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Abstract  
Stabilization of soft soil is usually done by adding binder to it e.g. lime and cement. This 
can then also be done with other alternative binders and thereby contribute to less use of 
the most used binders. How effective is lime and PetritT to increase the strength of soft 
clay, how do amount of binder, water content, curing time and delayed compaction impact 
and if PetritT then can be used as an alternative binder was investigated in this Master thesis 
project. The purpose was to learn more about soil stabilization and get deeper understand-
ing of how lime and PetritT and the different parameters effect on the strength increase. 
Scope was limited to the work for 30 course credits, which correspond to full time in 20 
weeks. 
 
Techniques used for stabilization in general is mechanical stabilization, compaction and 
physical/chemical reactions. Further have different factors during the stabilization process 
also an impact. For the soft Stockholm clay stabilized in this study, these different tech-
niques and factors have varying importance due to the clays characteristics, which also 
impact on chemical reactions with used binders. The alternative binder PetritT that was 
tested is a by-product from production of iron sponge. 
 
The laboratory work, classification of used soil and specimen preparation was done in the 
Soil mechanics laboratory at Luleå University of Technology. Specimens to make UCS-
tests on was prepared with two different binder contents and cured to maximum 90 days. 
Lime was tested on four different water contents while just one for PetritT. Two delay in 
compaction series was performed with lime on different water contents and only one for 
PetritT. 
 
The results of the soil classification was a natural water content of 60-65 %, clay content 
of 53 % (84 % fines), optimum water content for compaction 16 % (2,1 t/m3), liquid limit 
of 57 %, plastic limit of 22,7 % and organic content of 6,5 %. The most comparative result 
of UCS tests on prepared specimens was that 7 % lime increasing the strength to 846 kPa, 
7 % PetritT to 157 kPa and these both for a water content of 53 % before addition of each 
binder. In addition to this was 7 % lime giving a strength of 1937 kPa for a water content 
of 29 %. At high water content was delay in compaction in general giving increased 
strength after compaction, which was the opposite for lower water content tested with lime. 
Addition of PetritT to the soil was giving a pH over 11 and with lime was pH over 13 get.  
 
Most of the result was corresponding to the expectations and could be explained by theory. 
When results was compared with other studies it was concluded that results was good and 
accurate, which also makes them reliable. Using of the result for further studies should still 
be done carefully according to discussed errors. 
 
The general conclusions that could be drawn from this study was that lime turned out to be 
very effective for stabilization of soft clay and also PetritT but most in short term when low 
binder content was tested. Conclusion of delay in compaction was that the compaction 
should be done fast after mixing to get high strength in long term. At last it can be said that 
PetritT advantageously can be used as alternative binder to improve the soil characteristics.  
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Sammanfattning 
Jordförstärkning görs vanligtvis genom att tillsätta ett bindemedel t.ex. kalk och cement. 
Detta kan sedan också göras med andra alternativa bindemedel som därmed bidrar till mins-
kad användning av de mest använda bindemedlen. I detta examensarbete undersöks hur 
effektivt kalk och PetritT är för att höja en mjuk leras hållfasthet, hur bindemedelsmängd, 
vattenkvoten, härdningstiden och fördröjd packning påverkar samt om PetritT skulle kunna 
användas som ett alternativt bindemedel. Syftet var att lära sig mer om stabilisering av jord 
och få en djupare förståelse för hur kalk och PetritT samt de olika parametrarna påverkar 
den uppnådda hållfastheten. Omfattningen av arbetet var begränsat till motsvarande 30 
högskolepoäng, vilket är 20 veckors fulltidsarbete. 
 
Tekniker som generellt används för jordförstärkning är mekanisk stabilisering, packning 
och fysikaliska/kemiska reaktioner. Vidare har olika faktorer under stabiliseringsprocessen 
också en inverkan på förstärkningens utveckling. För den mjuka leran från Stockholm som 
stabiliserats i denna studie har dessa olika tekniker och faktorer varierande betydelse på 
grund av lerans egenskaper som också påverkar de kemiska reaktionerna med de använda 
bindemedlen. De alternativa bindemedlet PetritT som testades är en biprodukt vid produkt-
ion av järnsvamp. 
 
Arbetet i labbet, klassificering av den använda jorden och provkroppstillvekningen har ut-
förts i jordmekaniklabbet vid Luleå Tekniska Universitet. Provkroppar för att göra UCS-
tester på tillverkades med två olika bindemedelsmängder och härdades till maximalt 90 
dagar. Kalk testades vid fyra olika vattenkvoter medan PetritT bara testades med en. Två 
stycken serier där fördröjd packning av provkropparna utfördes med kalk på olika vatten-
kvoter och endast en med PetritT. 
 
Resultatet av jordklassificeringen var en naturlig vattenkvot på 60-65%, lerhalt på 53 % 
(84 % finmaterial), optimal vattenkvot för packning på 16 % (2,1 t/m3), flytgränsen till 
57 %, plasticitetsgränsen till 22,7 % och organiskt innehåll till 6,5 %. Det mest jämförbara 
resultatet från UCS-tester av tillverkade provkroppar var att 7 % kalk ökade hållfastheten 
till 846 kPa, 7 % PetritT till 157 kPa båda för en vattenkvot på 53 % före tillsats av binde-
medlen. Förutom detta gav 7 % kalk en hållfasthet på 1937 kPa för en vattenkvot på 29 %. 
Fördröjning av packning gav generellt vid hög vattenkvot en ökad hållfasthet efter pack-
ning vilket sedan var motsatsen för lägre vattenhalt vilket testades för kalk. Tillsats av 
PetritT till leran gav ett pH över 11 jämfört med kalk som gav ett pH över 13.  
 
Det mesta av resultatet motsvarade förväntningarna och kunde förklaras med hjälp av teori. 
När resultaten jämfördes med andra tidigare genomförda studier drogs slutsatsen att resul-
taten var bra och korrekta vilket också gör dem tillförlitliga. Användning av resultaten vid 
framtida studier bör dock fortfarande ske med hänsyn till uppdagade fel som diskuteras. 
 
De generella slutsatserna som kunde dras från denna studie var att kalk visat sig vara 
mycket effektivt för stabilisering av den mjuka leran men även PetritT, dock mestadels på 
kort sikt med lägre bindemedelsinnehåll. Slutsats av fördröjning i packning var att pack-
ningen skall ske snabbt efter inblandning för att uppnå högre hållfasthet på lång sikt. Till 
sist kan sägas att PetritT med fördel kan användas som ett alternativt bindemedel vid för-
bättring av lerans egenskaper. 



vi 
 

  



 

i 
 

Table of Contents 
1. INTRODUCTION ...................................................................................................................... 1 

1.1 BACKGROUND ........................................................................................................................ 1 
1.2 PROBLEM DEFINITION ............................................................................................................. 1 
1.3 PROJECT DESCRIPTION ............................................................................................................ 1 
1.4 PURPOSE AND AIM ................................................................................................................. 2 
1.5 LIMITATIONS .......................................................................................................................... 2 

2. THEORY ..................................................................................................................................... 5 
2.1 LITERATURE STUDY................................................................................................................ 5 

2.1.1 Lime-cement columns ..................................................................................................... 5 
2.1.2 Quicklime and Portland cement ..................................................................................... 6 
2.1.3 Alternative binders .......................................................................................................... 6 

2.2 SOIL STABILIZATION ............................................................................................................... 9 
2.2.1 Mechanical stabilization and compaction ...................................................................... 9 
2.2.2 Stabilization by physical and chemical reactions ........................................................... 9 
2.2.3 Stabilization process ....................................................................................................... 9 

2.3 SOIL ...................................................................................................................................... 10 
2.3.1 General clays ................................................................................................................ 10 
2.3.2 Used soil ....................................................................................................................... 10 

2.4 BINDERS ............................................................................................................................... 11 
2.4.1 Lime .............................................................................................................................. 11 
2.4.2 PetritT ........................................................................................................................... 11 
2.4.3 Chemical reactions ....................................................................................................... 12 

3. METHOD .................................................................................................................................. 13 
3.1 SOIL CLASSIFICATION ........................................................................................................... 13 

3.1.1 Natural water content ................................................................................................... 13 
3.1.2 Particle size distribution ............................................................................................... 13 
3.1.3 Modified proctor test .................................................................................................... 14 
3.1.4 Liquid limit.................................................................................................................... 14 
3.1.5 Plastic limit ................................................................................................................... 14 
3.1.6 Natural organic content ................................................................................................ 14 

3.2 SPECIMEN PREPARATION ...................................................................................................... 15 
3.2.1 Soil preparation ............................................................................................................ 15 
3.2.2 Add of binders ............................................................................................................... 15 
3.2.3 Compaction ................................................................................................................... 16 
3.2.4 Curing ........................................................................................................................... 16 

3.3 TEST OF SPECIMENS .............................................................................................................. 17 
3.3.1 Unconfined uniaxial compression test .......................................................................... 17 
3.3.2 pH-test........................................................................................................................... 18 

4. RESULTS .................................................................................................................................. 19 
4.1 SOIL CLASSIFICATION ........................................................................................................... 19 

4.1.1 Natural water content ................................................................................................... 19 
4.1.2 Particle size distribution ............................................................................................... 19 
4.1.3 Modified proctor test .................................................................................................... 20 
4.1.4 Liquid limit.................................................................................................................... 20 
4.1.5 Plastic limit ................................................................................................................... 21 
4.1.6 Natural organic content ................................................................................................ 21 

4.2 TEST OF SPECIMENS .............................................................................................................. 22 
4.2.1 UCS-tests of Curing ...................................................................................................... 22 
4.2.2 UCS-tests of Delay in compaction ................................................................................ 26 



 
 
 

4.2.3 pH-tests ........................................................................................................................ 31 
4.3 SOURCE OF ERRORS.............................................................................................................. 35 

4.3.1 Specimen preparation .................................................................................................. 35 
4.3.2 UCS-test ....................................................................................................................... 35 
4.3.3 pH-test .......................................................................................................................... 36 

5. ANALYSIS ............................................................................................................................... 37 
5.1 CURING ................................................................................................................................ 37 
5.2 DELAY IN COMPACTION ....................................................................................................... 39 

6. DISCUSSION ........................................................................................................................... 41 

7. CONCLUSIONS ...................................................................................................................... 43 

REFERENCES ............................................................................................................................. 44 



 

1 
 

1. Introduction 
1.1 Background 
The construction industry has a significant impact on the environment. Therefore it is im-
portant to acquire knowledge about improvements or use of alternative materials that re-
duce the impact on the environment from construction. Besides, the development of the 
society requires more environmentally friendly construction. 
 
Stabilization of soils is a way to use the in-situ material in the ground by adding small 
amount of binder. This have many benefits for example less excavation and also reduced 
use of crushed rock. Production of the added binder lime and cement, which is most used 
in stabilization have high impact on the environment and therefore it needs to be replaced 
as far as possible. This can be done with other alternative binders and thereby contribute to 
less use of lime/cement. Many tested alternatives are by-products from industry and can 
therefore be produced near the construction site. This will then also contribute in the way 
of less transportations to the site. 
 
When investigate new alternative binders it is important to find out how it can be used, in 
which conditions and what pros and cons that the material has. Alternative binders can 
usually not replace lime and cement entirely but in combination it can contribute with the 
advantages. 

1.2 Problem definition 
The problem that has been investigated in this master thesis project is 
 

-How effective is lime and PetritT to increase the strength of soft clay? 
 
-How do amount of binder, water content, curing time and delayed compaction af-
fect the strength increase? 
 
-Can PetritT be used as an alternative binder in some applications or is the im-
provement of the soils characteristics insignificant? 

1.3 Project description 
This project is a thesis that examines Master studies in Civil Engineering. The Master thesis 
has been performed in collaboration with Luleå University of Technology, division of Min-
ing and Geotechnical Engineering and with PhD, Wathiq Al-Jabban as supervisor for the 
work. 
 
Before the thesis project and laboratory work begin a literature study about alternative 
binders were performed as a part in a previous course of the education. The purpose of this 
literature study was to find alternatives and evaluate which of the potential binders that 
possibly could be used for stabilization and therefore could be useful to do further analyses 
on. The search for information in this literature study was limited to information on web, 
databases and university library. The results from this are presented in the theory part. 
 
This thesis project is of experimental orientation, which means that lot of the time have 
been spent in the laboratory with classification of the soil, preparing specimens and perform 
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tests. The used soil has been classified before in an earlier study by Wathiq Al-Jabban and 
therefore just part of the classification was performed again to compare the results. Parts 
that were done in this study is the Natural water content, Particle size distribution (sieving 
and sedimentation) and Modified proctor test. The specimens have been prepared and 
tested during 4 months, in total it is 190 specimens. How the classification, preparing and 
test have been done is deeper described in the method part of this thesis. 
 
In parallel to the laboratory work a theory part has been done, which explain the techniques 
and process for stabilization of the used type of soil. Used binders for the stabilization, lime 
and PetritT are described and their properties are also included to this part. The soil that 
these binders was investigated on is described in general and information about the used 
clays origin and special properties. 
 
After tests were performed also processing and analysis of results takes time. The results 
from test produce lot of data that was summarized and then illustrated in graphs that make 
it easy to understand and analyze. In the result part just description of results and graphs 
been included and then followed by a separately analysis part in running text that refers 
back to the results. The analysis part includes explanations of the results according to the 
theory and necessary comparisons to make conclusions in the end. 
 
In the end, results are compared to other studies in the discussion so the accuracy of the 
investigated parameters could be commented. Conclusion that could be drawn from this 
and the analysis are then represented at the end, which also try to answer the questions 
stated in the problem definition.  

1.4 Purpose and Aim 
The purpose of this thesis is to learn more about stabilization of soft clays and get deeper 
understanding of how the binders lime and PetritT works in this application. But also, how 
different parameters effect the strength increase. Further this study goes in to delayed com-
paction with the different binders and with two different water contents for lime. The aim 
with the study is to investigate and evaluate the strength increase of soft clay with PetritT 
in compare to lime, both in short and long therm. This will hopefully give some beneficial 
conclusions about the strength increase of PetritT and how the delayed compaction impacts 
on the increase. Finally, one additional aim is to get ideas on further investigations since 
this project was limited. 

1.5 Limitations 
The scope of this thesis project is limited to 800 hours, which is the work that should be 
done for 30 course credits and correspond to full time work in 20 weeks. The timespan of 
the thesis project is especially short for this kind of experimental study where it is of interest 
to do tests in long term. Tests should be done at least until after 90 days curing and since it 
takes some time for planning and preparation before making specimens just a little time is 
left to finish the report in the end.  
 
First stages of the thesis project with planning and laboratory work was critical for the study. 
This since when the casting was done any mistakes that show up afterwards or have been 
done with the specimens can not be fixed due to lack of time to make new specimens. 
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Before knowing exactly how much time the laboratory work was going to take, the study 
has been limited to simply investigate the strength increase with curing and delayed com-
paction for the two selected binders, each with two different binder amounts. Limitations 
chosen here, to do this with just lime and PetritT and with an addition of 7 and 4 % binder 
content. This was because adding just one more binder or binder content generates lot of 
additional specimens to prepare, which is time consuming. A contributing factor to this is 
that every specimen in a series must be made in pairs to get an average, most preferably 
three or more but for this study limited to produce them in pairs. If there is more time after 
testing the specimens and something have gone wrong or the range between the pair is big, 
one additional specimen can be prepared and tested. 
 
After the laboratory work has progress it is an opportunity to extend the study, maybe not 
with additional binder or binder amounts but investigating more parameters that influence 
the increase in strength. This can be done if specimen preparation is managed with the time 
that is left. These parameters are for example water content, compaction, delay- and curing 
times. 
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2. Theory 
2.1 Literature study 

2.1.1 Lime-cement columns 
In general, the soil in-situ on the construction site is mixed with dry binder that react with 
the water that soil already contains e.g. clays and soft soils. This is done in a way that 
creating vertical columns in the ground that for example improve the bearing capacity of 
the ground. The columns can be arranged differently depending on the application and 
needed function. The method can also be used in drier conditions but then water needs to 
be added to get proper reaction of the binder and therefore the method is divided in wet and 
dry depending on the conditions (Kellergrundläggning, 2017).  
 
The columns can be constructed to about 25 m depth with a diameter of 400-1000 mm and 
a normal centrum distance of the columns is 0,8-1,7 m (Cementa, 2017). 
 
Applications 
The method is normally used in different civil engineering constructions to reduce settle-
ments and improve the stability of the ground. For example, in embankments, slopes, deep 
excavations and under smaller constructions like pipelines (Cementa, 2017).  
 
If the columns been arranged in lines with overlap to each other it creates a wall in the 
ground that is less permeable for the groundwater, which then can been useful to keep 
contaminated land from leaking to the environment. This wall arrangement of the columns 
can also work as vibration protection of buildings or be used to take up vibrations, from 
railways for example (SGF-LarssonS, 2017). 
 
Design 
Depending on the problem and requirements the design is mainly done by adjustment of 
installation patterns, column diameter, distance between columns and column depth. But 
this assumes that the soil on the site is thoroughly investigated so that design of binder can 
be done, which is depending on the soil properties and in-situ conditions. I.e. different soils 
require adjustment of the combination of lime, cement and other alternative binders 
(Larsson, 2006). 
 
Conditions 
For the most used type of lime-cement column with dry binder the soil needs to contain 
about 20 % of water, which is normal in many soft clays. Therefore, the method is most 
used in these conditions. 
 
Other soils where the method can be used in is organic soils, silts and lose sands that have 
high water content but an important condition is also that the soil is enough lose to allow 
proper mixing (SGF-Metodblad, 2017). 
 
Benefits 
Use of lime-cement columns is often a cost-effective method. The installation process and 
variation in design is flexible, which gives the many opportunities of applications. In some 
ways, it is an environmentally friendly method considering low noise and vibrations from 
the installation but also considering the use of the in-situ soil to create the columns (SGF-
Metodblad, 2017). The method is also less time consuming in comparison to other ground 
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improvement methods so the construction time can be reduced in many cases 
(Kellergrundläggning, 2017). 
 

2.1.2 Quicklime and Portland cement 
Binders that have been used for the method is mainly lime and cement, this two can be used 
in different proportions or separately depending on in which type of soil and application it 
is regarding. Columns created of lime separately is most used in clays, combinations of 
lime and cement can be used in all type of soils except peat and cement separately can be 
used in all type of soils (Larsson, 2006). 
 
Quicklime  
The normal used lime is fine grind quicklime, CL90-Q. This lime is first reacting with the 
water in the soil and after that with the fine solid particles as clay particles. Therefore, the 
strength is very depending on the reactions between the lime and soil particles. The strength 
growth for columns created separately from lime is linear and going on under long time in 
compere to columns with addition of cement.  
 
A normal addition of lime is about 6-8 weight percent of the solid soil mass, which is about 
70 - 90 kg/m3 (Larsson, 2006). 
 
Quicklime is produced by heating up limestone (calcium carbonate) to temperatures about 
1000 degrees. This take away carbon dioxide from the limestone, which gives that only 
almost pure calcium oxide been left (Entreprenörsskolan, Sveriges Byggindustrier, 2016). 
 
Portland cement  
The normal used type of cement is a Portland cement, CEM II/A-LL 42.5 R. The cement 
is only reacting with the water in the soil and therefore strength not depends on which type 
of soil it is. The strength is then only depending on the amount of cement and the supply 
of water in the soil that can react with the cement. The strength growth for columns created 
separately with cement is fast in the beginning and then decreases more and more over time 
in compere to columns with addition of only lime. 
 
A typical addition of cement in clay soils is about 6-16 weight percent of the solid soil mass, 
which is about 70 - 180 kg/m3 and in peat it can be need of over 300 kg/m3 (Larsson, 2006). 
 
Portland cement is produced by heating up fine grind mix of limestone and clay minerals 
(Alite, Belite, Aluminate and Ferrite) to 1400 degrees. This forms what is called Portland 
cement clinker and the main components of this is calcium oxide and silicon dioxide. But 
it is also forming small quantities of many other substances and the most important ones is 
alkalis (K2O, Na2O), aluminum oxides and iron oxides (Entreprenörsskolan, Sveriges 
Byggindustrier, 2016). 
 

2.1.3 Alternative binders 
Lime and Portland cement is usually used in different proportions to take advantage of the 
different characteristics that they have. In this way, also other alternative binders can be 
added to improve the characteristics with propose to create better columns for different 
conditions and applications (Åhnberg, 2006).  
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Most of the alternative binders do not work as a separately binder that can replace both 
lime and Portland cement since most of them needs to be activated by the reactions between 
calcium oxide and water. These binders are called pozzolans (Entreprenörsskolan, Sveriges 
Byggindustrier, 2016). 
 
The alternative binders that been found in this literature study was taken from the listed 
alternative binders in the main reference (Åhnberg, 2006). Namely Slaked lime, Alumina 
cement, Slag, Fly ash, Gypsum, Silica fume, Kiln dust and Water glass. Some of these 
binders have been described with inter alia their specific properties, content, origin/source 
and impacts taken from other find references. 
 
Alternatives to Portland cement was also find in one study that describe four different al-
ternatives, which is produced in the same way as Portland cement but have a lower impact 
on the environment (Juenger, Winnefeld, Provis, & Ideker, 2011).  
 
Description of different alternative binders 
Gypsum is a sulfate mineral that contains calcium sulfate and water. The mineral occurs 
most commonly in nature where partial or total evaporation of inland seas and lakes take 
place and forms layered sedimentary deposits. The most common use for gypsum is in 
construction and agricultural industry. The applications in construction is for example, 
plaster, wallboard and cement, in agriculture it is used to neutralize sodic soils and to pro-
mote the growth of vegetables.  
 
The physical makeup of gypsum slows down the hardening of Portland cement and there-
fore used to cut off the temperature increase due to the fast cement reactions in Portland 
cement (Sampson, 2011). 
 
Fly ash is a by-product that is produced in the industry, generally from combustion of pul-
verized coal in thermal power plants but can be collected in other coal combustions also. 
The fly ash is mainly consisting of silicate glass that contains silica, alumina, iron and 
calcium. Particle size vary from < 1 µm to about 100 µm but most of the particles are < 20 
µm. The surface area can vary from 200-700 m2/kg but typically it is 300-500 m2/kg.  
 
The use of fly ash, usually in concrete is as a pozzolan replacement of Portland cement and 
it can be replaced with up to 30-40 % without call it fly ash-concrete, otherwise the re-
placement can be very high but it will impact a lot on the curing time. The replacement of 
fly ash impacts on the concrete in the way of lower temperature increase during the cement 
reactions (Alaa M, 2015). 
 
In the production of silicon and ferrosilicon alloys, the most common and pure type of 
Silica fume come out as a by-product that contains 85-96 % of SiO2. This is commonly and 
successfully used in cements for concrete as a pozzolan binder.  
 
Silica fume have a very large specific surface due to the extremely fine particles. The par-
ticles are so fine that it works as a filler between the cement grains, which lead to better 
bond between the aggregates and cement paste. This leads also to an increased strength and 
reduced permeability for concrete (Hot, Cyr, Augeard, & Eekhout, 2015). 
 
One of the by-products from steel industry is ground granulated blastfurnace slag, which 
can be used as a pozzolan binder. The blastfurnace is fed with iron-ore, coke and limestone 
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and at high temperatures iron then been separated from the ore. What left is then the slag 
that been tapped of and rapidly cooled witch gives the slag cementitious properties. 
 
The slag is containing about 34 % of CaO, 34 % SiO2, 18 % Al2O3, 6 % MgO and 4 % 
other oxides. In earlier studies have slag shown good results for soil stabilization together 
with lime and especially in sulfate/sulfide-containing soils (Yaolin, Liyang, & Songyu, 
2014). 
 
In the production of Portland cement also a by-product is collected and that is Kiln dust, 
which have been used as a binder. Kiln dust is mainly consisting of calcium carbonate, 
calcium oxide, clay and small amount of sulphates, chlorides, clinker dust and other oxides. 
The particle size is between 6-100 µm. The kiln dust has a decelerating effect on the cement 
reactions due to the pozzolan characteristics of the material, otherwise it has shown good 
results in replacement for concrete (Baghdadi, 1990). 
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2.2 Soil stabilization 
Stabilization of a soil can be done in many ways depending on which soil that been stabi-
lized. The different techniques are deeper described in 2.2.1 and 2.2.2 that can be used to 
improve the strength. These techniques are more or less effective for different soils and 
will have varying impact on the achieved strength after stabilization. For course soils is 
mechanical stabilization and compaction more suitable and used since the strength of these 
soils is built by the friction between the particles. Fine soils as clay, often with high water 
content is hard to compact due to the cohesive properties. However, change of fine soils 
physical properties and density by mechanical stabilization and compaction will impact lot 
on the strength increase for the stabilization by physical and chemical reactions. 

2.2.1 Mechanical stabilization and compaction 
Mechanical stabilization is done by adding material to the soil so that the physical proper-
ties been changed. The purpose of this is to get a suitable grain size distribution, which give 
better contact between the particles and less voids in the soil. In additional to this can com-
paction be done to stabilize the soil further by pressing the soil particles together, which 
give them even better contact and less air voids (Sherwood, 1993). 

2.2.2 Stabilization by physical and chemical reactions 
Stabilization of soils by physical reaction is done by adding a binder to the soil that bound-
ing the soil particles together. This when changing the binder temperature or by evaporation 
of a solvent that the binder contains to be spread in the soil around the particles. A good 
example of this is the Bitumen that is used to make asphalt. 
 
For stabilization by chemical reactions it is done in the same way with addition of a binder 
but these either bounds the soil particles together by building up strength around the soil 
particles or and both reacting with the soil particles them self. The most common example 
of a binder that building up a strength around and also reacts with individual soil particles 
is hydrated lime (Sherwood, 1993). 

2.2.3 Stabilization process 
The process of stabilization is affected of many factors that will impact on the obtained 
strength of the stabilized soil. It is physical, chemical and environment factors during prep-
aration and curing of the specimens.  
 
Physical factors are degree of compaction, moisture content, mixing workability and binder 
content. Chemical factors are the different compositions of the soil, for example organic 
contents and type of minerals in the soil. Environment factors are temperature and moisture 
changes that can affect both in a physical and chemical way (Sherwood, 1993). 
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2.3 Soil 
The elements of a soil is solid particles and voids. The particles can have different compo-
sition, shape and size distribution whilst the voids is either filled with different parts of air 
and water. This parameters all contribute to the soils characteristics but the most important 
parameters for the classification is the particle size and distribution. By this soil been di-
vided in three different main fraction groups boulders and cobbles (>60mm), coarse soil 
(60-0,06mm) and fine particles (<0,06mm). In these groups we have sub groups and for the 
fine particles it is silt and clay where the clay particles is classified as less than 0,002 mm 
(Axelsson, 1998). 
 
Since the used soil for this master thesis project is a clay, first a description of a clay in 
general is included and then information about the used Stockholm clay comes after that. 

2.3.1 General clays 
The composition of the clays particles will impact more on the properties in compare to 
coarser soils. Clays usually consist of an especially group of silicates and the most common 
clay mineral in Sweden is Illite, which have a typically low swelling potential in compere 
to Montmorillonite that is less common (Axelsson, 1998).  
 
Depending on the chemical composition of the clay minerals it can build different sizes of 
stable clay particles due to the minerals chemical charge, larges particles that clay minerals 
can build is up to 0,005 mm. This will also result in negative surface charge on the build 
particles that give the clay particles there surface activity and ion exchangeability. How big 
negative charge the particles will get is depending on the specific surface i.e. large specific 
surface gives higher charges. When the clay particles builds up it will get a flat structure 
that correspond to large specific areas (Axelsson, 1998).  
 
The negative charge will attract cations in the water and also the water dipole molecule. 
Bonds of water around the clay particle resulting in an attraction between the particles itself, 
which in turn give clays there cohesive properties. To classify a soil as a clay, the fine soil 
need to have a clay content of > 40 %. Otherwise it can be a silty clay, then the clay content 
is between 20-40 % (Axelsson, 1998). 

2.3.2 Used soil 
For this master thesis project is a clay used that comes from a road project in Stockholm 
named E4 Förbifart Stockholm. The more precisely location where it was taken from is the 
north highway intersection in Hjulsta (Al-Jabban W. , 2018). It was excavated during the 
project and then transported by truck to Luleå where it have been stored for a time and used 
in other research projects inter alia by PhD student Wathiq Al-Jabban. The soil is a soft 
clay with high clay content, the color is grey with elements of brown and have an organic 
content.  
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2.4 Binders 
Two different hydraulic binders been used in this master thesis project, which are described 
with their origin and properties in the two following sections 2.4.1 and 2.4.2. After that also 
the chemical reactions of these two binders are described, section 2.4.3.  

2.4.1 Lime 
The provided lime that been used in this master thesis project is manufactured by the com-
pany Nordkalk AB in Köping, Sweden. The lime product form Nordkalk named NK QL 0-
0,1 KÖ is equal to but not exactly the same as the quicklime mentioned in the literature 
study before that usually been used. The chemical and physical properties of used Nordkalk 
lime is shown in Table 1. 

2.4.2 PetritT 
The alternative binder PetritT used in this master thesis project is provided by the company 
Höganäs Sweden AB. It is a by-product from the industry producing iron sponge and the 
yearly production of this by-product material is stable over the past few years 17000-20000 
ton (Haase, 2014). The chemical and physical properties do not varying so much due to the 
stable process in the production, this properties is also shown in Table 1 together with lime.  
 
Table 1, Chemical and physical properties lime (Nordkalk, 2018), PetritT (Al-Jabban, Knutsson, 
Laue, & Al-Ansari, 2017) 
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2.4.3 Chemical reactions 
The reacting chemical in the lime used in this master thesis is Calcium oxide (CaO). It is 
reacting with the water (H2O) in the soil, which then produce Calcium hydroxide (Ca(OH)2) 
and heat, see equation 1.  
 
𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝐶𝐶 > 𝐶𝐶𝐶𝐶(𝐶𝐶𝐻𝐻)2 + ℎ𝑒𝑒𝐶𝐶𝑒𝑒       (1) 
 
This reaction is also get from the second binder PetritT since it contains about 37 % Cal-
cium oxide. In addition to this, hydrated compounds forms cement paste by reactions be-
tween Calcium oxide, different oxides in PetritT (Table 1) and water. Most by the silicon 
and aluminum oxides (Sherwood, 1993).  
 
This reaction of Calcium oxide in equation 1 increase the strength of the soil most by ini-
tially consuming water and just little by the formation of Calcium hydroxide crystals. The 
reactions that build up strength in long term is the pozzolanic reactions, which are the re-
actions between Calcium hydroxide and material with pozzolanic properties (containing 
silicate or aluminum). Soil stabilized with just lime will get this reactions since clay parti-
cles contains minerals with the pozzolanic properties (Rehnman, 1998).  
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3. Method 
The laboratory work for this Master thesis project, classification of used soil and specimen 
preparation has been done in the Soil mechanics laboratory at Luleå University of Tech-
nology. Used soil for the work was provided by the Mining and Geotechnical Engineering 
division at Luleå University of Technology, it is a soft clay form a site in Stockholm-Swe-
den. The used Stockholm clay have also been used in earlier studies by PhD Wathiq Al-
Jabban and therefore was most of the soil properties already known. Methods of getting 
these soil properties is however presented in section 3.1. To complement the properties that 
Wathiq had, Natural water content, Particle size distribution and Modified proctor test was 
performed. 
 
Specimens have been produced with two different binders, lime and PetritT. Both types of 
binder in series with 0,4,7-% binder content, curing time of 0,7,28,90-days, delay in com-
paction of 1,3,6,24,48,168 hr. With lime also different water contents where investigated. 
Curing series with 22, 29, 40, 53 -% water content and delay of compaction with 29 and 
53 % water content. For the series with PetritT was a water content of 53 % used. All the 
prepared series of specimens where then tested in uniaxial compression to failure and pH-
test of the remaining soil was taken. Methods of the preparation and testing is presented in 
section 3.2 and 3.3. 

3.1 Soil classification 
Classification of the soil has been done according to Swedish standards as follows. 

3.1.1 Natural water content 
Representative soil, from corners to the middle is collected and put in a cup that first 
weighed without soil and then when wet soil is collected. After that soil is dried in an oven, 
105˚C for 24 hours to be weighed again. Now the water content can be calculated as the 
ratio between the mass of evaporated water and mass of dry soil, see equation 2. 
 
𝑤𝑤 = 𝑚𝑚𝑤𝑤

𝑚𝑚𝑠𝑠
∗ 100 [%]         (2) 

3.1.2 Particle size distribution 
Two different ways can be used to get the particle size distribution, by doing dry or wet 
sieving. For dry sieving, the soil needs to air dry before the sieving can start and therefore 
soil is spread on a plate. When clay material is dried it also needs to be grinded before it 
can be sieved. Now the dry and grinded material is weighed and putted in weighed sieves 
from 1 to 0,063 mm placed above each other. Sieves are then placed in a machine that 
shaking for 10 minutes to get the soil particles go through and the different sieves is after-
wards weighed again. For the wet sieving it is no need of drying the material before the 
sieving, the water content is taken and then weighed soil is directly putted on the sieves. 
The soil is flushed with water through the sieves during shaking and all water with particles 
passing the 0,063 mm is collected in a bucket for sedimentation test. The sieves are weighed 
after they have been dried in an oven to get the distribution curve. 
 
After dry and wet sieving, the particle size distribution for the fine particles that have pass 
the 0,063-mm sieve is done by sedimentation test. This was performed both with hydrom-
eter and pipette to compare results between them. The sedimentation is done by putting the 
fine material from dry or wet sieving in a 1000 ml glass tube and fill it to the 1000 ml 
marking. A special chemically additive that make the smallest particles to separate is also 
add, included to 1000 ml. Then the soil is stirred very well so it is equally distributed in the 
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water and the sedimentation starts as the stirring stops. The methods are until here the same. 
The difference is now how the measurement of sedimentation is done. With the hydrometer 
method are readings taken directly on the hydrometer when it is lowered down in the water. 
With the pipette method is water samples taken that is putted in a cup that after drying in 
oven is weighed. The calculations for both methods are based on the speed of the sedimen-
tation according to Stokes´ law. 

3.1.3 Modified proctor test 
To compact a clay, it needs to dry a bit from the natural water content due to the cohesive 
properties and almost liquid consistence. Otherwise it will be sticking to the compaction 
equipment and not stay in the used compaction cylinder. 
 
To perform the test a proctor machine is used. It consists of a 4,5 kg hammer that make 
blows by falling 450 mm into a cylinder that is mounted below it. The mounted cylinder is 
sitting on a plate that moves automatically so that the blows from the hammer is spread in 
the cylinder that have a diameter of 100 mm and a height of 120 mm. According to standard 
DIN 18 196, the compaction is done in five layers were the machine make 25 blows on 
each layer. Soil is added so that the layers gets so equally in height as possible, this do not 
mean that the same amount of soil should be added in each layer since the compaction of 
layer 2-5 will also compact the layers done before.  
 
The highest degree of compaction is determined by drying the soil a little between compact 
it into the cylinder. After every compaction density and water content is taken. When the 
density after compaction is going down in compare to the compaction before, the highest 
degree of compaction can be known by making a curve with water content versus density. 

3.1.4 Liquid limit 
The used method for determine the liquid limit was Falling cone test. It is performed by 
letting a steel cone that weighs 60 g and have a tip angle of 60˚ fall into the soil. Mixed soil 
is filled in a small cup and the surface is made plane by pull off the material leftover. The 
cone is adjusted so that it tangent the soil surface without touching it. From this position 
cone is released and the penetration depth is then measured. The definition of the liquid 
limit is that the cone should penetrate the soil with 10 mm. By using a reference table, the 
liquid limit can be calculated depending on the soils water content and the measured pene-
tration between 7-13 mm.  Otherwise the test can be done more times with different water 
contents and then plotting water content against the penetration depth. 

3.1.5 Plastic limit 
Determination of the plastic limit is simply done by taking plastic soil and try to roll it to a 
little strip by hand. The definition of the plastic limit is that it can be rolled to a strip that is 
3 mm in diameter and 40 mm long. This is most preferably done on a water absorbing paper 
so that the water content of the soil is decreasing faster during the test rolls. Rolling out the 
strip is repeated until it brake/fall apart before getting the limits according to the definition. 

3.1.6 Natural organic content 
Soil is dried in an oven so it is completely dry, 105˚C for at least 24 hours. Then putted into 
a porcelain bowl and ignited in an oven, 800˚C for at least 60 minutes. It is weighed before 
and after, which give the organic content by taking the ratio between the loss of ignition 
and soil mass, see equation 3. 

𝐶𝐶𝑐𝑐 = 1 − � 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑚𝑚𝑏𝑏𝑎𝑎𝑎𝑎𝑏𝑏𝑎𝑎𝑎𝑎
�         (3) 
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3.2 Specimen preparation 

3.2.1 Soil preparation 
Used Stockholm clay have been stored at Luleå University of Technology in a big container 
and therefore had to be mixed before it can be used. This due to get a homogeneous soil, 
both properties and water content since water evaporate at the surface and edges during 
storage. To get different water contents of the clay it is stored in open buckets to air dry 
and then been mixed. When the water content was lower than aim for, water have been 
added and then mixed again. After mixing, soil was stored in sealed buckets to keep the 
water content until mixing it with binder. 

3.2.2 Add of binders 
The amount of binder is calculated as a percentage of soil dry weight. The addition of 
binder has been done with 4 and 7 %. The mixing is done in a suitable size of mixer de-
pending on how much soil that is going to be mixed and so that proper mixing is achieved 
after 10 minutes. Mixer used for the work in this master thesis project is shown in Figure 
1. The mixer consists of a steel bucket fastened under a rotating rod that can be run in three 
different speeds. Needed soil 2,7 / 3,5 kg depending on 6 or 8 specimens going to be pre-
pared is first put in the mixing bucket. After that binder has been spread out during the first 
2-3 minutes of mixing. The mixing bucket is then removed and soil that have stuck to the 
rod and bottom/walls of the bucket is loosened. Then mixing carry on in three more minutes 
to loosened soil from rod/bucket again and then mixing of the last four minutes to get a 
total mixing time of 10 minutes. The stops for loosening ensure that the binder is even 
distributed in the soil. If not, the specimens will get an uneven strength and water content. 
Under mixing water will evaporate but after mixing soil is put directly in to plastic bags. 
The water content been measured both before and directly after mixing. 

 
Figure 1, Hobart mixer 
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3.2.3 Compaction 
Soil is directly (maximum 1 hour) after mixing compacted into 170x5 mm tubes except for 
the delayed in compaction were the time between mixing and compaction was 1,3,6,24,48, 
and 168 hours. This counted from the starting of the mixing, when binder is added to the 
soil since reactions between soil and binder starts by then. However, compaction is done 
by putting the mixed soil into the tube in five layers. Each layer is by hand compacted using 
a proctor packing equipment, see Figure 2. The weight on the packing equipment is up-
raised 30 cm and then released so it gives a packing blow. 15 blows are given on each layer 
and it is important to make sure that the layers have god contact between them by scratching 
the surface before putting more soil into the tube. The amount of soil for each layer should 
be adapt so the five layers is so equal as possible and the total height is over 100 mm but 
not so much more. This means that it should be more soil in the first layers than the last 
since, when compacting layer 2-5 also layers below them gets compacted. After compac-
tion, the height of the soil is adjusted to 100 mm in a special made rack, see Figure 3. The 
soil left-over is saved in a cup to take water content. 
 

 
Figure 2, Packing equipment 

 
Figure 3, Special made rack

3.2.4 Curing 
When the specimen is cured, the tube needs to be sealed in both ends with two rubber 
membranes. The bottom robber membrane closest to the specimen is also sealed with a 
membrane tape that ensure no water to leak in since this end stands under water when the 
specimens are cured in fully saturated conditions. The top robber membrane is also sealed 
but just with a plastic tape that prevent air exchange in to the specimen. Saturated condition 
during the curing were done by putting the sealed tubes in a container filled with water over 
the bottom membranes tape, see Figure 4. This container was placed in a room that have a 
controlled temperature of 20°C during the curing periods of 7,28 and 90 days. 
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Figure 4, Containers for curing 

3.3 Test of specimens  

3.3.1 Unconfined uniaxial compression test 
After specimens have been prepared and cured or just prepared without curing, they are 
tested in Unconfined Uniaxial Compression test (UCS-test). The test is performed with a 
machine that compress the specimens with a constant speed and for this thesis was set to 1 
mm/min. A load cell mounted on the machine is logging the force on the specimen, see 
Figure 5. The force from the load cell been plotted on a screen versus time so the test can 
be stopped when it has go to failure. This data is then saved and a stress-strain curve can 
be calculated and drawn afterwards in Excel for example. To get the specimens out from 
the tube and placed in the test machine two 50 mm cylindrical blocks is putted under and 
over the specimen. This before it been pushed out from the tube in the special made rack. 
By this it can be lifted and placed in the machine without disturbing the specimen, it is also 
weighed and the length is measured before test starts. 
 

 
Figure 5, Machine for UCS test 
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3.3.2 pH-test 
Specimens with natural soil and form the curing series have soil been saved in a small cup 
after the UCS test is done. The soil in the cup air dry for at least one day, more for high 
water contents so it can be grinded to a powder. Equal parts of dry powder and distillated 
water is weighed into a suitable container. 50 ml glass cup have been used in this master 
thesis project for 20 g soil/water. The pH-meter should fit in the container and do not use 
more soil than without being overfilled when the pH-meter been putted down or less soil 
than needed to do the measurement. After water have been added to the powder it should 
be mixed with a little rod and after that stands for more than one hour before taking the 
measurement of pH. For the measurement in this master thesis project VWR pH10 have 
been used, see Figure 6. 
 

 
Figure 6, pH meter  
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4. Results 
4.1 Soil classification 

4.1.1 Natural water content 
Since the soil have been stored for long time without being totally sealed, water have evap-
orated from the soil. The measured natural water content 53 %, Table 2 therefore not cor-
respond to the water content that the soil have in-situ before it was excavated at the site. 
However the in-situ natural water content is 60-65 % retrieved from the geotechnical report 
that was made on the project where the soil comes from (Al-Jabban W. , 2018). 
 
Table 2, Data from water content test 

 

4.1.2 Particle size distribution 
The sieving was done both wet and dry but the most accurate method is the wet sieving and 
therefor is the result from that shown in Figure 7. The curve in the diagram is an average 
between the hydrometer and pipette sedimentation method.  
 

 
Figure 7, Particle size distribution curve 
 
From the curve in the particle size diagram it can be seen that the Stockholm clay consist 
of 53 % clay, 31 % silt and 16 % sand. Totally amount of particles classified as fines is 
thereby 84 %. 



20 
 

4.1.3 Modified proctor test 
In order to perform compaction of clay in the proctor packing machine, soil was first air 
dried to a water content of 25,5 %. Between each compaction dried six times before the 
degree of compaction was decreasing and a curve that show the optimum water content 
with the highest degree of compaction could be obtained, see Figure 8. 
 

 
Figure 8, Proctor curve 
 
From the figure above an optimum water content is decided to be 16 %, which give a dry 
density of approximately 2,1 t/m3. 
  
To draw the saturation line in Figure 8 the specific gravity is needed and the test of this 
was done and can be seen in Table 3. The calculation depends on the temperature that was 
22 ˚C and give a Qw value of 0,9978. 
 
Table 3, Data for Specific gravity 

 

4.1.4 Liquid limit 
Since the liquid limit was evaluated with Falling cone test by Wathiq Al-Jabban is the result 
received from him and the test data is shown in Table 4. The average of five tests give a 
liquid limit of 56,98 %. 
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Table 4, Data from Falling cone test (Al-Jabban W. , 2018) 

 

4.1.5 Plastic limit 
The plastic limit test was performed by Wathiq Al-Jabban and the result was therefore also 
received from him and the test data is shown in Table 5. The average of eight tests give a 
plastic limit of 22,71 %. 
 
Table 5, Data from Plastic limit test (Al-Jabban W. , 2018) 

 

4.1.6 Natural organic content 
The last test, Loss of Ignition was performed by Wathiq Al-Jabban too and the data from 
the tests can be seen in Table 6. To calculate the organic content, the clay content is needed, 
which was obtained from the performed Particle size distribution in this study. A clay con-
tent of 53 % was giving the average organic content of 6,53 %. 
 
Table 6, Data from Loss of Ignition test (Al-Jabban W. , 2018) 
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4.2 Test of specimens 
Since the tests, especially the UCS tests producing lot of data it had to be summarized in 
some way and therefore all the data will not be shown in the report. It was chosen to be 
done with different graphs that give a summery and easy way to understand the results.  
 
To get the results of the UCS tests, an evaluation of the data produced at the tests have to 
be done. The data, time and force was putted in to an Excel sheet where the stress and axial 
strain been calculated and a curve could be drawn to see the maximum stress specimens 
was taking at failure. The data from the UCS tests was summarized in tables with Sample 
code, Density and Water content at production, Delay of compaction and Curing time, Den-
sity after curing, Water content after UCS test, Maximum load, Strain and Maximum Stress 
at failure. From this tables graphs then been produced, see section 4.2.1 for Curing and 
4.2.2 for Delay in compaction. 
 
For the pH tests also graphs been produced instead of putting the results in tables. In com-
pare to the UCS tests it is no need of doing some evaluation. Just summarize the data in 
Excel so the graphs could be made, see section 4.2.3. 

4.2.1 UCS-tests of Curing 
In the following figures in this chapter the results of cured specimens are given. Starting 
with Natural soil Figure 9. Then for different water contents, binders and binder amount 
Figure 10-14. PetritT is shown in Figure 11 since it was just tested on one water content 
and Lime with different water contents are shown in Figure 12-14. 
 

 
Figure 9, Stress-Water content graph for Natural soil 
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Figure 10, Stress-Curing time graphs for PetritT, WC 53 
 

 
Figure 11, Stress-Curing time graphs for Lime, WC 53 
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Figure 12, Stress-Curing time graphs for Lime, WC 40 
 

 
Figure 13, Stress-Curing time graphs for Lime, WC 29 
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Figure 14, Stress-Curing time graphs for Lime, WC 22 
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4.2.2 UCS-tests of Delay in compaction 
In the following figures in this chapter the results of delay in compaction are given. Start-
ing with test done with PetritT, Figure 15-17. First of these figures shows tests done di-
rectly after preparation, Figure 15. Then for delay time of 24 hours, Figure 16 and delay 
time of 7 days, Figure 17. The same is shown for Lime in Figure 18-20. After that, Figure 
21-23 shows delay of compaction with Lime bur for a lower water content. 
 

 
Figure 15, Stress-Delay time graphs for PetritT, WC 53 
 

 
Figure 16, Stress-Curing time graphs for PetritT, WC 53 
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Figure 17, Stress-Curing time graphs for PetritT, WC 53 
 

 
Figure 18, Stress-Delay time graphs for Lime, WC 53 
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Figure 19, Stress-Curing time graphs for Lime, WC 53 
 

 
Figure 20, Stress-Curing time graphs for Lime, WC 53 
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Figure 21, Stress-Delay time graphs for Lime, WC 29 
 

 
Figure 22, Stress-Curing time graphs for Lime, WC 29 
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Figure 23, Stress-Curing time graphs for Lime, WC 29 
 
  



 

31 
 

4.2.3 pH-tests 
In this chapter results of pH test are given. Starting with tests done on the natural soil 
with different water contents, Figure 24. pH for soil with water content of 53% and addi-
tion of 7 and 4 % PetritT is shown in Figure 25. At last pH when 7/4 % Lime was used 
are shown in Figure 26-29, these figures show also different water contents 53,40,29 and 
22 %. 
 

 
Figure 24, pH-Water content graph for natural soil 
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Figure 25, pH-Curing time graphs for PetritT, WC 53 
 

 
Figure 26, pH-Curing time graphs for Lime, WC 53 
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Figure 27, pH-Curing time graphs for Lime, WC 40 
 

 
Figure 28, pH-Curing time graphs for Lime, WC 29 
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Figure 29, pH-Curing time graphs for Lime, WC 22 
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4.3 Source of errors 

4.3.1 Specimen preparation 
The preparation of specimens is done in several stages. Most of them have many steps 
where there is a risk for errors. This potential errors might have a varying effect on the 
results of the UCS test. It might give both increase of strength and strength development 
during curing. 
 
The preparation of soil has small sources of errors, since it is a very small stage of the 
whole specimen preparation method. Although soil is very well mixed to get it homogenous, 
it is still hard to prepare a clay with low water content due to the varying evaporation when 
the soil gets dried by air. Some parts from the corners that have become totally dry will still 
be more dry then other after mixing. The best way to prevent this, is by mixing the soil 
some time before reaching the needed water content. In the opposite, if adding water to get 
a high water content of a dry soil with high clay content, it takes time. Water will just 
surround the clay particles without getting saturated with water, therefore soil need to stand 
after mixing and to be precisely mixed again. 
 
One source of error when adding binder is that the binder might not be spread equally to 
the soil and lumps of binder hold together even after mixing is finished. This might affect 
the results a lot by get a varying strength increase in the specimens. To prevent this, the 
binder has to be spread out, little by little with short mixing in between. This is even more 
important when you have higher amounts of binder and when soil with lower water con-
tents, is being mixed. Even the mixer size has an impact on this, but as long as it is accom-
modated to the amount of soil that is being mixed, it is fine.  
 
The compaction might vary a lot between the water contents and therefore this is a source 
of error. The soil is easier to compact with lower water contents in comparision with to 
water contents that is close to the liquid limit when the soil starts to stick with the packing 
equipment. For high water contents, it also gets harder to control the height of the layers. 
For lower water contents, soil gets relatively hard only by the compaction. In order to get 
good connection between layers, every layers surface need to be scratched before next layer 
is compacted. For the water contents close to the plastic limit soil is not holding together 
as one mass and gets stiff even before compaction. This will cause small air voids in the 
specimens after compaction. To prevent this or at least get them equally distributed, the 
soil should be mixed around a little in the tube before each layer is compacted. 
 
The conditions should be checked during curing since water evaporate and after time the 
container needs to be refilled so that the water level is remains the same. This will not 
impact so much but a water level above the rubber membranes should at least be kept so 
that fully saturated conditions is ensured. The temperature of the storage room will change 
a little but the temperature control should at least be checked so that other people not have 
changed it. 

4.3.2 UCS-test 
When the specimen has been placed in the machine and is ready to be compressed, sources 
of errors are low as long as the machine works correctly. To get specimen out from the tube 
and get it in place, might on the other hand cause major errors.  
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Depending on the water content and how long it has been cured, the specimen vary in the 
sensitivity of this stage. The specimen can be very sluggish to get out from the tube and 
this will compress the specimen when pushing it out with the jack. If the specimen also 
have been cured, soil might get stuck on the inside surface of the tube, which been left even 
after specimen is pressed out. This will disturb parts of the strength increase that have been 
achieved during the curing process of the specimen. The first basic arrangement to avoid 
and prevent these things is to clean the inside of the tubes very well before use. This also 
ensures that nothing is left in the tubes from earlier use. Furthermore, when you press out 
the specimen from the tube, it has to be done slowly and carefully. Finally, when the spec-
imen is out the lifting and moving requires caution as well. 
 
For soil with high water content, the clays cohesive properties will make the soil suck to 
the inside of the tube when it is pressed out. This might cause some longitudinal air voids 
or cracks but there is not so much that can be done about it, except to press out the specimen 
slow and carefully. If something has happened to the specimen during the test stages, notes 
should been made to make the analysis easier afterwards. 

4.3.3 pH-test 
The performance of this test includes only a few steps and therefore it should be less source 
of errors. Since the measurement is very sensitive it still might be variations and the pH 
meter has to be calibrated often to ensure it is correct. The big source of error doing this 
test is the air dry of the soil. Depending on how dry it gets, the soil/water ratio will change 
so that the sample for the measurement consists less soil than water instead of equal part. 
If less soil by dry weight have been added, the pH meter will measure a lower value. To 
have control of how big this error is, measurement can be done several times to get an idea 
of the variation and which measurement that is accurate. 
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5. Analysis  
In the following sections 5.1 and 5.2 are the results analyzed in a running text that just re-
fers back to the figures summarized in the result part.   

5.1 Curing 
The strength increase by adding 7 and 4 % PetritT to soil with a water content of 53 % and 
curing it up to 90 days is shown in Figure 10. When compare this to the strength of natural 
soil Figure 9, it can be seen that addition of 7 % PetritT increase the strength from 4,2 up 
to 157 kPa (37 times) where about 8 times correspond to the immediately effect without 
curing. Same comparison with 4 % PetritT increase the strength to 52,3 kPa (12 times) and 
here the immediately effect correspond to about 6 times. Thus, adding 4 % PetritT give 
very good immediately effect but the development during curing was almost stopped after 
7 days. This in compare to the development during curing with 7 % that increase lot even 
between 28 and 90 days. The high direct effect is an expected result when stabilizing a clay 
with hydraulic binder. This have an explanation in the clays particles surface activity and 
ion exchangeability, which further give a change that increase the plastic and liquid limit 
of the treated soil, not just by changing the physical properties. To give an explanation of 
the lost strength development with 4 % PetritT, it can be seen in Figure 25 how much pH 
been changed during curing. It show that the pH is decreasing in the beginning of the curing 
and then go up little at 90 days, which is the opposite of the pH curve for 7 % PetritT. The 
consequence of this is that a lower pH reduce the pozzolanic reactions that only take place 
in higher pH.   
 
The strength increase by instead adding 7 and 4 % lime to soil with a water content of 53 % 
and curing it up to 90 days is shown in Figure 11. This also compared to the strength of 
natural soil Figure 9. 7 % lime increase the strength from 4,2 up to 846 kPa (201 times) 
where about 19 times correspond to the immediately effect and 4 % lime increase the 
strength to 518 kPa (123 times) where the immediately effect correspond to about 13 times. 
The increase is almost linear up to 90 days for both 7 and 4 % binder content and the 
explanation for this is that enough water is left after hydration even with 7 % to get all 
possible pozzolanic reactions to take place. It would be interesting to see in even longer 
term when the reactions decreases. Since 4 % give almost the same pH it is still so high 
that the pozzolan reactions can take place during the whole curing time 90 days even if we 
can see a little dip at 90 days in compare to 7 % lime. 
 
From this analysis done above can a comparison be done between PetritT and lime cured 
for 90 days at the same water content, Figure 10-11. The strength increase with lime at 90 
days was 5,4 times higher with 7 % binder and 9,9 times higher with 4 %. The biggest 
difference is the strength development during curing with lime, especial when just 4 % 
binder was used. If the immediately effect been compared between this binders, lime give 
about the double strength both when comparing 7 and 4 % binder content. When pH is 
compared between these binders Figure 25-26. The biggest difference is the immediately 
increase directly after preparation. During curing just relatively small changes can be seen 
for each binder and some source of errors can have impact lot to that. 
 
Lime was also tested on different water contents and the second also cured up to 90 days 
was with 29 % that is shown in Figure 13. The strength increase in this case was, for 7 % 
lime from 50 kPa (Natural soil) to 1937 kPa (39 times) where about 9 times correspond to 
the immediately effect and 4 % lime increase the strength to 2053 kPa (41 times) where the 
immediately effect also correspond to almost 9 times as for 7 %. Here we can see that 4 % 
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give higher strength in long term and an explanation for that is the less water for pozzolanic 
reactions in long term with 7 %, thus it is better to get preferable pozzolanic reactions than 
just hydration. Since 4 % also here give almost the same high pH, pozzolan reactions can 
take place during the whole curing time 90 days even if it is little lower even after 28 days 
in compare to 7 % lime. The achieved strength is in comparison with a water content of 
53 % higher in kPa but the increase is not linear so in even longer term can still 53 % water 
content give higher strength.  
 
The strength increase by instead adding lime to soil with a water content of 40 % and curing 
it up to 28 days is shown in Figure 12. This was then also compared to the strength of 
natural soil Figure 9. 7 % lime increase the strength from 9,1 up to 664 kPa (73 times) 
where about 40 times correspond to the immediately effect and 4 % lime increase the 
strength to 487 kPa (54 times) where the immediately effect correspond to about 26 times. 
The strength development is here similar for 7 and 4 % binder, curves are almost parallel, 
which means that the difference is the immediately effect and it can be seen that 7 % give 
almost double strength after mixing in compare to when 4 % was added. This because of 
the water content is in the range of when the soil start to acting plastic and get stiff when 
compacting it. To give an explanation of the similar strength development it can be seen in 
Figure 27 that almost the same pH is get with both 7 and 4 % binder and then allow poz-
zolanic reactions even with just 4 % bander.  
 
Adding lime to soil with a water content of 22 % and curing it up to 28 days was giving a 
strength increase that is shown in Figure 14, which also then compared to Figure 9. For this 
water content 7 % lime increase the strength from 247 up to 332 kPa (1,34 times) where 
the immediately effect actually was decreasing the strength 21 % to 194 kPa. On the other 
hand 4 % lime increase the strength more than with 7 % lime to 718 kPa (2,9 times) where 
the immediately effect then also decrease the strength but just little to 221 kPa. This result 
can be expected since the water content is at the plastic limit before adding the binder and 
then make the soil really hard to compact due to the consumption of water. The effect of 
this can clearly be seen also by higher strength with addition of 4 % binder than 7 %. Ad-
dition of 7 % is consuming so much water immediately and since soil contains so little 
water less been left for building up strength during curing, which explain the higher in-
crease first 7 days using 4 %. Thus, pH is very high for both Figure 29.   
 
From analysis above on all different water contents 53, 40, 29 and 22 % can a comparison 
be done on the effect of water content when adding lime and put the specimens for curing 
up to 28 days. The achieved strength was highest for the water content of 29 %, both with-
out curing and after 28 days curing time. However strength directly after mixing and pre-
paring was not so much higher than for 40 % water content and only approximately 2-4 
times in compare to 22-53 % water content respectively. Accordingly was then the larges 
difference strength development during curing, which also means that 29 % water content 
give the best balance between degree of compaction and water left after hydration to get 
reactions during curing.    
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5.2 Delay in compaction 
PetritT 
The effect of delay time on the strength by adding 7 and 4 % PetritT to the soil with a water 
content of 53 %, Figure 15 was that it increase the strength with the delay in compaction. 
The increase was higher during the first 6 hours and low between 24 hour and 7 days. This 
result is expected since the binder taking up water in the beginning for the hydration, which 
give higher and higher degree of compaction i.e. higher bulk density. In long term just little 
water is taken up by the pozzolanic reactions and the compaction destroy more and more 
already build strength in the soil. A note that can be taken is that a dip in the strength for 
no reason is found for 4 % at 24 hours. 
 
The strength development during curing after a delay time of 24 hours, Figure 16 is going 
up for the first 7 days. After that just the specimens with 7 % PetritT continues to build 
additional strength to 28 days. For the curing with delay time of 7 days Figure 17, no addi-
tional strength is build up during curing with 4 % PetritT added but for 7 % it is increased 
during the first 7 days and then even more for 28 days. These results, that the strength 
development during the first 7 days is lower for the specimens with a delay time of 7 days 
can be explained by the destroy of already build strength that then take time to heal together 
and reach almost the same strength at 28 days.  
 
When comparing the strength development for PetritT without delay of compaction, Figure 
10 with specimens cured after 24 hour and 7 days delay time, Figure 16-17. It can be seen 
that the strength increase after 28 days without delay is about 30 % higher than with both 
24 hour and 7 days delay. Since the strength development for PetritT without delay is going 
up much during the first 28 days and then less through 90 days it would be interesting to 
cure the specimens with 24 hours and 7 days delay time longer to see if they catch up in 
long term strength.  
 
Lime 
By adding 7 and 4 % lime to the soil, first with a water content of 53 % Figure 18. The 
effect of delay time was increased strength in long term but after 3 hours it can be seen that 
the strength clearly have a dip going down at 6 hours, both for 7 and 4 %. The increase of 
the strength with the delay time is expected for same reason as PetritT above, but the dip 
at 6 hours is weird and cannot be explained by some errors in the preparation, testing or 
evaluation stage.  
 
When lime was added to soil with a water content of 29 % Figure 21, the strength is de-
creased with delay in compaction. This in opposite but with same trend as for both PetritT 
and lime added to soil with water content of 53 %. The decrease of strength is of the same 
reason, hydration but here it will make the soil harder to compact i.e. water content is under 
the optimum water content for the highest degree of compaction. This can also be seen as 
a reason to lower strength for by adding 7 %. 
 
For lime added to soil with a water content of 53 %, the strength development during curing 
after a delay time of 24 hours, Figure 19 is going up almost linear about 2,7 times, little 
low at 7 days with 4 % but this can be some small error from preparing or testing that 
causing this. For the curing with delay time of 7 days Figure 20, same trend is shown with 
a linear strength development to about 2,9 times. When comparing these, curing after a 
delay time of 7 days get about 20 % higher strength at 28 days with 7 % binder and about 
10 % higher strength with 4 % binder. This can also be explained by higher degree of 
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compaction at 7 days than 24 hour as for PetritT, here without noticeable destroying some 
up build strength.  
 
When comparing the strength development for lime without delay in compaction and a 
water content of 53 %, Figure 11 with specimens cured after 24 hour and 7 days delay time, 
Figure 19-20. It can be seen that the strength increase after 28 days without delay is about 
40 % and 20 % higher for 7 respectively 4 % binder than with 24 hours delay and 20 % 
respectively 10 % higher than with 7 days delay. The strength development for lime without 
delay is then better, both in compare to 24 hours and 7 days, an explanation for this is that 
the effect of destroying already build strength by compaction is larger than the advantages 
of higher bulk density. 
 
Then for lime added to soil with a water content of 29 %, the strength development during 
curing after a delay time of 24 hours, Figure 22 is going up but with less increase after 7 
days to about 2 times with 4 % binder and 1,6 times with 7 %. For the curing with delay 
time of 7 days Figure 23, same trend can clearly be seen with less increase after 7 days and 
also an obvious effect of destroying up build strength give lower strength development after 
28 days. When comparing these, with 4 % binder curing after a delay time of 24 hours get 
about 15 % higher strength at 28 days than with delay time of 7 days. For 7 % binder no 
significant difference can be seen. This can be explained by higher degree of compaction 
at 24 hours than 7 days due to destroying of up build strength when performing compaction 
at 7 days. This result is also in opposite to the result when lime is added to soil with a water 
content of 53 %, when the strength development was better with 7 days delay time. 
 
When comparing the strength development for lime without delay in compaction and a 
water content of 29 %, Figure 13 with specimens cured after 24 hour and 7 days delay time, 
Figure 22-23. Very big difference is seen in strength increase after 28 days. Without delay 
in compaction and 7 % binder it is about 2,8 times higher and with 4 % about 1,8 times 
higher than with 24 hour and 7 days delay time. Since the strength development for lime 
without delay is so much higher for the 29 % water content it is clear that it is of importance 
to perform the compaction fast after mixing the binder to the soil. 
 
Comparison PetritT - lime 
Now a comparison can be done between results of delay in compaction using PetritT and 
lime since both binders have been added to soil with the same water content 53 %. When 
looking on the test after preparation with different delay time for both PetritT and lime 
Figure 15 and 18, no big difference. Curve trends is almost the same except for the dip at 
6 hours using lime. To get some better idea of what causing this, very short term curing 
series from 1 to maybe 24 hours could be prepared. 
 
Further, 28 days curing after 24 hours and 7 days delay time can be compered between 
these binders i.e. Figure 16-17 and 19-20. In general, strength development for lime was 
much higher after delay in compaction and that is reasonably since the strength increase of 
PetritT is fast after mixing and then decay according to the PetritT curing series without 
delay in compaction. The curing after 24 hours delay time with PetritT get higher strength 
development in compare to 7 days, which is in contrast to lime that get better development 
after 7 days delay time.  
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6. Discussion  
After the obtained results have been analyzed, it can be seen that most of the results corre-
spond to the expectations. The results can be explained in a good way according to the 
theory, which indicates that the results of this study can be trusted in many ways. In addition 
to results that correspond to expectations, results also need to be discussed in comparision 
with other similar studies that have been done earlier for soil stabilization. Further more, 
results can as well be put in contrast to similar studies done with other binders than the two 
used in this study. 
 
In comparision to an earlier study (Al-Jabban, Knutsson, Laue, & Al-Ansari, 2017) where 
PetritT was used to stabilizing a clayey silt soil, stabilizing a soft clay within this study was 
giving good results. Since PetritT only was tested on soil with a water content of 53 % in 
this study, it is hard to compare it with another soil with different water content. However, 
stabilizing in this study was giving a strength increase up to 157/52 kPa with 7 and 4% 
binder respectively at 90 days curing. Comparable values in this earlier study was 150 and 
90 kPa, which correspond to a water content of 30 % that means much higher degree of 
compaction and immediately effect after mixing. This clayey silt soil have also much lower 
clay content(16 %) than Stockholm clay, which have a clay content of 53 %. 
 
Another earlier study (Åhnberg, 2006) where inter alia lime was used for stabilization, is 
therefore also appropriate to compare with the results in this master thesis study. By adding 
about 6,5 % lime, strength increase of 400 kPa was achieved at 90 days curing. This on a 
clay with a water content of 89 % and clay content of 72 % in comparision with the Stock-
holm clay in this master thesis study. The comparable strength from the results in this study 
is 846 kPa, which is much higher and that should be expected due to the lower water content. 
Since lime give much higher pH when adding it to the soil and by that enable more poz-
zolanic reactions with the clay minerals. A higher clay content can actually be preferable 
in long term, which can be a reason here to the strength development on the compared clay. 
 
Furthermore, in the same study (Åhnberg, 2006) also standard cement was tested for the 
stabilization purpose. The result on same clay was increased strength of 750 kPa at 90 days 
and already over 500 kPa at 28 days. According to this earlier study, strength development 
was really fast with cement in the beginning and then low after 28 days and even lower 
after 90 days when lime separately continued to build up strength. This can be achieved 
with the Stockholm clay as well, if less water not stop the reactions in even longer term 
that have been investigated within the time frame for this master thesis project.     
 
One last addition to this discussion is that, when about half the laboratory work had been 
done for this Master thesis project, an unfortunate error was realized. The natural water 
content had by mistake been calculated wrong. Instead of calculate it as the ratio between 
the mass of evaporated water and mass of dry soil, weight of wet soil had been putted in to 
the equation.  
 
This mistake therefore shows another result of the water content than what this master the-
sis project was ment to investigate in the beginning. Due to this, some adjustments had to 
be done in the laboratory program which actually were easy to do. Another consequence of 
this error was that it had led to the wrong amount of binder added to the soil since the water 
content is an input for that calculation. The actual binder content that was added to the soil 
with a water content of 53 % was 8 and 4,6 %. For water content of 29 %, 7,4 and 4,2 % 
binder added. For the rest, this error had been realized and then the binder content was set 
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to 7,4 and 4,2 % when preparing the series with 22 and 40 % water content. This had to be 
considered while doing the result comparisons to earlier studies. It is important to know for 
those who read this master thesis and for those who compare their results with this and 
especially when using the results for other studies in the future.   
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7. Conclusions  
It can be concluded that the method used in this Master thesis project was giving good and 
accurate results that further contributes to following conclusions of investigated problems.  
 
The first tested binder lime, have turned out to be very effective to increase the strength of 
the stabilized soft Stockholm clay, this both when 7 and 4 % binder was added and in long 
term. In addition to that was highest strength achieved at a soil water content of 29 % but 
the larges strength increase in compare to the strength of the natural soil was for 53 %. The 
alternative binder PetritT have also show result that pointing out that it was effective for 
stabilization of this soft clay. Both 7 and 4 % was effective in short term were it give large 
strength increase directly after preparation but in long term just an addition of 7 % binder 
was giving a significant strength development during curing.  
 
Further was delayed compaction an investigated parameter and the general conclusion from 
this test series was that the delay time give higher strength directly after compaction but do 
not contribute to a higher strength development with curing time and in compare with no 
delay. Therefore, the compaction should be done as soon as possible to get higher strength 
in long term i.e. 90 days within this Master thesis project. For even longer term can some 
delay time still be preferable. This correspond to high water contents that was tested for 
both lime and PetritT but even for low water content tested with lime give the same con-
clusion i.e. compaction done as soon as possible give higher strength in long term. 
 
Since PetritT even for a lower binder content have significant effect on this soft clay im-
mediately after addition, it can be concluded that PetritT advantageously can be used as 
alternative binder to improve the soil characteristics in short term. An idea for further in-
vestigations would be to test relatively small amount of PetritT together with lime that give 
higher pH, which contribute to strength increase in long term due to the pozzolanic reac-
tions.  
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