in the laboratory. This is due to the smaller sample size of the laboratory, 
which makes it easier to obtain a well-mixed and uniform batch using a stand mixer in the 
laboratory. It has been shown in these experiments that it is important to establish the correlation 
between different variables that affect the physical characteristics of samples, including porosity 
and UCS, in order to help predict the strength behavior of stabilized soil, both in the field and 
in the laboratory. 
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6 CHAPTER 6: CONCLUSIONS 

Although sulfide soil stabilization has been used in projects, most studies have focused on in situ 
stabilization of such soils. The stabilization of excavated sulfide soil is a topic that needs to be 
further studied in order for this material to be reused and to be considered as a construction 
material.  
 
In the first part of the study several sample preparation methods for laboratory environment were 
assessed to demonstrate their feasibility. In addition to listing the flaws of some methods, the 
advantages of other methods were also discussed. From this assessment, it was concluded that 

 As a result of the lower energy of compaction generate by using a small hammer instead of using 
a proctor, the water content of a mixture can be maintained at its original water content, even 
at high water content above the liquid limit. 

 The small hammering method is suitable both for mixtures with high water content and drier 
mixtures. Having samples prepared under similar conditions allows for comparison of factors 
affecting the behavior of samples, including their strength. 

 
This thesis also addressed the strength of soil-binder mixtures. Although the soils were poorly 
graded and had a high-water content, it was demonstrated that the UCS of samples prepared in 
a laboratory environment significantly increased. It was concluded that 

 The UCS of samples increased as cement dosage was increased in the mixtures. This 
increase at a higher percentage of cement (i.e., 12%) reached to approximately 700kPa. 
It should be considered, based on the needs and finances of a project, that there is a 
possibility of increasing the strength of this type of soil.  

 Longer curing time improved the strength of stabilized samples. As sulfide soil contains 
high organic matter (i.e 3-6%), it showed that organic matter did not degrade the strength 
of stabilized material. 

 As the cement dosage was increased, the plasticity index of stabilized soil changed. The 
liquid and plastic limit of cement stabilized soil increased at a lower percentage of 
additive. As the cement percentage was increased, the liquid limit decreased while the 
plastic limit continued to increase. As a result, the plasticity index increased at lower 
cement percentages and decreased at higher cement percentages. This behavior is 
particularly important for this type of soil with low workability and high water content. 
When the soil plasticity index is reduced, it is less sensitive to changes in moisture and 
less likely to shrink or swell, resulting in structural damage. 

 At equal cement addition, different soils developed strength differently. Factors such as 
particle size and water content can contribute to this. 

 
In the third part of this study, the factors affecting the strength of stabilized sulfide soil as well as 
the relationship between these factors and the strength of the samples were addressed. a 
relationship between the porosity/binder dosage of stabilized samples was identified. This 
relationship helps predict the strength of stabilized samples, based on water content, binder 
amount and porosity. 

 The effect of increasing binder dosage is more evident when the water content is equal to or less 
than a determined optimum water content. 
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 In order to enhance the strength of samples, it was determined that reducing porosity was an 
essential variable. Additionally, the study results have shown that variations in water content and 
binder dosage can affect the porosity of the soil. 

 The impact of porosity on the unconfined strength of samples is more significant than that of the 
binder percentage, especially at high water contents. 

The fourth part of this study focused on practical aspect of stabilization of sulfide soil and the 
mixing process of soil- binder mixture preparation at an industrial scale. It was concluded that  

 To assess large-scale soil-binder mixture, the pile should be divided into sections, and 
samples should be taken from those sections. For a pile with a scale of 5Tons dividing 
the pile into 12 sections showed representative samples for evaluating strength 
characteristic of the mixture. 

 Further, the results indicated that sections in the soil mixture pile with significantly low 
UCS developed while mixing the batch for the second time. These spots were not 
observed after the third mixing. As a result, at least three mixing steps is recommended 
to have a homogenous soil-binder mixture. 

 Comparison between UCS of field and laboratory mixing showed that the latter produced 
significantly higher strength than the former. Prediction of field results based on laboratory mixed 
samples should involve high safety factors.  
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7 CHAPTER 7: FUTURE RESEARCH 

Several aspects need to be considered when addressing management of excavated sulfide soil. 
Among them are disposal of soil in earth constructions and maintenance of disposal landfill, as 
well as improving and reusing in construction. As a result, proper maintenance is essential in 
order to prevent environmental hazards caused by acidification of this soil. There is a greater 
need for landfills designed to prevent oxidation while holding large quantities of sulfide soils in 
regions with these soils due to the fast pace of construction. An important factor that inhibits the 
oxidation in a landfill is the saturation condition within the landfill structure. A design that fulfills 
these requirements needs more information about hydraulic properties of soil, such as 
permeability and water retention capacity. Knowledge of Soil Hydraulic properties is important 
for simulation of water movement (infiltration, conductivity) under saturated and unsaturated 
conditions. 
 
In order to increase knowledge about the possibility of reusing sulfide  
soil in a wide variety of applications, accurate data about how stabilized soil behaves under 
various conditions is needed. A number of conditions must be met, including the geometry of 
the construction, the loading, and the saturation level. For measuring the strength parameters of 
stabilized soil, triaxial tests are recommended. A numerical model can be developed for stress-
deformation behavior of structures made of stabilized sulfide soil by using these tests. It is possible 
to determine the suitable mixture for such a construction based on the results of numerical 
modeling. 
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Abstract 
In this study, principal variables affecting undrained shear strength (qu) of stabilized silty soil with 
binder were investigated These variables such as initial water content, porosity, and binder 
content were assessed to predict qu of stabilized silty soil with a cement-based binder. Samples 
were prepared with equal energy at different initial water contents and binder percentages. Three 
different binder percentages at five different soil water contents were mixed to measure qu of 
stabilized mixtures. The soil samples made with different binder dosages were cured and tested 
under uniaxial pressure in unconfined compression test apparatus. At the same water content, 
being prepared with the equal compaction energy, cement dosage and corresponding porosity 
affect the qu of specimens. A ratio of porosity/volumetric binder content was chosen as a factor 
to evaluate the impact of porosity and binder percentage on qu. The results showed that at equal 
initial water content, the qu of a sample increased by increasing binder amount. Using the same 
binder amount, and lowering the soil water content, initially increased the strength of the sample 
until an optimum water content. Further lowering the water content caused the qu of cured 
samples to decrease. From its maximal value, qu decreases as the porosity increases because of 
further water content reduction in soil mixtures. At the same sample preparation energy, porosity 
changes are corresponded to water content of mixtures. At optimum water content, the porosity 
of samples is at its least level. Moreover, this study shows that qu is an exponential function of 
porosity/binder volumetric content ratio. This function shows that at higher water content than 
the optimum amount, porosity reduction is more effective than increasing binder dosages to 
enhance the samples’ qu. Besides, results indicate that for a fixed binder percentage reducing the 
water content and thereby porosity has more significant effect on improving qu than increasing 
the binder content. 
 
Keywords: Soil stabilization, Binder, unconfined compressive strength, UCS, Silty soil, Water 
content, Volumetric cement content, Sulfur-rich soil  
 

1.1 Introduction 
Silty soil is one of the most problematic soils in civil engineering due to its particle size 
distribution, high water content, low water retention capacity, and tendency to expand, which 
provide no support for building foundations and make it unsuitable as a construction material. 
Several studies have focused on improving the properties of silty soil, i.e. strengthening them 
with different materials to improve consistency limits and strength ((Zohair, Mangnejo et al. 
2019, Solihu 2020, Zhang, Liu et al. 2020, de Jesús Arrieta Baldovino, dos Santos Izzo et al. 
2021)). Sulfur-rich or sulfide soil is one type of silty soil formed under waterlogged conditions 
and with a specific chemical composition. On one hand, sulfur-rich soil should remain saturated 
to avoid oxidation and formation of acid leachate. On the other hand, a high degree of saturation, 
above the liquid limit of the soil deteriorates its workability. Stabilizing high water content silty 
sulfur-rich soil with binders can improve these soil's properties and prevent their oxidization. 
Soil stabilization is a technique to improve the mechanical properties of poor quality soils.i.e. 
silty soil and expansive soil. One of the most common stabilization methods is chemical 
stabilization including adding different binders such as lime, fly ash, cement, etc to soil to modify 
its properties such as strength, permeability, durability, and plasticity. Adding binder to soil 
creates bonds between soil particles and alters soil to a stronger structure. Adding binders has 
been widely studied as a method to improve the physical and mechanical properties of soils. 
The unconfined compression test is the most commonly method used to assess soil shear strength 
because it is one of the fastest and least expensive methods of measuring undrained shear strength 
(Hossain, Islam et al. 2022). Different soil types have been studied using the unconfined 
compression test to determine the effects of stabilization (Rahmannejad and Toufigh 2018, 
Teing, Huat et al. 2019, Lindh and Lemenkova 2021, Luo, Luo et al. 2022, Pham, Oh et al. 
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2022). Unconfined compressive strength (UCS)- is a commonly used parameter to compare the 
strength of soils after different treatments and binder dosages.  
Different factors affect the unconfined compressive strength of stabilized soil samples, including 
the initial water content of the soil, the type of binder and the amount added, the curing time, 
and the final porosity of the soil. The importance of these factors and their effect on soil samples 
were investigated in different studies. Henzinger, Schuhmacher et al. (2018) used the 
porosity/binder content concept to predict the qu of mixture. The precision of the prediction 
was affected by the water content and homogeneity variation in the mixture. Rahmannejad and 
Toufigh (2018) studied different percentages of epoxy resin mixed with sand at different water 
content and showed that the amount of epoxy resin added, curing time and initial water content 
were crucial factors affecting UCS of sandy soil samples. While increasing the water content has 
a negative effect on UCS, increasing resin percentage and curing time improved the strength of 
the soil samples.Moreira, Baldovino et al. (2019) investigated the effects of the porosity (η), dry 
unit weight (γd) of molding, cement content (C) and the porosity/volumetric cement content 
ratio (η/Civ) or void/cement ratio on UCS of silty soil–roof tile waste (RT) mixtures. Their 
study showed that it was possible to estimate UCS of cement stabilized sample based on 
porosity/volumetric cement content ratio. According to several studies, the relation between 
soil sample parameters and qu can be describe as an equation or a model with variables including 
porosity, binder, and soil water content in several research including ((Soleimani, Rajaei et al. 
2018, Tinoco, Alberto et al. 2019, Zhang, Liu et al. 2020, Pham, Do et al. 2021)).  
The aim of the present study was to investigate if the strength in stabilized sulfide soil can be 
predicted using porosity, binder content, and initial water content of silty soil. Additionally, the 
significance of each variable on the qu of the samples was evaluated. The relationship between 
the water and cement content and qu was examined. Moreover, a relationship between porosity, 
binder content and qu was considered. In order to prepare samples for uniaxial compression tests, 
soils with five different water content were mixed with three different percentages of binder. All 
the samples were prepared at equal compaction energy. A method for compaction was developed 
specifically to handle high water content soils. The prepared samples were cured for 16 days. 
Results of the uniaxial compressive test were compared to evaluate the effect of the studied 
variables.  
 
1.2 Material 
1.2.1 Method of soil characterization 
The studied soil was collected from Umeå, Västerbotten, in northern Sweden. The moisture 
content of the soil was determined, using the ratio of water to solid mass of the soil (ASTM 
D4442-16). The plastic and liquid limits were measured according to (ASTM 2010) and fall 
cone method (Wasti 1987). The particle size distribution of the soil was obtained from sieve 
analysis and sedimentation following the Swedish standard (Standardization 2004). The binder 
chosen for the experiment was Multicem (MC), from Cementa. Multicem contains 50% cement 
and 50% cement kiln dust (CKD) which is a by-product of cement manufacturing (Siddique, 
2006). A modified Proctor compaction test has been conducted to establish the maximum dry 
density of pure soil before stabilization base on (ASTM D1557 – 12) 
 
1.2.2 Soil characterization 
The results of the soil characterization are presented in Table 1. The original water content was 
50% with PI = 7 %, which categorized the soil under medium plasticity type of soils (Prakash, 
2002). The Particle distribution curve is presented in Figure 1 (a). Figure 1 (b) presents the 
proctor compaction cure. 
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Table 1 Properties of the studied soil 
Properties  
Original water content 50% 
Liquid limit 33% 
Plastic limit 26% 
Plastic index 7% 
Specific gravity 2.67 
Clay particle 10 % 
Loss on ignition 4% 

 

 
Figure 1 (a) Particle size distribution curve (b) Proctor soil compaction test graph for modi-

fied methods 
 
1.3 Method 
The experimental plan is summarized in Table 2. A five-step experimental plan was followed 
to achieve the study's objective: soil preparation, mixture preparation, sample preparation, 
curing time and the UCS test. The unconfined compression test was conducted after curing 
the samples for a specific period. 
 

Table 2 Experimental plan 

Step 1: Soil preparation 

• Sieving the soil 
• Drying the soil to the 

different moisture content 
(50% (original moisture 
content), 34%, 24%, 20%, 
15%) 

Step 2: mixture preparation • Mixing soil and binder  

Step 3: Sample preparation 

• Preparation of samples for qu 
test by compaction the soil in 
tubes 

Step 4: Curing time 
• Curing the prepared samples 

for 16 days 
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Step 5: UCS Test and 
measurements 

• Measuring undrained shear 
strength of samples 

Step 6: specific gravity 
• Measuring Specific gravity by 

pycnometer method 

 
1.3.1 Soil preparation 
Since the standard mold size for UCS test samples available was 5cm in diameter and 10 cm in 
height, the soil was sieved to segregate particles larger than 2,5 m, (50% of the mold diameter). 
The soil was sifted by sieve size 25 mm to separate larger particles. Since the original soil was 
wet, sieving it with smaller net was not feasible. As drying such soil before sample preparation 
was not an option because of the risks of changing the soil structure during the drying process, 
particles larger than 1/6 of mold diameter (ASTM 2006) were removed by hand, based on ocular 
control. The segregated soil was dried in the lab environment at a temperature between 21◦ to 
24◦ C for ten days to limit risk of soil aggregation occurring at higher temperatures. To obtain 
samples with different water contents, soil samples were collected at different times under the 
drying period. The collected samples were preserved in a closed container to maintain constant 
water content. During a ten-day period, four soil samples with different water content were 
collected. The samples water contents are presented in Table 3. 
 
1.3.2 Mixture preparation 
The soil with five water contents were mixed with three Multicem (binder) contents (MC0=4%, 
MC1=6%, MC2=8%). The percentage of binder for each mixture was based on the dry weight 
of the soil. The preparation of the mixtures started by mixing pure soil with a stand mixer to 
gain a uniform soil mass. The binder was added to the soil. The blending process was continued 
until a homogeneous mixture based on ocular assessment was achieved. 
 

Table 3 Water content of the soil after each step of drying 
ωn (%) 
ω0 (original water content) 50 
ω1 34 
ω2 24 
ω3 20 
ω4 15 

 
1.3.3 Sample preparation 
Tubes (5 cm in diameter and 10 cm height) were chosen to prepare the samples. A high level of 
water content made compaction of the samples with a proctor hammer impractical because water 
is liberated out of the mold after each hammer impact. To solve this problem, a small compactor 
was used to compact the samples Figure 1 (Figure 2 (a)). Samples were prepared in 5 layers; each 
layer was hammered by hand 25 times (Figure 2 (b)) with a falling height of ?? please add the 
falling height here. Considering that this hammer is much lighter than the standard hammer in 
the proctor test, it is concluded that compaction energy is considerably lower than in standard 
proctor. The sample preparation method for all the samples with different water content and 
binder percentage was the same. Samples were prepared in less than one hour after mixing took 
place. 
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Figure 2 (a) hammer (b) Sample layers 

 
1.3.4 Curing time 
After preparation the samples were sealed and kept in a humid container to maintain the water 
content of samples. Samples were cured for 16 days in storage at 22 C temperature. It was 
suggested that samples should be submerged under water before the test to reduce suction. This 
step was omitted because samples with higher water content tended to disintegrate after exposure 
to water. 
 
1.3.5 Unconfined compression test 
Used uniaxial compression device had 250 kg maximum capacity under constant displacement 
control. The load plate speed was 1mm/min, equal to 1% of the height of the samples (ASTM 
2006). The continuous displacement applied to specimens up to the failure of samples. The 
maximum load recorded by the apparatus was considered for the calculation of the unconfined 
compressive strength of the soil (qu).  
 
1.3.6 Specific gravity 
The porosity of specimens was measured to fulfill this study’s aim. In previous studies ((Consoli, 
Rosa et al. 2011)) porosity of samples is measured by particle density of mixture. To calculate 
the particle density of mixture a relation between particle density of pure soil and Binder and 
percentage of binder was employed. In this study, the specific gravity of cured samples was 
measured directly after UCS test according to (ASTM 2010)for each sample, and mathematical 
calculation was disregarded. 
 
1.4 Results and discussion 
Sulfide soil oxidizes when dries leading to acidification but also leads to the aggregation of soil 
particle. The drying process may influence the structure of the soil because the Sulfide soil has 
special chemical compounds that may change its structure as a result of drying, and the effects of 
these changes on the mechanical properties of the soil are not known. Therefore, ocular control 
was preferred to drying and sieving of the soil to remove large particle size. To further avoid 
changes in the soil texture and properties, the studied soil was dried gradually in room 
temperature to prevent from any possible chemical changes influencing the result of stabilization. 

 
1.4.1 Relation between water and cement content and compressive strength 
A linear relationship between qu and binder percentages was identified at each specific initial 
water content, as shown in Figure 6. qu0 to qu4 are line equation of undrained shear strength of 
stabilized samples at higher to lowest initial water contents respectively. Figure 3 shows that qu 
increased when adding more binder regardless of soil’s water content. 
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It was also found out that at a water content of 50%, qu had its lowest values among the prepared 
mixtures. The dry density of samples increased with decreasing water content and qu had its 
maximum value at water contents around 24 %. Further decrease of the water content, beyond 
25%, led to lower qu (Figure 4). The dry density subsequently decreased by further reducing 
initial water content. This phenomenon is similar to what happened in the proctor test in Figure 
1 (b) with two main differences. First the proctor result was obtained from soils without binder. 
By adding binder to the soil, the resulting mixture becomes drier than pure soil because the 
binder is a dry substance and in addition, the hydration reactions between the binder and water 
consume water. The average water content of samples with 34% initial water content after 
mixing and 16 days curing time is presented in Table 4. It shows how the water content is lower 
than expected amount as a results of hydration reactions. Second., energy of compaction is 
different since the test samples were prepared by tapping method and does not follow the 
standard procedure of proctor compaction Therefore, the optimum water content and maximum 
density shown in Figure 4 differed from the proctor test graph in Figure 1(b).  
The relation between qu and binder percentage was assumed to be linear in Figure 3, the strength 
increase corresponds to the slope of the respective lines (q0 to q4). At a water content less than 
24 %, increasing binder percentage resulted in a s rate of strength development than mixtures 
with higher initial water content than 24% (34% and 50% water content). One hypothesis is that 
samples at 24% water content were compacted to higher degree. Higher compaction, 
correspondingly higher density led to an increase in sample’s strength. Another explanation is 
associated with the cementation bond that occurred at that water content and dosage of the 
binder.  
 

 
Figure 3 Relation between qu with binder percentage for soil with various water content 

( 𝑀𝑀𝑀𝑀:𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑝𝑝𝐵𝐵𝐵𝐵𝑝𝑝𝐵𝐵𝐵𝐵𝑝𝑝𝑝𝑝𝑝𝑝𝐵𝐵,𝐵𝐵�: 𝐿𝐿𝐵𝐵𝐵𝐵𝐵𝐵 𝐵𝐵𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝𝐵𝐵𝑒𝑒𝐵𝐵 𝑝𝑝𝑒𝑒𝐵𝐵�𝑝𝑝𝑝𝑝𝐵𝐵𝑝𝑝� 
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Figure 4 relation between water content and dry density of samples with different percentages 
of binder 

 
Table 4 Comparison of initial water content of soi at 34% with water content of soil after 

curing time 
MC (%) initial ω (%) ω after mixing (%) ω after curing time (%) 

4 34 33 30 

6 34 32 26 

8 34 31 28 
 

 
1.4.2 Relation between porosity, binder content and qu 
Figure 5 shows the effects of adding different amounts of binder to soil mixtures on porosity. It 
shows that adding a higher percentage of binder reduced porosity at all water content as a result 
of water reduction making compaction more efficient. Adding a dry binder to sulfide soil 
automatically reduces the water content of the mixture, as the water content of the binder is 
assumed approximately 0%. The mixture with less water content is easier to compact and reaches 
to higher density as it is shown in Figure 4. Another reason is that the cementation bonds fill the 
cracks and voids in a sample. In other word, the addition of binder alters the soil structure by 
enhancing inter-cluster bonding, reducing pore space in soil structure (Baldovino, Moreira et al. 
2021). Figure 6 presents the porosity of samples against volume of the binder (𝑀𝑀𝑀𝑀��) in cured 
samples. Since the amount of binder was calculated based on dry matter of soil, the volume of 
additive varies depending on initial water content of soil as well as the dry density of samples. 
By decreasing the amount of water, the porosity decreased as well as the volume of the binder. 
This process continues until the water content is 24%. Then, the trend was reversed. The volume 
of binder at low water content can explain the difference in the strength increase rate in Figure 
3, so that the soil with a 24% water content has the highest volume of binder and least porosity 
and shows the greatest growth of strength with increasing amount of binder. 
The impact of binder content and porosity was analyzed separately to evaluate the effect these 
variables on the qu of the studied soil. Figure 7 presents the relation between qu and porosity of 
the samples. This figure indicates that generally increasing porosity lowers qu of samples. Another 
important point is that the reduction of strength corresponding to porosity has an inverse 
relationship with initial water content. This figure also clearly shows that how different initial 
water content caused different porosity in samples. Soil with 50% initial water content has lower 
density and lowest qu in all binder dosages. In soil’s original water content (50%) increasing 
porosity causes 54% reduction in soil strength. Also, the line corresponding to the soil with 50% 
water content shows that the porosity of samples varies less in comparison with other soils with 
lower water contents. This shows that the soil is almost impossible to compact in this amount of 
water content. While by decreasing the water content to 24%, the variance of porosity reached 
to its maximum of 45 %. 
 As shown in Figure 5, porosity and binder content have an inverse relationship. Considering 
Figure 5, it is concluded that it is possible to add a specific amount of binder to the soil to reduce 
porosity to a specific level. However, these changes in porosity are not as significant as when the 
water content is close to the optimum amount. This point is essential for practical solution in 
real projects' economic point of view for reaching specific characteristics. 
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Figure 5 Relation between porosity and binder content in different initial soil water content 

 
Figure 6 Variation of porosity vs. volumetric binder content 

 

 
 

Figure 7 Relation between unconfined compressive strength and porosity in different soil 
initial water content 

 
From what is shown in Figure 3 and Figure 7, it is concluded that the qu of studied samples 
depends on the porosity and binder percentage for each initial water content. The same 
conclusion was reported in (Consoli, Rosa et al. 2011).  In Consoli’s study, similar result was 
obtained with the difference that while there is a nonlinear relationship between qu and porosity 
of the soil. Figure 7 shows a linear correlation between mentioned parameters. This difference 
can be due to the difference between the sample preparation method and the longer curing time. 
Current study’s samples are made under the equal energy of compaction, and the dry density of 
prepared samples was different depending on the cement and water content. Furthermore, this 
study samples were cured for 16 days rather than 7 days and were not saturated before the UCS 
test. The qu of samples directly increases by adding binder and decreases by increasing porosity. 
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Therefore, two variables have different impacts on the strength of the stabilized soil. A relation 
between qu vs. porosity/binder ratio was used  by different studies (Consoli, Rosa et al. 2011, 
Santana, Gonçalves et al. 2021) to determine the effect of these variables at once on the qu of 
soils mixed with a binder, meaning that how changing the ratio of these variables affects the 
strength of samples.  
For this purpose, the ratio of porosity and volumetric cement content was used as a variation, 
and it was calculated as follows 

𝜂𝜂
𝑀𝑀𝑀𝑀�� �

� 𝑉𝑉�𝑉𝑉������
� 𝑉𝑉�𝑉𝑉������

� 𝑉𝑉�
𝑉𝑉� 

Where 𝑉𝑉� is the voids volume in the sample, 𝑀𝑀𝑀𝑀�� is volumetric binder content, and 𝑉𝑉� is the 
volume of the binder. 
The graph of qu of samples vs. (porosity/volumetric binder content) is shown in Figure 8. It is 
shown that by increasing the porosity/binder volumetric ratio qu of samples decreases at all water 
content. The lowest qu corresponds with the highest porosity/volumetric binder ratio. It happens 
when the soil contains highest water content equal to the original water content of soil. The 
effect of compaction degree is obvious in this graph since samples with 24% water content have 
the highest qu and lowest 

�
���� ratio. Also, in this graph the effect of adding binder is observed 

since in each water content, by adding more binder, the qu of samples increase and 
�

���� decreases. 

Also, Figure 8 shows a mathematical relationship between qu and porosity. it is indicated that in 
each water content, qu is a function of 

�
����. The function is as follows 

𝑞𝑞� � � � ɳ
�����

��
         

The curve shows an exponential relationship between qu and 
�

���� for each water content. The 

form of qu function is presented in the equation where A and a are constants, and distinct for 
each initial water content. Even though the constants of functions  (A and a) in Figure 8 are 
different, the quantity of constants decreases by decreasing the water content. It explains if the  
�

����  decreases it has Higher effect on samples with Higher water content meaning 
�

���� is 
controlling variable for soils with lower water content.   In addition, Figure 8 shows that the 
range of changes of 

�
����  at higher water content is higher, while the qu changes significantly less 

in comparison with water content less than 24%. It is due to incompressibility of soils with high 
water content.  
Since in different initial water content with the same 

�
���� , the calculated qu is different, it can 

be concluded that although qu is a function of both porosity and binder content, the effect of 
these parameters is not equal. It is reported in (Consoli, Rosa et al. 2011) that the rate of variation 
of qu is a function of coefficients of ɳ and a power of 

�
����. It is shown in other research including 

((Consoli, Foppa et al. 2007, Consoli, Vaz Ferreira et al. 2016, Moreira, Baldovino et al. 2019)) 
that these coefficients are different regarding the type of soil and amount of fine particles in soil. 
Figure 9 shows an adjusting relation between qu and ɳ and 𝑀𝑀𝑀𝑀��. It is shown that qu can be a 
power function of 

�
�����  . The parameter 

�
�����  with exponent a smaller than 1 shows that 

porosity plays a more important role in the strength of studied samples than the binder dosages. 
Therefore, to improve mechanical properties of a stabilized samples, compaction is an important 
element that modifies strength of soil. 
The qu depends on the water content, soil’s maximum density at optimum water content and 
binder dosage. It should be noted that the importance of parameters influencing the strength of 
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stabilized samples is different, and their impact on the named parameter is not equal. It is observed 
that to find a power function for qu that mathematically fits the measured data with the highest 
accuracy it is necessary to divide the data into two groups based on water content. In the 
following, it is found that constant a is equal 0,2 for both equations with coefficient of 
determination equal to 0,95 and 0,9 for ω>24 and ω≤24%, respectively. Figure 10 clearly shows 
that there is noticeable difference between qu of samples depending of their initial water content 
so that in same value of 

�
�����,� , qu of samples prepared at ω≤24% higher than other samples. The 

difference between qu of two groops of samples confirms the substantial effect of porosity on the 
strength of stabilized samples. The amount of 

�
�����,� in equation is controlled by both porosity 

and binder content. At ω>24, porosity of samples is higher and reducing the porosity is less 
possible because of water preventing compaction. Therefore, the named parameter is changed 
by changing the amount of binder. Additionally, it should be considered that amount of binder 
can be increased in a mixture until an optimum amount and increasing amount of binder to 
more than that has an adverse effect on strength ((Horpibulsuk, Miura et al. 2003)). This point 
is not considered in presented equations. Besides, considering economic aspect of a project, the 
amount of binder should be feasible. An explanation strength behavior of samples at different 
water content can be due to chemical reactions accruing between binder and water to create 
new structures between soil particles and correspondingly alter soil strength. When the water-
binder proportion in a mixture is higher, it creates a wider space between cement and soil 
particles. Thus, water affects cementation reactions. This occurrence is associated with water 
preventing compaction and causes low qu for samples with water content higher than 24% 
(ω>24%). This is an important point for projects that provides ranges of options to achieve a 
design requirement considering equipment for compaction and cost of binders or even estimated 
time for project. Also, considering the fact that studied silty soil is Sulfur rich soil and high-water 
content plays a significant role in controlling acidification and environmental consequences, the 
knowledge about the relation between qu and 

�
�����,�  helps to choose the best mixture recipe 

and adequate compaction energy for project’s goal.  

 
 

Figure 8 qu of soil vs (porosity/volumetric cement) 
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Figure 9 Adjusting porosity/binder ratio for predicting qu of samples 

 
This study has potential limitation. Since the results of discussions based on laboratory 
measurement different variables can influence instrument performances and measured values 
certainty. The primary limitation of results is associated with sample preparation method. In the 
view of the fact that samples are hand compacted there is no warranty that energy of compaction 
for all the samples is exact equal. Therefore, this error might exceed the tolerances of the density 
of samples. 
 

1.5 Conclusion 
This paper described a study on the effects of porosity, binder dosages, and initial water content 
on the properties of a stabilized silty soil. A silty soil with five different water content was mixed 
with three dosages of Multicem as a binder. Samples are prepared under equal energy of 
compaction and cured for 16 days. The unconfined compressive strength test was conducted on 
samples. The following conclusions are derived from the experiment and discussion, considering 
the limitations of laboratory conditions. 
The undrained shear strength of samples depends directly on the dosages of the added binder. 
This result was observed for all initial water content at studied dosages. The effect of increase of 
binder dosage is evident when the water content is equal to or less than optimum water content.  
The reducing porosity was identified as an essential variable to enhance the strength of samples. 
Moreover, it was demonstrated that water content and binder dosage variations change porosity. 
The amount of influence of variables, including porosity and binder dosage on soil strength was 
evaluated. It was proven that qu follows a function of ratio of these variables. However, the effect 
of porosity on the qu is more significant than the binder percentage. Further, it is revealed that 
the relationship between qu of samples and porosity/binder ratio is not unique and depends on 
the initial water content of sample. By employing ,  as a variable, it was shown that at same 

value of this variable, qu of samples at initial water content higher than optimum is less than qu 
of other samples with equal or lower water content than optimum. Therefore, reducing soil 
water content and lowering porosity by compaction are practical options for reaching higher 
strengths in studied soil. 
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Abbreviation 
MCiv: Volumetric cement content 
qu: undrained shear strength 
Vb: Binder volume 
Vv: Void ratio 
ɳ: porosity 
ω: water content 
ɳ/MCiv: porosity cement ratio 
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