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ABSTRACT

Soil stabilization through addition of a hydraulic binder is a method frequently used to
modify and improve engineering properties of soft soils. Additives like cement and lime are
typically used as stabilizers. More recently, industrial by-products, such as fly ashes, cement kiln
dust, blast furnace slags and other slags have been used. The chemical reaction between the soil
and the stabilizer alters the physical and engineering properties of the soil and thus desired strength
and durability are obtained. The choice of appropriate type and quantity of stabilizer (binder)
depends largely on factors such as soil type, moisture content, organic content, sulfate content,
curing conditions (time and temperature) and the desired improvement.
The objective of this thesis is to increase knowledge and understanding of how small
amounts of binders change various engineering properties of stabilized soils in short- and longtime perspective. Extensive laboratory and field programs have been carried out. They cover
immediate and long-term effects on the engineering properties by adding various binders. Cement,
Multicem, and by-products Petrit T and Mesa were used as binders. Binder was added to the soil
at various quantities: 1%, 2%, 4%, 7% and 8% of soil dry weight. The field and laboratory
investigation included tests of consistency limits, sieving and hydrometer, unconfined
compressive strength, density, solidification, grain size distribution using laser particle size
analyzer, leaching tests and pH value. The tests were carried out on the treated soil with different
binder contents and after different curing times i.e. 7, 14, 28, 60, 90 days for laboratory tests and
7 and 35 days for field investigation.
The unconfined compression tests were used to show the effects of different binders on
the enhancement in strength and stiffness over time. Consistency limits were determined to
investigate the effects of the binders on the consistency limits, directly after treatment and over
time. Laser particle size analyzer tests were conducted to investigate the effects of different
binders on the particle size distribution (PSD) before and after treatment. The pH tests were
conducted to investigate the effects of different binders on the alkalinity of the soil immediately
after treatment and over time. This was used to give an indication of soil-binder reactions. MRM
leaching tests were conducted to investigate the acidification potential of soils before and after
treatment. Freeze-thaw cycles were conducted to investigate the strength characteristics after
freezing and thawing in short- and long-term perspectives. Visual observation and standard dry
sieving tests were conducted to optimize the proper mixing times to disintegrate or homogenize
the soils by decreasing the size of agglomerated soil particles.
The results show, that the variation in soil strength and stiffness of the treated soils are
linked to different chemical reactions. Cement is most effective in improving the physical and
engineering properties compared to the other binders studied. The plasticity index of soil
decreases after treatment and over time. Liquidity index and the ratio of water content to plastic
limit are introduced as new indices to illustrate the improvement in workability of treated soil by
measuring the reduction in the liquidity index. This is found directly after treatment and it
increases with time when the liquidity index is within the plastic range or when the water/plastic
v

limit ratio is more than one. Increase of binder content and using longer curing times result in
increase of soil density and decrease of water content. Particle size distribution of soil is changed
by reducing the clay size fraction and increasing the silt size particles after treatment. This shows
that an aggregation of particles take place resulting in coarser material than the initial.
The cement-treated soils exhibit a more brittle failure in the unconfined compression tests
compared to soils treated with other binder types where a more ductile behavior is observed.
Applying freezing-thawing-cycles reduces the strength and stiffness of the treated soil.
The appropriate length of time to homogenize and disintegrate the natural soil prior to
treatment depends on several factors, such as soil type, water content, and plasticity properties
of soil. For high plasticity soil, the disintegration time should be kept as short as possible. The
homogenizing and disintegration time is less important for low plasticity soils with low water
content than for medium to high plasticity soils.
The acidification potential of soils are related to the addition of cementitious binders. The
effect is found directly after treatment and over time. The treated soil exhibits higher resistance to
decrease in pH value. The strength and stiffness properties found in the field investigation agree
in general with those obtained from the laboratory investigation for the same binder type.
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SAMMANFATTNING

Stabilisering med hydrauliska bindemedel används ofta för att förbättra de tekniska
egenskaperna hos lös jord. Bindemedel som kalk och cement är vanliga. På senare tid har även
industriella biprodukter blivit vanliga som bindemedel. Bland dessa produkter finns tex.
flygaskor, masugnsslagg och andra slaggprodukter. De kemiska reaktionerna mellan
jordpartiklarna och bindemedlet ändrar de fysikaliska egenskaperna hos jorden och därigenom
kan önskad (ökad) hållfasthet och beständighet uppnås. Valet av lämpligt bindemedel samt
mängden av detta styrs i huvudsak av faktorer som: typ av jordmaterial, vattenkvot, organisk halt,
halt av sulfat, vilka förhållanden som råder under härdningen (tid och temperatur) samt vilken
grad av förbättring man önskar.
Syftet med denna avhandling är att öka kunskapen och förståelsen för hur små mängder
tillsatt bindemedel förändrar ingenjörsmässigt viktiga egenskaper hos den stabiliserade jorden i
såväl ett kort som långt tidsperspektiv. Ett omfattande försöksprogram, med såväl
laboratorieförsök som fältförsök, har genomförts. Försöken omfattar både effekter som erhålls
omedelbart och sådana som utvecklas över tid liksom effekter erhållna genom inblandning av
olika typer av bindemedel. Cement, Multicem och de industriella bi-produkterna Petrit T och
Mesa har använts som bindemedel. Bindemedlet tillsattes jorden i olika halter: 1%, 2%, 4%, 7%
och 8%. Genomförda försök omfattade: Atterbergs konsistensgränser, siktning och
hydrometertest, enaxlig tryckhållfasthet, densitet, aggregering, granulometriska undersökningar
med laser teknik, laktester och pH-värde. Försöken genomfördes på prover med olika halter av
bindemedel och med olika mognadstider, 7, 14, 28, 60 och 90 dagar för laboratorietesterna samt
7 och 35 dagar för fältförsöken.
Den enaxliga tryckhållfastheten används för att illustrera hur olika bindemedel förbättrar
hållfasthet och styvhet med tiden. Konsistensgränserna bestämdes för att studera effekten av
bindemedlen på de behandlade materialens konsistens, såväl direkt efter inblandning som hur
detta förändras över tid. Förändringarna av partikelaggregeringen i de behandlade materialen
studerades med hjälp av lasergranulometri (PSD) då materialen analyserades såväl innan som
efter inblandning. pH mättes för att studera förändringen i alkanitet vid inblandning av de olika
bindemedlen samt hur pH förändrades över tid. Laktest med MRM-metodik genomfördes för att
studera försurningspotentialen hos stabiliserade sulfidjordar och hur denna förändras med tiden.
Frys-tö cykler genomfördes för att undersöka förändringen av hållfasthetsegenskaperna efter
frysning och tining och hur dessa förändras med tiden. Direkt visuella observationer samt
standardiserad torrsiktning användes för att finna den optimala blandningstiden samt den
nödvändiga tiden för sönderdelning av aggregerade jordmaterial.
Resultaten visar att variationen i hållfasthet och styvhet hos de behandlade proven är
kopplad till olika kemiska reaktioner. Jämförs de olika använda bindemedlen är cement mest
effektivt för att förändra de fysikaliska egenskaperna. Plasticitetsindex minskar efter inblandning
samt därefter ytterligare med tiden. Flytindex och förhållandet mellan vattenkvot och
plasticitetsgränsen har introducerats för att illustrera uppnådd förbättring i
bearbetningsegenskaper. Dessa faktorer har bestämts direkt efter inblandning och hur de förändras
med tiden.
vii

En ökad bindemedelshalt och längre mognadstid medför att densiteten ökar och
vattenkvoten minskar. Partikelstorleksfördelningen i de behandlade jordarna ändras genom att
identifierad lerhalt minskar samtidigt som andelen silt ökar. Detta visar att en aggregering av
partiklarna äger rum och jorden blir grövre än ursprungligen.
Prover med cement som bindemedel uppvisar ett mera sprött beteende vid enaxliga
tryckförsök jämfört med prov med andra bindemedel, för vilka beteendet var mera segt. Frys-tö
cykler reducerar de stabiliserade materialens hållfasthet och styvhet.
Den lämpliga tiden för att homogenisera och disintegrera den naturliga jorden innan
inblandning beror av faktorer som: typ av jord, vattenkvot och plasticitet. För högplastiska jordar
ska tiden för sönderdelning (disintegrering) hållas så kort som möjligt. Tiden för homogenisering
och sönderdelning är mindre viktig för låg- och mellan-plastiska jordar jämfört med vad som
gäller för högplastiska jordar.
Försurningspotentialen är kopplad till hur mycket cementbaserat bindemedel som används
och den förändras omedelbart efter inblandning samt med tiden. Behandlade jordar uppvisar större
motståndsförmåga mot minskningar av pH.
De vid fältförsöken observerade hållfastheterna och styvheterna hos de stabiliserade
jordmaterialen överensstämmer generellt väl med vad som uppmätts i laboratorieförsök.
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Part I – The Thesis

Chapter One - Introduction
1.1 Background
Soil stabilization refers to the use of various types of additives to modify and improve
low quality soils having low shear strength, low stiffness and correspondingly low workability.
Workability is defined as how easy the soil can be handled and/or controlled. During
construction works, large amounts of soils might be necessary to excavate due to e.g. low
strength, low stiffness, high frost susceptibility or low general workability. For example, in cold
climate regions, excavation to a depth of maximum frost penetration might be needed in order
to reduce frost heave at surface. This generates a tremendous amount of excavated soil. The
material has to be transported away from construction site and replaced by new material. This
will generate environmental concern with the release of CO2. The overall focus must therefore
be to reduce transportation of soil/rock material as much as possible and use the in-situ material
as much as possible. Transportation and excavation will be more and more problematic due to
the release of high CO2 emissions. These kinds of problems represent a considerable challenge
to any construction project now and in the future and is especially important for infrastructure
projects.
Researchers have proposed possibilities for the reuse of excavated soil. It can be used
on the same site in other applications, used at another project, stored for future use, treated
before use or used as landfill cover and finally dump the excavated soil as waste in landfill
(Lafebre et al., 1998; Eras et al., 2013; Magnusson et al., 2015). The last option was gradually
abandoned due to more stringent environmental regulations.
Modifying the soils can provide an attractive and economical ways to enhance the
properties of soft soils. Chemical reactions between the soil and binder alter the physical and
engineering properties of soils. Numerous additives can be used to improve soils, such as
cement, lime or by-products from industrial processes. Cement is an effective and popular
stabilizer (Kézdi, 1979). According to the European Commission (2010), the production of
cement contributes to an average worldwide carbon emission of about 0.83 kg CO2 / kg. This
value is expected to increase due to increased demand on cement production. The use of cement
should therefore be reduced to a minimum. For soil stabilization industrial by-products might
be an alternative.
The benefits of using industrial by-products for the purpose of soil stabilization have
increased as they are inexpensive and easily available (Kaniraj and Havanagi, 1999; Parsons
and Kneebone, 2005). In addition, there is also environmental benefits as it decreases the
environmental impact coming from production of these materials, which otherwise should be
disposed on a landfill (Sherwood, 1993; Edil et al., 2006).
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1.2 Motivation
For soil stabilization application, laboratory investigation was conducted first to obtain
the enhancement in soil strength and stiffness, in addition to the type and amount of binder
required. Generally, the specimens of the soil-binder mixture are prepared in a laboratory
according to a standard procedure, which in principle should simulate field conditions. Methods
of preparing and curing specimens of the soil -binder mixture directly influenced the properties
of the stabilized soils (Bitir et al., 2015). The uniform distribution of binder around soil particles
represented the most common concern for obtaining a uniform soil binder mixture.
Disaggregating the natural soil prior to treatment has many effects such as homogenizing the
soil, reducing the variation in water content and obtaining smaller chunks by separating the
agglomerated particles. This process could assist in obtaining a uniform distribution for the
cementitious binder's around soil particles. The most common step in all procedures is that the
natural soil has to be disaggregated and homogenized before adding the stabilizer. However, it
is noticeable that most of the standards do not specify the required time for the disintegration
and homogenization process. Therefore, there is little knowledge regarding a proper time
required to homogenize various soil types.
For geotechnical applications, the workable soil is a term that refers to the soil which
can be easily handled and compacted. By improving the workability makes the soil easily
excavated, loaded, transported or compacted, which subsequently leads to accelerating the
construction works. The majority of reported studies have related the improvement in
workability with a reduced plasticity index after treatment. Moreover, most of these studies do
not cover the long term effects on the consistency limits and subsequently the workability. For
a soil treated with a cementitious binder, the plasticity index as an indicator of workability
directly after treatment and over time is little reliable. Therefore, there is little knowledge
regarding improving the workability of soil after treatment and over time.
Extensive studies have been conducted on the use of high amounts of different binder
types such as cement, lime, cement kiln dust, and industrial by-product materials (>7 % of soil
dry weight) for soil stabilization. In contrast, only a few studies have been conducted on the
benefits of using a smaller dosage of binders (less than 7%) to modify and improved soft soils.
Therefore, there is little knowledge regarding adding small amounts of binders for soil
stabilization.
This lack of knowledge is presented in more details within chapter two in this thesis.
Moreover, in society more and more focus will be on how to reduce costs and reduce CO2
emissions. Reducing the quantity of the binders used in modifying the soils in order to obtain
certain desirable properties can be useful regarding reducing the costs and CO2 emissions.
Consequently, the following research questions have been identified:



Has this type of soil modification been used before? Experiences? Performance? What
type of stabilizing agents have been used?
What is the effect of adding small binder amounts on the particle size of modified soil?
(2)











Can the modified soil be dealt with in a similar way as a more grainy material?
What is the effect of adding small binder amounts on the physical and mechanical
properties of the soil? Behavior of treated soil versus curing time? Strength and stiffness
properties?
What is the effect of freezing-thawing-cycles and curing temperature on strength
properties of treated soil with low binder amount? Behavior of treated soil versus
different curing times?
Can the plasticity index reflect the improvement in the workability of treated soil?
What is the effect of homogenizing and disaggregating times prior to treatment?
How can the acidification potential of soils containing sulfate or sulfide minerals be
measured after adding cementitious binders?
How is the strength and stiffness properties of stabilized soil in field correlated to
laboratory investigation?

1.3 Objective of the Research
First objective is to investigate the effect of disaggregating time on the homogeneity of soil
prior to treatment. Four different soils were used with different characteristics.
Second objective is to investigate the effect of low amounts of cement, Multicem and
industrial by-product, Petrit T on the physical and mechanical properties of a sandy clayey silty
soil.
Third objective is a field investigation of the effects of adding different amounts of
Multicem and the industrial by-product “Mesa” (from paper pulp industry) on the in situ
strength and stiffness.
The specific objectives are summarized as:
 Laboratory investigation of the effects of different binder types on the particle size
distribution after treatment.
 Laboratory investigation of the short and long term effects on strength characteristics of
soils with various binder amounts and subjected to different curing times.
 Laboratory investigation of the immediate and long term effects on the solidification,
consistency limits and densification of soils treated with various binder amounts and
subjected to different curing times.
 Laboratory investigation of the effects of freezing-thawing-cycles, curing temperature
and curing time on the strength characteristics of modified soils.
 Identify new indices to measure the workability of treated soils.
 Investigate the effects of various disaggregation times on the uniformity and
homogeneity of soil prior to treatment.
 Field investigation of the effects of adding various amounts of Multicem and the
industrial by-product, Mesa on the physical and mechanical properties of soils, at short
and long term perspective.
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1.4 Scope and Limitations






Untreated soil: Five different types of soil have been used. Soil 1 originating from
Gothenburg on the south west coast of Sweden. Soils 2 and 3 from Sunderbyn area in
Luleå, in the northernmost part of Sweden. Soil 4 and the soil used in field-work
originated from Umeå, in the northeast part of Sweden.
Binders: Portland-limestone cement, CEM II from Finja AB Sweden, Multicem from
Cementa AB Sweden, by-products Petrit T from Höganäs Sweden AB and Mesa from
paper meal.
Test Method:
o Laboratory tests of unconfined compression (UCS), density, sieving, consistency
limits, laser particle size analyzer and pH value.
o Field tests of unconfined compression (UCS), density, sieving, MRM leaching and
pH tests.

1.5 Thesis Layout
This thesis consists of two parts. Part I “Thesis” and part II “Appended papers”. Part I
consists of eight chapters. Chapter one gives an introduction, motivation, objectives and scope
of research. Chapter two consists of two parts, part one provides a literature review and
background for the performance of lime, cement and the industrial by-products “fly ash” and
cement kiln dust as stabilizing agents. The mechanisms of the reactions of lime, cement and
industrial by-products with soils are presented. A study of the optimum binder content as well
as the factors effecting the strength development of stabilized soil are presented. Part two
presents the common laboratory methods used for preparing and curing the specimens of
stabilized soil. The experimental program is presented in chapter three, which provides a
summary of the material properties, specimen preparation and testing methodology. Results
from the laboratory investigations are given in chapters four and five. They cover homogenizing
and disintegrating of the untreated soils before adding the cementitious binder as well as the
results of stabilizing soil 1 with different binder types. The field-testing program and the results
are presented in chapter six, which provides a summary of the material properties, specimen
preparation and testing methodology. The discussion of field and laboratory investigations is
presented in chapter seven. Conclusions and future works are presented in chapter eight. Part II
consists of seven appended papers. Part I can be viewed as a synthesis of the appended papers
in Part II.
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Chapter Two- Literature Review
Introduction
Soil stabilization is the process of utilizing chemical admixtures and stabilizing agents
(binders) to alter the physical and engineering properties of a soil in order to achieve desired
strength and durability properties. This chapter is divided into two parts. In part one, soil
modification - stabilization by using the most common stabilizers such as lime, cement and
industrial by-products, fly ashes and cement kiln dust are presented. The mechanism of reaction,
factors affecting strength development and optimum binder content is also included. In part
two, the common laboratory methods used for preparing and curing the specimens of stabilized
soil are presented.
2.1 Review of Soil Modification - Stabilization by Using the Most Common Stabilizers
2.1.1 Types of additives
Numerous additives can be used to improve or stabilize soft soils. Some of them are
cement, lime or by-products of industrial processes, such as various slags, fly ashes, cement
kiln dust or blast furnace slag. Generally; binders are classified into two types, primary binders
(hydraulic) and secondary binders (non-hydraulic). The primary binders have the ability to be
self-curing in contact with water. Therefore, they can be used alone, whilst the secondary
binders need a catalyst for the reaction to start. The catalyst acts as an activator to initiate the
reaction. The reaction of cement gives a rapid gain in strength during a short time (days)
compared to slow pozzolanic reaction. Knowledge of the chemical reactions of binders is
considered important to understand differences between each binder type which gives the
stabilized soil its strength and durability.
2.1.2 Pozzolanas
The definition of a pozzolana is a siliceous and aluminous mineral, which in itself
possesses little or no cementitious effect but under certain conditions and in the presence of
water, it will be capable of reacting with an activator such as calcium hydroxide Ca(OH)2 to
produce cementitious compounds (Janz and Johansson, 2002). Usually, clay and silt soils are
classified as naturally pozzolanic materials because they contain a certain amount of aluminous
and siliceous minerals. Clay minerals such as kaolinite, illite, smectite and mica are classified
as naturally pozzolanic materials whilst by-product ashes are artificial pozzolanic materials.
2.1.3 Lime stabilization
The use of soil- lime treatment dates back to 5000 years. It is the oldest and most
common stabilizer for improving fine-grained soils since the invention of soil stabilization.
There are several forms of lime used for soil stabilization, calcium oxide (CaO), known as
quicklime and calcium hydroxide (Ca(OH)2), known as hydrated-lime. Quicklime can exist
either in granular or powder form. It is produced from crushing and calcination (heating) of
limestone (CaCO3) at high temperatures (over 1000 C), see equation 1. Hydrated lime or slaked
lime is produced as a result of the reaction of quicklime with water. This hydration reaction
occurs rapidly and generates a large amount of heat, see equation 2.
(5)

Limestone and chalk represent the common raw materials used to manufacture all lime
products. When the limestone contains a certain proportion of magnesium normally between
34 to 46%, then it is called dolomite or dolomitic limestone. When the dolomitic limestone is
heated up, it will produce dolomitic quick lime CaO. MgO. Then when the dolomitic quick lime
reacts with water, it produces monohydrated dolomitic lime Ca(OH)2 MgO (Sherwood 1993;
Al Tabbaa 2005; National Lime Association 2004; Sariosseiri and Muhunthan 2008).
CaCO
CaO
Ca OH

Heat

1000℃ ⇒ CaO

H O ⇒ Ca OH
⇒ 𝐶𝑎

CO

Heat 17 x 10 Joules per kg of quicklime

2 OH

eq. (1)
eq. 2
eq. 3

2.1.3.1 Mechanism of soil- lime reaction
Lime can be added to the soil in a dry or in a slurry form. Lime causes several reactions
when it is added to a soil. Cation exchange, flocculation-agglomeration, pozzolanic reaction
and carbonation represent the main soil- lime reactions. Soil- lime reactions start when the lime
dissociates in the presence of water, leading to the rapid release of calcium ions and hydroxide
(OH-) (equation 3) into the solution, thereby raising the pH value (Mallela et al. 2004). Cation
exchange reaction occurs between the metallic ions associated with the surfaces of the clay
particles and the calcium ions of the lime. After initial mixing ends, the calcium ions (Ca2+)
which are released from calcium hydroxide will migrate toward the surface of the clay particles
and replace water and other ions (weaker metallic cations). The reason that calcium replaced
most cations was explained by the Lyotropic series. The Lyotropic series stated in general that
cations with a higher valence replace those with a lower valence. According to the Lyotropic
series, cations to the right replaced the ones to the left as illustrated below.
Li+ < Na+ < H+ < K+ < NH4+ << Mg++ < Ca++ << Al+++
Clay particles are surrounded by a diffuse double layer, which size is reduced by the ion
exchange of calcium (Bhatty et al.,1996; Mallela et al., 2004). This alters the density of the
electrical charge around the clay particles leading them to attract each other and to form flocs.
This process is known as flocculation and agglomeration (Rogers et al. 1996). The first two
reactions (also known as primary reaction) modify soil properties for a short time after mixing.
These immediate effects can be summarized as (Mallela et al. 2004; Rogers et al. 1996):
 Improved soil strength due to the increase the internal friction angle between flocculated
- agglomerated soil particles.
 Transferring the soil from plastic (yielding and sticky) to friable and granular (stiff and
grainy) due to an immediate reduction in soil moisture content and plasticity index. This
facilitates higher workability and makes the soil easily excavated, loaded and
transported.
(6)





Improved compaction properties of soil by reducing the maximum dry density and
increasing the optimal water content. This moved the soil into a certain humidity range
and made it easier to compact. This effect was clearly visible in soil with a higher water
content.
Reduced the susceptibility of clay soil to the addition of water.

The third reaction was known as a pozzolanic reaction, which occurs between the lime
and the silica and alumina in the clay minerals. After adding lime in sufficient amounts, it will
react with water to produce a highly alkaline environment. At these pH levels, the solubility of
soil minerals such as silicate and alumina are effectively increased. This will enable dissolution
of the clay particles (Loughnan 1969; Keller 1964). Silica and alumina are released and react
with calcium ions to produce cementitious materials of calcium-silicate-hydrates gel (CSH),
and calcium alumina hydrates gel (CAH) at the edges of soil particles. The cementitious
materials start to coat the soil particles, filling the pores and subsequently crystallizing gradually
(Ingles and Metcalf, 1972).
Clay and silt with low aluminum content will produce CSH gel, and if the soil has large
amounts aluminous minerals, the calcium aluminate silicate hydrate (CASH) is the most
cementitious gel produced instead in the place of CSH from the pozzolanic reaction (Janz and
Johansson, 2002). These cementing components are responsible for the improvement in strength

and stiffness of soils (Bell 1988; Sherwood 1993; Sivapullaiah et al. 2000)
Formation of CSH and CAH due to the pozzolanic reaction can be expressed in
equations (4) and (5) (Mallela et al., 2004).
𝐶𝑎

𝑂𝐻

𝑆𝑖𝑂 ⇒ 𝐶𝑎𝑂

𝐶𝑎

𝑂𝐻

𝐴𝑙 𝑂 ⇒ 𝐶𝑎𝑂

𝑆𝑖𝑂
𝐴𝑙 𝑂

𝐻 𝑂
𝐻

(CSH)
(CAH)

eq. (4)
eq. (5)

Where, C, S, A and H were the abbreviations for calcium (CaO), silicate (SiO2),
aluminate (Al2O3) and water (H2O) respectively.
Under some circumstances, lime reacts with carbon dioxide from the atmosphere and
forms calcium carbonate (a relatively weak cementing agent) instead of the cementitious
material of calcium-silicate-hydrates gel (CSH) and calcium alumina hydrates gel (CAH). This
kind of reaction is known as carbonation and it is an undesirable reaction to the soil stabilization
process (Sherwood 1993; Sariosseiri and Muhunthan 2008).
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2.1.3.2 Outcomes of soil- lime treatment
Lime enhances the physical and engineering properties of the treated soil, e.g. the
reduction of moisture content and plasticity index (PI) and increased strength and stiffness.
These effects were classified as immediate (modification) and long-term (stabilization) effects.
The immediate effect occurred during a short period after treatment due to cation exchange and
flocculation–agglomeration of soil particles. The immediate reduction in soil moisture content
and plasticity index facilitates higher workability and improves the compaction properties of
treated soil (Mallela et al., 2004). Long-term effects refer to the process that occurred after
curing time and lead to improved strength and stiffness of soil (Sherwood, 1993; Puppala, 2016;
Rogers et al., 1996).
Adding quick lime to wet soil immediately reduce the initial water content to about 32 %
of its own weight, a result of hydration reaction (Sherwood, 1993). Moreover the hydration
reaction released an amount of heat of around 17 x 109 Joules per kg of quicklime (see
equation2). The heat generated during the hydration reaction causes evaporation of additional
moisture and further assists the drying effect (Sherwood, 1993; EuroSoilStab, 2001). After that,
the hydrated lime reacts with clay particles through the pozzolanic reaction and produces an
additional drying effect over time. Therefore, soil was dried due to the rapid decrease in
moisture content after mixing and over time (Rogers et al., 1996).
Assarson et al. (1977) used unslaked lime to stabilized large depths of soft clay soils.
They found about 0.3 kg of soil water content chemically accompanied by 1 kg CaO due to the
hydration reaction. In addition, they noticed large a amount of pore water also evaporated due
to the production of a considerable amount of heat from the hydration reaction.
For inorganic soils, adding lime in sufficient amounts usually improved soil shear
strength 10 to 20 times. Typically, 50 to 75 percent of the final shear strength was obtained after
one to three months of curing respectively. Whilst, 90 percent of stabilized soil shear strength
is expected to be obtained after one year of curing (Broms, 2004).
Several investigators used various laboratory methods to evaluate the enhancement in
soil strength during both the short and long term. The unconfined compressive strength (UCS)
and California bearing ratio (CBR) were considered the easiest methods (EuroSoilStab, 2002;
Mallela et al. 2004). In addition to the triaxial test, direct shear test could be used to predict the
soil strength improvement (Little et al., 2000).
Many researchers have reported an immediate increase in soil strength due to adding
various amounts of lime. This initial improvement in soil strength was attributed to flocculation
and agglomeration of soil particles over one to two hours after lime treatment (Mallela et al.,
2004; Celauro et al., 2012; Rogers et al., 1996).
Thompson (1970) stated that the flocculated structure of clay particles, which form edge
to face contact, caused an increase in soil strength for lime treated soil.
Broms (1984) indicated the flocculation of the clay particles due to cation exchange
reaction and the reduction in water content and plasticity index were the most important factors
in controlling the initial increase of shear strength after treatment.
Bell (1996) investigated the effect of adding lime on the consistency limits of threeclay minerals with different cation exchange capacity, montmorillonite (PI 47%), kaolinite (PI
33%) and quartz (PI 14%). He found that the plasticity index of lime treated soil significantly
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reduced due to a decrease in the liquid limit and an increase in the plastic limit after treatment
for high plasticity soil (montmorillonite clay). For low to medium plasticity soil, an increase in
the liquid limit was observed. He also concluded that the initial increase in soil strength was
not affected by the cation exchange capacity of clay minerals. He found that adding lime to clay
soils improved the compaction properties by increasing the optimum water content and
decreasing the maximum dry density.
Dumbleton (1962) found that adding hydrated lime significantly reduced the plasticity
index for high plasticity clay (PI 54%).
Herrin and Mitchell (1961) stated that adding lime decreased the clay-size particles after
treatment due to cation exchange and flocculation of soil particles.
Kézdi (1979) stated that adding lime improved the compaction properties of soil by
reducing the maximum dry density and increasing the optimum moisture content after treatment
compared to untreated soil. He also showed that adding lime significantly reduced the soil
plasticity index. The reduction increased as the lime content and curing time was increased. The
reduction in the plasticity index was attributed to the rapid increase in the plastic limit of soil.
Brandl (1981) stated that lime immediately increased the liquid limit for low to medium
plasticity soils. Otherwise, a decreased effect was observed for the high plasticity soil. Kinuthia
et al. (1999) also indicated similar trends of increased liquid and plastic limits at low lime
content (1% -3%) for stabilized kaolinite with lime. Locat et al., (1996) suggested the presence
of entrapped water within the intra-aggregate pores after flocculation and agglomeration was
the main reason behind the rise in the liquid limit after lime treatment.
Osula (1991) and (1996) investigated the effect of adding a small lime content (1% to
3%) on the engineering properties of laterite soil. He found that adding lime improved the
compaction properties by increasing the optimum water content and decreasing the maximum
dry density. The plasticity index and the clay size fraction were reduced after treatment. He
attributed these changes to cation exchange and flocculation of soil particles.
Sivapullaiah et al. (2000) investigated the effect of adding hydrated lime on the
consistency limits of four types of soil ranging from low to high plasticity properties. They
found that both the plasticity index and the liquid limit were significantly reduced after treating
high plasticity soils. Whilst, for low to medium plasticity soil, an increase in the liquid limit
was observed. The increase in the liquid limit was explained by a low cation exchange capacity,
leading to larger double layer. The plastic limit was significantly increased for all soil types.
The soil-lime stabilization referred to an increase soil strength due to the pozzolanic
reaction between silica and alumina from the soil with lime over relativity long periods (several
months to years) and produced cementitious materials. Obviously, the long-term strength was
mainly controlled by the quantity of cementitious gel produced from the pozzolanic reaction.
The continuity in producing more cementitious material is dependent on the amounts of lime
consumed in combination with silica and alumina of clay. In addition, a high pH value (> 12)
is required to maintain the solubility of clay in the system (Celauro et al., 2012; Sherwood,
1993). The pozzolanic reaction is temperature- time dependent. The increase in temperature
accelerated the reaction. A curing temperature between 13 to 16°C retards the reaction (Mallela
et al., 2004).
Thompson (1966) investigated the effects of adding various amounts of lime on the
unconfined compressive strength of 38 fine-grained soils. He found that the unconfined
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compressive strength increased as the lime content and curing time was increased. The failure
strain was reduced to about one percent for all soil types. He also observed that adding lime
increased both the cohesion and friction angle of treated soil. The relationship between the
unconfined compressive strength of lime stabilized soil with the cohesion and modulus of
elasticity were expressed in equations 6 and 7 respectively.
Cohesion, C (psi) =9.3+0.292 * UCS (psi)

eq. (6)

Modulus of elasticity, E (ksi) =9.98 + 0.1235 * UCS (psi)

eq. (7)

Suddath and Thompson (1975) investigated the effect of the adding of lime on the stress
strain behavior of low plasticity soil after various curing times. They observed as curing time
increased, the peak strength also increased whilst failure strain corresponding to the peak stress
decreased. The failure mode changed toward brittle failure with increased curing time.
Alexander (1978) investigated the effect of adding lime on the long-term strength
characteristics of low plasticity soils in California. He found the unconfined compressive
strength was improved relatively slowly over a longer curing time.
Hausmann (1990) showed the unconfined compressive strength was increased as the
lime content increased up to 8%.
Sherwood (1993) investigated the immediate and long-term effects of adding lime on
the physical and mechanical properties of high plasticity London clay (PI 56%). He found the
plasticity index reduced immediately after treatment and over time. The reduction increased as
the lime content was increased. He mentioned the reduction in plasticity index was
accompanied by an immediate increase in soil strength. He also found that the soil strength
increased as lime content and curing time was increased.
Liu et al. (2012) investigated the effect of adding lime on the strength and compaction
characteristics of low plasticity soils. Their findings showed that the unconfined compressive
strength was rapidly improved at the early stages and relatively slowly increased further with
longer curing time. The soil strength increased as compaction efforts were increased. They also
found adding lime reduced the maximum dry density and increased the optimum moisture
content. They attributed the reduction in soil density to flocculation and agglomeration of soil
particles. The increase of lime content lead to an increase in water demand which subsequently
increased the optimum water content.
Wang et al. (2012) and (2013) investigated the effect of adding 3% and 9% lime content
on the physical and mechanical properties of high-water content marine sediments in France.
They found the unconfined compressive strength and stiffness of stabilized soils increased, and
the failure strain decreased, as the lime content was increased. They also found lime
significantly reduced the plasticity index after treatment due to cation exchange and flocculation
of soil particles.
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2.1.3.3 Optimum lime content
The amount of lime needed for soil stabilization was defined as the ratio of weight of
lime to the dry weight of soil, expressed as a percentage. Several factors may control the
required amounts of lime such as lime type, soil type, organic content, water content, curing
condition and targeted soil properties. A small quantity of lime was used to dry and modify the
soils, whilst a large quantity of lime (5% to 10%) was used to obtain a certain improvement in
soil strength (U.S. Army Corps of Engineers, 1994).
To modify soil properties, lime reduced the plasticity index for most of the soils by
increasing the plastic limit and increasing or decreasing the liquid limit. As a result of adding
various amounts of lime, the plastic limit significantly increased over a short time after
treatment until it reached a certain level of increase. The amount of lime corresponding to the
maximum increase in the plastic limit was referred to as a lime fixation point (Mateos, 1964).
This point represents the amount of lime needed to replace the calcium ions with exchangeable
cations of clay minerals (full modification of clay minerals). Further addition of lime after the
lime fixation point is utilized to produce cementation materials and increased soil strength
(Sivapullaiah et al., 1998).
Several researchers have tried to obtain the optimum lime content required for soil
stabilization. Mateos (1964) defined the optimum lime content as a percentage of lime required
to obtain maximum improvement in soil strength from the pozzolanic reaction. Adding more
lime will not further improve soil strength.
Herrin and Mitchell (1961) mentioned that the maximum strength of lime soil treatment
can be achieved after adding an optimum lime content under certain conditions of curing time.
They also recommended adding at least five percent of lime even if smaller amounts might
produce the desired strength.
Sivapullaiah et al. (1998) stated that the percentage of lime corresponding to the
maximum change in the liquid limit was the optimum lime content.
Eades and Grim (1966) pointed to a minimum lime content required to maintain high
pH value (pH=12.40) in the soil-lime mixture. This percentage represented the optimum lime
content that required to stabilize the soil.
U.S. Army Corps of Engineers TM 5-822-14 (1994) provided guidelines based on the
plasticity index of soil to obtain the optimum lime.
Another useful guide to obtaining the proper amount of lime required was based on the
percentage of clay content in the soil and was proposed by Ingles and Metcalf (1972). They
suggested adding 1% of lime (by soil dry weight) for each 10% of clay content. They also
recommended that adding up to 3% lime content was sufficient to modify well-graded clay
gravels, 2 to 4% to stabilized silty clay soils and 3 to 8% to stabilized clay soils.
Bell (1996) advised not adding more than 8% because the clay content of most of the
soil did not exceed 80 %. Hausmann (1990) proposed lime content from 2 % to 8% to stabilize
various soil types.
Recently, Swedish standard SS-EN 16907-4 (2018) provided a useful guideline
based on laboratory testing to obtain the proper amount of lime. This guideline was based on
knowing the percentage of natural water content in the soil and the design target values to allow
workability and compaction. The Immediate bearing index (IIPI) was used to characterize the
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soil -lime mixtures from the mechanical point of view, which can give an indication about the
bearing capacity and workability of treated soil during a short term after mixing.
2.1.4 Cement stabilization
Cement is the most common and successful stabilizer. It was used extensively for a long
time for soil stabilization application (Kézdi, 1979). Cement was classified as a hydraulic and
primary binder to stabilize a broad range of soils.
According to European standard EN197-1 (2000) Portland cement clinker should at
least contain two-thirds by mass of calcium silicate, C3S and C2S. The ratio between CaO to
SiO2 should not be lower than two and the magnesium oxides (MgO) should not exceed 5% by
mass.
Portland cement is mainly produced by mixing Portland clinker with 5 % of gypsum.
Then the mixture is ground to a particle the size of 1 to 100 µm with a specific surface of 300
to 550 m2/kg. During the grinding process, several additives can be added to the mixture to
modify the cement properties. Clay and limestone represent the common raw materials used to
manufacture Portland clinker. After grinding and mixing the raw materials, the mixture is
calcined (heated up) in a rotary kiln at 1450 ºC. The heat sinters the materials and drives off
carbon dioxide. Portland clinker is produced by cooling the materials rapidly after leaving the
kiln (Sherwood, 1993). In Sweden, five types of cement have been classified from I to V (Janz
and Johansson, 2002). Cement type I is known as a pure Portland cement without any additives.
Cement type II/A-L is Portland- limestone cement. The typical composition of Portland cement
in oxide form contains: 60-70 % CaO, 17-25 % SiO2, 2-8 % Al2O3, 0-6% Fe2O3 and 1-4% SO3.
In cement chemistry, it is customary to use the abbreviation notation for the oxide of
cement. here, C, S, A, F, H were the abbreviations for calcium (CaO), silicate (SiO2), aluminate
(Al2O3), iron (Fe2O3) and water (H2O) respectively.
The cement clinker minerals with abbreviations: C3S (3CaOꞏSiO2), C2S (2CaOꞏSiO2)
and C3A (3CaOꞏAl2O3) were not pure in Portland clinker. Therefore, the impure forms of C3S,
C2S and C3A were known as alite, belite, and aluminate respectively (Janz and Johansson,
2002).
2.1.4.1 Mechanisms of soil-cement reaction
Soil–cement reactions (hydration and pozzolanic reactions) improved the engineering
properties of soil by producing primary and secondary cementitious materials (Mitchell, 1981).
Mixing cement and water initiates a chemical reaction known as a hydration reaction. A
hydration reaction occurs rapidly and produces three types of primary cementitious materials;
calcium-silicate hydrate (CSH) in the forms: (C2SHx, C3S2Hx), calcium-aluminate-hydrate
(CAH) in the forms: (C3AHx, C4AHx) (Moh, 1962). These cemented products bind soil
particles together and produce a strong and hard mixture with time (Kézdi, 1979). In addition,
hydrated lime Ca(OH)2 was deposited as a third cementitious product, leading to the rapid
release of calcium ions into the solution, thereby raising the pH value.
The hydration reaction of C3S, C2S, C3A and C4AF are presented in equations 8 to 11
respectively (Janz and Johansson, 2002).
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2𝐶 𝑆
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𝐶 𝑆 𝐻
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𝐶𝐻

CSH gel

𝐶 𝑆𝐴𝑆 𝐻

eq. (8)
eq. (9)

ettringite

110𝐻 → 4 𝐶 𝐴, 𝐹 𝑆 𝐻

eq. (10)

sulfate-rich ettringite) 2 𝐴, 𝐹 𝐻

eq. (11)

The reactions of C3S and C2S have been the main contributors to the gain in strength,
whilst the reactions of C3A and C4AF have made only a minor contribution. The reaction of
C3S resulted in rapid hardening of cement, whilst the reaction of C2S was similar to C3S but
with a slower effect due to its lower reactivity. The reaction rate of cement is mainly influenced
by the C3S to C2S ratio, fineness of grain and temperatures.
The secondary cementitious materials were produced by the pozzolanic reaction
between hydrated lime (released from the hydration reaction) and alumina and silica from clay
minerals and provided additional cementitious products of CSH and CAH as expressed in
equations 12 (Maclaren and White, 2003; Yong and Ouhadi, 2007; Puppala, 2016). Usually,
soils such as clay and silt are rich with aluminous and siliceous minerals and under certain
conditions of increased pH value; the solubility of these minerals is increased. The pozzolanic
reaction is much slower than the hydration reaction.
𝐶𝑎 𝑂𝐻

𝑃𝑜𝑧𝑧𝑜𝑙𝑎𝑛𝑎

𝐻 𝑂 ⇒ CSH CAH

eq. (12)

2.1.4.2 Outcomes of soil - cement treatment
Cement enhances the physical and engineering properties of treated soil, e.g. the
reduction of moisture content and plasticity index, increased strength and stiffness. These
improvements were classified as immediate (modification) and long-term (stabilization).
Several investigators used various laboratory methods to evaluate the enhancement in soil
strength during both the short and long term.
Adding cement to wet soil immediately reduced the initial water content to about 20
percent of its own weight as a result of the hydration reaction (Sherwood, 1993). Hydration and
pozzolanic reactions produced an additional drying effect over time. Therefore, soil was dried
due to the rapid decrease in moisture content after mixing and over time.
Cement improved the strength and compaction properties of a broad range of soils.
Kézdi (1979) stated that mixing fine grain soil (silt and lean size) with cement, reduced the
maximum dry density and increased the optimum moisture content compared to untreated soil.
He also found that adding cement to sandy soil increased the maximum dry density and
decreased the optimum moisture content. He also showed that adding cement to clay increased
both the maximum dry density and the optimum moisture content. For the effect of cement on
soil consistency limits, he stated that cement immediately increased the liquid limit of soil if
the liquid limit was less than 40 %. Otherwise a decreased effect was observed when the liquid
limit exceeded 40%. Cement reduced the plasticity index for most of the soils by increasing the
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plastic limit and increasing or decreasing the liquid limit. The reduction in the plasticity index
increased as the cement content and curing time was increased.
Mitchell (1976) investigated the effects of adding various amounts of cement (3% to
16%) on the unconfined compressive strength of fine-grained and coarse-grained soils after 28
days of curing. He found that the unconfined compressive strength for both fine and coarsegrained soils increased with an increase in cement content. A more pronounced effect was found
for course-grained soil. The increase in soil strength varied between 40-80 times the cement
content for fine-grained soils and 80 -150 times the cement content for coarse -grained soils.
He also observed that the unconfined compressive strength of cement stabilized soil increased
over time. The relationship between the unconfined compressive strength of cement stabilized
soil and curing time is expressed in equation 13.
𝑞

𝑞

𝐾 ∗ log

eq. (13)

Where:
: Unconfined compressive strength at the age of d days, kPa
𝑞
𝑞
: Unconfined compressive strength at the age of do days, kPa
K=70 C for granular soil and 10 C for fine grained soil, C= cement content, % by mass.

Bryan (1988) investigated the effect of adding various amounts of cement (5% to10%)
on the strength properties of low plasticity soils in England. He found the unconfined
compressive strength of stabilized soils increased, and the failure strain decreased, as the
cement content was increased.
Osula (1996) found that adding small percentages of cement (1% to 3%) immediately
reduced the plasticity index of laterite soil (predominantly consisting of kaolinite). He observed
that the reduction in the plasticity index was due to a decrease in the liquid limit and an
increased plastic limit after treatment. He also observed a decrease in the clay size fraction after
cement treatment due to cation exchange and flocculation of soil particles.
Uddin et al. (1997) investigated the effect of adding different percentages of cement
(5% to 40%) on the strength characteristics of high plasticity clay. Their findings showed that
the unconfined compressive strength was significantly improved during the first month of
curing. The strength increased, while failure strain decreased, as the cement content was
increased.
Feda (1998) investigated the effect of adding different cement contents (2% to 8%) on
the strength properties of sand. He found the shear strength and stiffness of sand were improved
after several treatments with a low cement content. Bennert et al. (2000) observed that adding
8% Portland cement improved the strength characteristics of dredged sediments, thereby
allowing them to be beneficially reused as structural fill.
Miura et al. (2001) found that a decreased water/cement ratio improved the stress-strain
behavior of high plasticity clay, stabilized with different amounts of cement content (8% to
33%).
Feng (2002) investigated the effect of adding 3% and 6% cement content on the
consolidation behavior of soft clay. Feng (2002) reported that adding a small cement content

(14)

effectively reduced the primary and secondary settlements of a structure. Feng et al. (2001) also
made similar observation for soft mud treated with 6% cement content.
Chew et al. (2004) investigated the immediate and long-term effects of adding 5% to
50% cement content on the stress-strain behavior of high plasticity marine clay after 28 days.
As the cement content increased, the peak strength also increased whilst failure strain
corresponding to the peak stress decreased. Failure mode changed toward brittle failure with an
increased cement content. They found cement reduced the water content of stabilized sediments
immediately after treatment and further reduction occurred mainly within the first seven days
of curing. For the effect of cement on soil consistency limits, they observed that adding small
amounts of cement (up to 5%) immediately increased the plasticity index then gradually
decreased as cement content was increased up to 10%. The plasticity index decreased as cement
content and curing time was increased. They observed that the reduction in the plasticity index
over time was due to the increase in the plastic limit and a decrease in the liquid limit. They
also showed that the cement reaction increased particle sizes of stabilized soil due to
flocculation of the clay particles. This effect was increased as the cement content was increased.
They also investigated the effect of initial water content on the unconfined compressive
strength. They found the strength obtained by using soil with a low water content was higher
than obtained from the soil with a high-water content.
Lorenzo and Bergado (2004, 2006) showed that adding 5% to 20% cement content
increased the unconfined compressive strength and stiffness of high plasticity clay. The
improvement in strength and stiffness was increased as the cement content and curing time
increased. The failure mode gradually changed toward brittle failure as the cement content and
curing time was increased. They also showed the strength of stabilized soil decreased as the
water/cement ratio was increased.
Hassan (2009) investigated the effect of adding various amounts of cement content (3%
to 37 %) on the strength development of three types of clay with medium to high plasticity. He
found that both the strength and stiffness of stabilized clay increased as the cement content and
curing times were increased. He also found the strength of stabilized soil decreased as the
water/cement ratio was increased.
Sariosseiri and Muhunthan (2009) investigated the effect of adding various cement
contents (2.5% to 10%) on the stress strain behavior of three different types of low plasticity
soil. They found the peak stress increased significantly with increased cement content and
curing time. Failure strain corresponding to when the peak stress was decreased. This led to
changing the failure mode from plastic to brittle behavior. They also showed that adding a small
amount of cement (2.5%) immediately increased the liquid limit after treatment. The liquid
limit decreased as the cement content was increased up to 10%. The plastic limit significantly
increased as the cement content was increased. This led to an increase in the plasticity index
after treatment at low cement content and was then followed by gradual decrease with further
increase in cement content. They also found that the addition of cement increased the optimum
water content and decreased the maximum dry density. This effect was increased as the cement
content increased.
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At optimum soil water content, Horpibulsuk et al. (2010) showed the strength
development of cement stabilized silty clay varied with cement content through three different
zones: the active, inert and deterioration zones. After seven days of curing, they found that the
strength of stabilized soil was significantly increased as the cement content was increased up to
11%. This zone was defined as the active zone. Beyond that, gradual improvement in soil
strength was observed as the cement content was increased from 11 to 30%, and this zone was
called the inert zone. The deterioration zone was observed as being reached when the cement
content was further increased above 30%, leading to a reduction in the strength of the stabilized
soil. They also observed high soil strength and that more cementitious materials were produced
when the initial water content of the soil was about 20% above the optimum water content.
Halsted (2011) stated that adding a small cement content (2% to 6%) to granular and
silt-clay soils improved the CBR after treatment. The improvement increased as the cement
content and curing time were increased. The improvement in CBR was more pronounced for
granular soil when compared to silt-clay soil. He also showed adding cement to silt-clay soil
reduced the plasticity index immediately after treatment and over time. This reduction increased
as the cement content was increased. He also mentioned that these effects were permanent over
a long period.
Portelinha et al. (2012) investigated the effect of adding small amounts of cement (1%
to 3%) on the mechanical properties of medium plasticity lateritic soil. They found that both
the unconfined compressive strength and stiffness were improved as the cement content and
curing time increased. They also found that the plasticity index of cement treated soil
significantly reduced due to a decrease in the liquid limit and an increased plastic limit after
treatment. They also observed that the cement has the effect of reducing the clay proportion and
increasing the proportions of silt and fine sand.
Wang et al. (2012) found that adding various amounts of cement (3% to 9%) to low
plasticity marine sediments significantly increased the plastic limit compared to a slight change
in the liquid limits. This led to a reduction in the plasticity index after treatment. Cation
exchange and flocculation of soil particles were the main factors for these changes in
consistency limits. They also observed that the strength of stabilized soil increased significantly
as the cement content and curing time was increased.
Saadeldin and Siddiqua (2013) investigated the effect of adding 5% to 15% cement
content on the unconfined compressive strength of clay soil. They reported that the strength of
the stabilized clay increased as the cement content increased. Wang et al. (2013) also showed
that adding 3% to 9% cement content improved the strength and stiffness properties of marine
sediments.
Rashid et al. (2014) investigated the effect of adding 7% and 13 % cement content on
the strength and stiffness of three high plasticity soils. Their results showed that both the
unconfined compressive strength and stiffness increased as the cement content was increased.
From the stress strain curves, they also observed that stabilized soils behaved like brittle
materials after treatment.
Khemissa and Mahamedi (2014) investigated the effect of adding a cement content of
(2% to 12%) on the shear strength and consistency limits of high plasticity clay. They found
that both the plasticity index and the liquid limit were significantly reduced after treatment.
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They also found that adding various amounts of cement improved the shear strength of high
plasticity clay.
Eskisar (2015) studied the effects of adding different cement contents (5% to 10%) on
improving the strength of medium plasticity clay. He observed that the unconfined compressive
strength increased as the cement content and curing time was increased. The significant change
in the stress strain behavior occurred during the first 28 days of curing.
Asgari et al. (2015) also found that adding small amounts of cement (3%, 5% and 7%)
significantly improved the unconfined compressive strength of low plasticity soil. The strength
increased as the cement content and curing time was increased.
Subramaniam et al. (2016) used a series of triaxial tests to investigate the stress-strain
behavior of dredged marine clay treated with different cement contents (2.5% to 10%). They
found that peak stress increased as the cement content and curing time was increased. Moreover,
peak strain corresponding to peak stress was decreased as the cement content and curing time
was increased.
Kang et al., (2017) investigated the strength characteristics of cement stabilized high
plasticity marine clay. Cement was added in the amounts of 10%, 20% and 30%. The cement
content was defined as the weight of cement to the total weight of solids (cement and soil).
They found that the unconfined compressive strength and stiffness of stabilized soil increased
significantly as the cement content and curing time was increased. They also investigated the
effects of initial water content on the strength development of stabilized soil. The variation in
initial water content ranged from 1.5 to 2 times the liquid limit. They found that cement
stabilized soil with a low water content (1.5 times the liquid limit) achieved high unconfined
compressive strength.
Ho et al. (2017) researched the effects of adding 8% cement content on the strength
development of two types of soils (sand and sand–loam mixtures). They reported that the
compressive strength for both soil types increased during the first 28 days of curing. After that
time, no further increase in soil strength was observed for the sand, whereas a gradual increased
in compressive strength for the sand–loam mixture was noted after 28 days. This increase in
compressive strengths was attributed to the pozzolanic reaction between the cement and the
clay minerals in sand–loam mixtures.
Zhang et al. (2017) studied the effect of adding various amounts of Portland cement
(7%, 9% and 11%) to stabilized high water content waste mud. Their results showed that both
strength and stiffness increased as the cement content was increased.
2.1.4.3 Optimum cement content
The amount of cement needed for soil stabilization was defined as the ratio of weight
of cement to the dry weight of soil, expressed as a percentage. Several factors can control the
required amounts of cement such as soil type, organic content, water content, curing conditions
and targeted soil properties. A small quantity of cement was used to dry and modify the soils
(U.S. Army Corps of Engineers, 1994; Sariosseiri and Muhunthan, 2009). Whilst, a large
quantity of cement (5% to 15%) was used to obtain a certain improvement in soil strength
(Bryan, 1988; Jaritngam and Swasdi, 2006; Saadeldin and Siddiqua, 2013).
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Several researchers tried to obtain the optimum cement content required for soil
stabilization. For cement treated subgrade soil, the optimum cement content was defined
according to the Texas department of transportation test procedure (TxDOT Tex-120-E, 2013),
as the cement content of the soil specimen that achieved an unconfined compressive strength
value of 1035 kPa after 7 days curing time.
U.S. Army Corps of Engineers TM 5-822-14 (1994) and Arman et al. (1990) provided
guidelines for obtaining the optimum amount of cement for soil stabilization. For instance,
Arman et al. (1990) referred to the use of 9% to 15 % of soil dry weight as a typical amounts
of cement required to stabilized soil with CL,CH classification (ASTM soil classification), and
these values did not take the effect of organic content into consideration.
According to soil types, Kézdi (1979) suggested adding a cement content between 6%
to 10% to stabilize very sandy soil, 8% to 12% to stabilize silty soil and 10% to 14% to stabilize
clay.
2.1.5 Soil stabilization using industrial by-product materials
Different types of by-product materials from industrial processes, such as various slags,
fly ashes, blast furnace slags, lime kiln dust, cement kiln dust and such others were used in soil
stabilization. In recent years, the benefit of using industrial by-product material for the purposes
of soil stabilization has increased. As binding material, they are considered to be cheap and
easily available (Parsons and Kneebone, 2005). Moreover, it contributed to a decrease in the
environmental impact posed by the production of these materials (Puppala, 2016). Fly ashes
and cement kiln dust were the most frequently used by-product materials for modifying and
stabilizing different soil types. Therefore, in this review, more focus will be on soil modification
and stabilization using various types of fly ashes and cement kiln dust.
2.1.5.1 Fly ash
Fly ash, also called coal ash, is a solid waste by-product from the combustion of coal in
power and heating plants. It is filter dust (fine particles) that are collected from flue gases. The
color of fly ash's powder is between a light to dark gray. The lighter color of fly ash is due to
the presence of a high amount of calcium oxide (CaO) whilst a darker color refers to the low
amount of calcium oxide (Hausmann, 1990). Types of coals and different combustion processes
were considered the main factors which affected the fly ash properties. Therefore, a very wide
range of fly ash properties existed. Generally, combustion with high temperatures ranged
between 1500 ºC to 1700 ºC and rapid cooling produced more desirable fly ash to work as a
stabilizer agent (Janz and Johansson, 2002).
According to the standard specification ASTM C618 (2015), two types of fly ashes were
classified as a stabilizing agent, class C and class F fly ash. This classification was based on
the variation in chemical compositions of fly ash.
Class C fly ash contained high cementing properties due to the higher free lime content,
in addition to pozzolanic properties. Class F fly ashes contained pozzolanic properties and low
self-cementing properties (U.S. Army Corps of Engineers, 1994; Rossow, 2003; Kang et al.,
2014, Maher et al., 2005).
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2.1.5.1.1 Mechanisms of soil-fly ash reaction
The mechanism of the hardening process of high calcium fly ash was divided into a
short and long term. Initially when fly ash is mixed with soil, an enhancement in the soil
properties takes place directly as a short-term effect. The long-term strength effect is due to
pozzolanic reactions. Hydration reaction occurs only if the fly ash contains a large quantity of
free lime (Saylak et al., 2008; Lloyd et al., 2009; Horpibulsuk et al., 2009; Kang et al., 2014).
Class F fly ash is considered a pozzolanic material. It has cementitious properties
compared to other binders such as lime and cement, so it is classified as a secondary binder.
Therefore, adding an activator such as lime in the form of Portland cement or quicklime is
necessary to initiate the reactions. For instance, the reaction of Portland cement or quicklime
with water leads to the formation of calcium hydroxide, Ca(OH)2, which subsequently leads to
the formation of either CSH gel with a lower CaO/SiO2 ratio or calcium aluminate silicate
hydrate gel (CASH), which is approximately similar to CSH but contains aluminum. The
reaction with cement is illustrated in equations 14 and 15 and the reaction with lime (CaO) can
be expressed in equations 16 and 17 (Janz and Johansson, 2002).
Cement

H O → CHS

Ca OH

eq. (14)

Ca OH

Pozzolana

H O → CHS CASH

eq. (15)

Lime CaO
Ca OH

H O → Ca OH
Pozzolana

eq. (16)

H O → CHS CASH

eq. (17)

The fly ash pozolonic reaction is slow and it becomes even slower upon the formation
of a shell of CSH gel around the fly ash particles. The reaction rate depends on the consumption
of Ca(OH)2 by the pozzolanic reaction. The development in strength is considered in the long
term, where the consumption of Ca(OH)2 content is decreased due to the pozzolanic reaction.
2.1.5.1.2 Outcomes of soil- fly ash treatment
As with lime and cement stabilization, fly ash is widely used to enhance strength and
stiffness of soils, reduce the water content and plasticity of soil. It is extensively used to modify
(short-term effect) or stabilize (long-term effects) a broad range of soil such as clay, silt, sand
and gravels (Maher et al., 2005).
Adding class C fly ash or any by-product materials containing high free lime content to
wet soils reduces the water content immediately. The reduction in water content is mainly
related to the hydration reaction between the binder and water. Moreover, soil is further dried
over time due to pozzolanic reactions (Rossow, 2003).
Mackiewicz and Ferguson (2005) and Misra (2000) referred to a rapid reduction in the
soil moisture content of 10% to 20 % due to the adding of high amounts of self-cementing fly
ash. Jongpradist et al. (2009) also found similar trends of decreasing soil water content with
curing time due to the pozzolanic reaction for soft clay treated with cement and fly ash.
Sivapullaiah et al. (1996) investigated the immediate effect of two types of class F fly
ash on the index properties of high plasticity soil. The fly ash was added in different amounts
from 1% to 9% of soil dry weight. They found that adding fly ash decreased the liquid limit and
increased the plastic limit, which led to a reduction in the plasticity index of treated soil.
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Misra (2000) used a series of triaxial tests to investigate the stress-strain behavior of
two soil types (clayey silt and silty clay) stabilized with 10% and 20 % Class C fly ash. He
found that the stabilized soil exhibited stiffer, stronger and more brittle failure as a result of
adding 10 % fly ash. He also found the unconfined compressive strength increased
approximately linearly as the fly ash content was increased for both soil types. The highest
improvement was observed in the clay rather than in silty clay. He observed that the unconfined
compressive strength decreased as the initial moisture content was increased above the optimum
content for the stabilized soil. He also found that adding class C fly ash improved the
compaction properties by decreasing the maximum dry density and increasing the optimum
moisture content after two hours from mixing.
Cokca (2001) investigated the effect of adding class C and F fly ashes on the particle
size distribution of high plasticity clay. Fly ash added in quantities from 3% up to 25 % of the
soil dry weight. He observed a decrease in clay size particles as the fly ash content was
increased. He also observed that adding fly ashes significantly reduced the plasticity index and
the liquid limit of soil after treatment. The reduction increased as the fly ash content was
increased.
Senol et al. (2002) investigated the effects of adding 12%, 16% and 20 % of class C fly
ash on the strength properties of low plasticity clay. They showed that the unconfined
compressive strength of stabilized soil increased as the fly ash content was increased. They also
investigated the effect of initial water content on strength properties. They found that the soil
strength decreased as the initial moisture content was increased. Senol et al. (2006) also found
that adding various amounts and types of fly ash (10% to 20%) improved the unconfined
compressive strength and CBR for low and high plasticity soil.
Prabakar et al. (2004) showed that adding fly ash in different amounts (9% -46%)
significantly improved the strength behaviors of low and high plasticity soils. The improvement
increased as the fly ash content was increased. They also found that adding fly ash decreased
the maximum dry density and increased the optimum moisture content. This effect was
increased as fly content increased. They also investigated the effect of the initial water content
on the unconfined compressive strength. They found the strength of stabilized soil significantly
decreased as the initial water content was increased. They attributed the reduction in soil
strength to a wide separation between flocculated particles due to excessive water from the
hydration reaction.
Kolias et al. (2005) investigated the effects of adding different amounts of high calcium
fly ash (5% to 20%) on the strength properties of low and high plasticity soils. Their results
showed that the unconfined compressive strength and stiffness of stabilized soil increased as
the fly ash content and curing time was increased. The most pronounced enhancement occurred
in soil with low plasticity rather than high plasticity. They also showed that adding fly ash
reduced the plasticity index after 24 hours from treatment. They found adding fly ash improved
the compaction properties by decreasing the maximum dry density and increasing the optimum
moisture content of stabilized soil.
Sezer et al. (2006) investigated the effects of adding various amounts of high calcium
fly ash (5% to 20%) to stabilized highly plasticity soil. Unconfined compressive strength test
and direct shear test were used to evaluate the enhancement in soil strengths at optimum
moisture content. They found that the strength properties of stabilized soil increased as the fly
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ash content and curing time was increased. The largest improvement in the unconfined
compressive strength occurred during the first 28 days of curing.
Edil et al. (2006) investigated the effect of adding 10% to 30% of several fly ash types
(class C, F and off specification) on six types of soft fine-grained soil (low to high plasticity
soil). They found that adding fly ash improved the California bearing ratio (CBR) and resilient
modulus after treatment.
Reyes and Pando (2007) studied the possibility of adding 5%, 10%, 15% and 20%
amounts of two types of fly ash (class C and high calcium fly ash) to stabilized high plasticity
soft clay. Their study found that the unconfined compressive strength of stabilized clay
increased as the fly ash content and curing time was increased. They also observed that adding
fly ashes immediately reduced the plasticity index after treatment. The reduction in the
plasticity index increased as the fly ash content and curing time was increased.
For high plasticity silty clay soil in Thailand, Horpibulsuk et al. (2009) investigated the
effect of adding 10% of class F fly ash and Portland cement (as an activator) in various
proportions, on the consistency limit of soil. They observed that adding cement and fly ash
significantly increased the plastic limit and decreased the liquid limit, which subsequently
reduced the plasticity index. They found that adding cement and class F fly ash increased the
maximum dry unit weight without changing the optimum water content after treatment. They
also observed that adding class F fly ash alone slightly reduced the plasticity index compared
to the high effect of cement on the flocculation and agglomeration of clay particles. For the
same soil type, Horpibulsuk et al. (2013) investigated the effect of mixing the by-product of
calcium carbide residue as an activator (5% and 10%) and class F fly ash with various
replacement ratios from 3% to 24% on the consistency limits of soil. They found the plastic
limit was increased significantly with an increase in fly ash content in the mixture when
compared to a slight increase in the liquid limit. This subsequently decreased the plasticity
index.
Bin-Shafique et al. (2010) investigated the effects of adding class C fly ash in various
amounts (5% to 20%) on the strength properties of low and high plasticity soils. They showed
that the unconfined compressive strength increased as the fly ash content was increased. The
most pronounced improvement occurred in low plasticity soil rather than high plasticity soil.
They found the fly ash significantly reduced the plasticity index after treatment.
Wiechert et al. (2011) found that adding 20 % of high calcium fly ash improved the
unconfined compressive strength and stiffness of highly plasticity clay -rubber mixture. They
also showed that the improvement in soil stiffness from high calcium fly ash was equal to or
even better than the class C fly ash.
Sargent et al. (2012) studied the benefit of adding 10% of various industrial by-product
materials such as blast furnace slag, fly ash and red gypsum to stabilize artificial silty, sandy
clay (low plasticity). Sodium hydroxide and sodium silicate was used as alkali activators. They
found that adding an alkali activator initiated the pozzolanic reactions and subsequently led to
a significant improvement in strength, stiffness and compressibility of stabilized soil.
Ghosh and Subbarao (2012) studied changes in strength properties from adding 6% and
10% lime content as an activator to class F fly ash. They found that the unconfined compressive
strength increased as the lime content was increased.
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Athanasopoulou (2013) investigated the effect of adding high calcium fly ash (4% to
16%) on the index properties of high plasticity clayey soil in Greece. He found that adding fly
ash decreased the liquid limit and increased the plastic limit of soil and thus decreased the
plasticity index. He also observed that adding high calcium fly ash reduced the maximum dry
density and increased the optimum water content.
Kang et al. (2014) demonstrated that adding various amounts of class C fly ash (10%,
20% and 30%) improved the unconfined compressive strength and resilient modulus of two
types of soft clay (low and high plasticity soil). The strength and stiffness of treated soil
increased as curing time and fly ash content was increased. They observed that the addition of
fly ash increased the maximum dry density and decreased the optimum water content. The
compaction occurred within 30 minutes after mixing. They attributed the increase in the
maximum dry density to the voids of soil particles being filled by finer particles of fly ash.
Moreover, the pozzolanic products caused by the hydration of fly ash, filled in the pore voids
and made the treated soil denser. The decrease in optimum water content with an increase in
fly ash content was attributed to the hydration process of fly ash, which needs to consume more
water inside the voids.
Kang et al. (2015) investigated the effect of adding 10%, 15% and 20% class C fly ash
on the strength and stiffness of low plasticity soil. They observed that adding class C fly ash
improved the unconfined compressive strength and stiffness. The improvement increased as
binder content and curing time was increased. They also found adding class C fly ash increased
the maximum dry density and lowered the optimum water content.
Mir (2015) found that adding different amounts of class C and F fly ashes improved the
unconfined compressive strength of high plasticity clay. The percentage of fly ash added ranged
from 10% to 80% of soil dry weights. Mir (2015) also observed that adding fly ashes reduced
the liquid limit and plasticity index immediately after treatment, and the reduction increased as
the fly ash content was increased. Moreover, the plastic limit increased as the fly ash content
was increased.
Ozdemir (2016) investigated the effect of adding 3% to 10% of class C flay ash on the
strength properties of low plasticity fine grain soil. He found that the unconfined compressive
strength of stabilized soil increased as the fly ash content and curing time was increased. He
also investigated the effects of adding class C flay ash on particle size distribution and found
that the percentage of fine particles decreased as the fly ash content was increased.
Jamsawang et al. (2017) researched the effects of adding 200 kg/m3 of Portland cement,
partially replaced with bagasse ash, on the strength development of high plasticity soft clay.
Their results showed that using 10% to 20% of bagasse ash as a partial replacement for Portland
cement enhanced the strength and stiffness of stabilized soil.
Zhang et al. (2017) studied the effect of adding 9% Portland cement and class F fly ash
with different partial replacements to stabilized high water content waste mud. The study was
based on field and laboratory investigations. The strength characteristics of the treated mud
were determined by using UCS and SEM analyses. They found that the partial replacement of
cement and fly ash improved the strength and stiffness of the mud, and that the highest level of
chemical reaction occurred after 28 days of curing. They also found that adding fly ash reduced
the brittle failure of treated mud compared to cement treatment.
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2.1.5.2 Cement kiln dust (CKD)
Cement kiln dust (CKD) is a waste by-product generated during the manufacture of
Portland cement. As explained before, during the manufacture of Portland cement, materials
are fed into the upper end of a kiln at appropriate proportions and calcined (heated up) in a
rotary kiln at temperatures of 1450 ºC. Portland clinker is produced by cooling the materials
rapidly after leaving the kiln (Sherwood, 1993). During this process, a small amount of
materials in the form of dust, which is known as cement kiln dust, is collected as industrial
waste (Baghdadi et al., 1995). These materials are captured by the exhaust gases and collected
in particulate matter control devices such as cyclones, baghouses and electrostatic precipitators
(Adaska et al., 2008). About 0.6 to 0.70 tons of CKD is produced during the production of one
metric ton of cement. The increased demand for Portland cement generates tremendous
amounts of CKD and this becomes a potential source of pollution.
CKD has a wide range of physical and chemical properties because it can differ from
one plant to another due to the variation in the raw materials used, kiln operation and type of
the collection system (Bhatty et al., 1996).
The particle size of CKD is mainly controlled by the kiln operation and the collection
system. The finer particle size of CKD is obtained from the dry and wet kiln process and the
coarser CKD dust is collected from modern cement plants equipped with an alkali by-pass
(Adaska et al., 2008). Baghdadi et al. (1995) mentioned that the particle size of CKD varied
wildly from less than 6 to 100 µm in diameter.
For soil stabilization purposes, the CKD is divided into two categories: pre-calciner kiln
dust and long-wet or long-dry kiln dust. Generally, the pre-calciner kiln dust contained high
free lime, coarser in size and concentrated with alkali volatiles. While the dust from the long
kiln contained more calcium carbonate and a lesser amount of free lime (Parsons et al., 2004).
CKD was used alone as a stabilizer or combined with other binders such as cement, lime
and fly ash to reduce plasticity, improve soil strength and stiffness of a wide range of soils.
Nebgen et al. (1976) stated that CKD can be used as successful alternative for lime as a soil
stabilizer. Miller and Zaman (2000) and Parsons et al. (2004) compared the effect of additional
lime and CKD on the consistency limits of soil. They observed that lime and CKD have
approximately the same influence in terms of a reduced plasticity index after treatment.
The benefit of using cement kiln dust in the soil stabilization process has increased
internationally as the binder material is considered to be cheap and easily available e.g. (Bassani
et al., 2017). In addition, it helps to reduce the environmental impact posed by the production
of these materials (Baghdadi et al., 1995).
Extensive studies have been conducted on using cement kiln dust with higher amounts
(>7% of soil dry weight) to stabilized various soils type e.g. (Zaman et al., 1999; Miller and
Azad, 2000; Adaska and Taubert, 2008; Solanki et al., 2009; Ebrahimi et al, 2012; Ismail and
Belal, 2016). Moreover, many studies have investigated the effect of addition cement kiln dust
with partial replacement of Portland cement, lime and various by product materials such as fly
ashes either to modify and improve engineering properties or to modify cement properties
(Bhatty, 1983; Bhatty, 1984; Daous, 2004; Yoon et al., 2010; Peyronnard and Benzaazoua,
2011; Tariq, 2012; Iwański et al., 2016; Yoobanpot et al, 2017).
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Collins and Emery (1982) investigated the effect of substituting CKD for hydrated lime
in lime-fly ash aggregate mixture. They observed that high amounts of CKD were required
compared to hydrated lime. The optimum CKD to fly ash ratio was 2:1. They also showed that
the mixture which contained class C fly ash developed higher strengths compared to the one
using class F fly ash.
Baghdadi (1990) investigated the effects of adding various amounts of CKD (1% to
12%) on the unconfined compressive strength of bentonite and kaolinite clay over various
curing times. He found the improvement in strength increased as the CKD content and curing
time was increased. He also showed that adding a small percentage of CKD to high plasticity
bentonite clay (Na-montmorillonite) significantly reduced the liquid limit as the CKD content
was increased. The plastic limit slightly decreased, which lead to a considerable reduction in
the plasticity index. While for pure kaolinite (low plasticity soil), a small change in the plasticity
index was observed.
Baghdadi et al. (1995) investigated the effects of adding various amounts of CKD (10%
to 75%) on the unconfined compressive strength of dune sand over different curing times. They
found the unconfined compressive strength increased as the CKD content and curing time were
increased. They also demonstrated that the unconfined compressive strength increased
significantly as the curing temperature was increased.
Bhatty et al. (1996) summarized several studies using CKD as a stabilizer. They
concluded that CKD with high free lime (>15%) and low alkalis improved the compressive
strengths of compacted clay soils. When the CKDs contained low free lime and high alkalis the
unconfined compressive strength was adversely affected. They concluded that the higher alkalis
could counter stabilization reactions because of the ionic interference. Moreover, they also
mentioned that the CKD with a low loss of ignition (contained high reactive free lime) and
moderate alkalis was used successfully to reduce the plasticity index, and to significantly
improve the strength and stiffness of wide range of soils. Whilst CKD with a high loss of
ignition (LOI) contained a high percentage of slow reactive calcium carbonate and a low
percentage of free lime. The use of CKD with high LOI and low alkali resulted in less
improvement in the unconfined compressive strength and plasticity index compared to the use
of CKD with low LOI.
Miller and Zaman (2000) investigated the effect of adding various amounts of CKD
(10% to 26%) on the strength development of three types of clay with a low to high plasticity
index at optimum water content. They found that both the strength and stiffness of stabilized
clay increased as the CKD content and curing times were increased. They also reported an
increased liquid limit after treatment for low to medium plasticity soil. Whilst for high plasticity
soil, the liquid limit decreased as the binder content was increased. They also mentioned that
CKD increased the plastic limit for all soil types, which leads to a significant reduction in the
plasticity index.
Parsons and Kneebone (2005) investigated the effects of adding small amounts of precalciner CKD (1.5% to 7%) on strength characteristics and physical properties of eight different
soils types ranging from high, moderate, low and non-plastic soils. After 28 days of curing, they
observed a reduction in swell and an improvement in the unconfined compressive strength for
all the soil types. They also showed CKD has an effect by lowering the plasticity index and
often the soil becomes non-plastic after treatment. The change in the liquid limits varied
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between a decrease for high plasticity soil compared to an increase in the liquid limit for
moderate and low plasticity soil. The plastic limit of treated soils was considerably increased
due to the addition of CKD. Ismail and Belal (2016) indicated a similar observation of change
to the liquid and plastic limits of moderate to high plasticity soils treated with various CKD
contents.
Solanki et al. (2007) investigated the effect of adding various amounts of CKD (5% to
15%) on strength and stiffness of low plasticity soil approaching the optimum water content.
They found both strength and stiffness increased as the CKD content and curing time was
increased. Sariosseiri et al. (2011) found similar observations of increased strength and stiffness
of two low plasticity soils.
Peethamparan et al. (2008) investigated the effect of adding four different types of CKD
on the strength properties of kaolinite clay. The variation of free lime content ranged from 3%
to 29% in all CKDs. Their study found that the unconfined compressive strength of stabilized
clay increased as the curing time was increased. They observed CKD with a high free lime
content significantly improved the compressive strength of kaolinite clay compared to other
types of CKD with lower free lime content.
Sariosseiri and Muhunthan (2008) investigated the effect of adding CKD on physical
and mechanical properties of low plasticity soil. They found that both the strength and stiffness
of stabilized clay significantly increased as the CKD content and curing times were increased.
The plasticity index decreased as the binder content was increased. They also observed
improvement in the compaction properties after treatment with an increase in the optimum
water content and a decrease in maximum dry density as the CKD content was increased.
Iwański et al. (2016) found the combining of cement kiln dust; Portland cement and fly
ash significantly improved the strength properties of the road base layer. Miller and Azad
(2000) also found that the unconfined compressive strength of stabilized soil increased as the
CKD content and curing time was increased.
Yoobanpot et al. (2017) compared the effect of adding various amount of CKD (10%
and 13%), 10% cement and CKD combined with class F fly ash on the strength development
of highly plastic clay. They found cement increased the soil strength rapidly during the first 28
days of the curing period and gradually increased after 90 days. CKD alone increased the soil
strength in a similar way to cement but was lower in compressive strength. They observed the
strength development of CKD and fly ash mixture significantly increased over a long curing
time.
2.1.5.3 Optimum binder content
Binder content was defined as the ratio of weight of fly ash to the dry weight of soil as
a percentage. Soil type, binder type, water content, organic content and targeted soil properties
represent the most important factors controlling the amount of stabilizer needed for soil
stabilization. For various applications, the most common range for using fly ash varied between
12% to 16 % of soil dry weight for self-cementing class C fly ashes (Rossow, 2003; Mackiewicz
and Ferguson, 2005). Whilst for fly ash with low cementing properties, high amounts of fly ash
were expected to be used in addition to an activator.
The chemical composition of various by-product materials has a strong effect on the
reactivity of the binder. Hydration modulus (HM) defined (equation 18) as the ratio between
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the amount of CaO as a percentage to the sum of amounts of SiO2, Al2O3, and Fe2O3 expressed
as a percentage and was considered the main factor in obtaining the reactivity of the binder
(Kamon and Nontananandh, 1991). It was also used to obtain the portion of fly ash or any byproduct materials and lime in the admixture design (Muhunthan and Sariosseiri, 2008).
For various by-product materials, Kamon and Nontananandh (1991) suggested that the
hydration modulus should exceed 1.7 in order for a reaction to take place.

𝐻𝑀

%
%

%

eq. (18)

%

The cementing potential ratio (self-cementing properties) was used to obtain the
hydraulic properties of the binder. It was defined as a CaO/SiO2 ratio (Janz and Johansson,
2002). The higher the CaO/SiO2 ratio the more hydraulic properties were expected.
2.1.6 Relationship between unconfined compression strength, qu, and the modulus of
elasticity, E50.
Many investigators have obtained a variable conclusion about the relationship
between the unconfined compressive strength (qu) and the elastic modulus (E50) for wide range
of soil types stabilized with cement, lime and fly ash as illustrated in Table 1.
Table 1. The relationship between elastic modulus (E50) and UCS (qu) in previous studies
Material
Three types of soil (silt, silty clay and laterite) treated with
cement (7% - 13% ) in Malaysia
Swedish clay stablized with 120 kg/m3 of cement and lime

Upper and lower range
of soil stiffness times qu

Reference

E50=(100−326)qu

Rashid et al. (2014)

E50=(53−92)qu

Ignat (2015)

Clay treated with Cement (3% to 37%) in Finland

E50=(100−200)qu

Bangkok clay treated with cement (5% to 20%)

E50=(115−150)qu

Hassan (2009)
Lorenzo and Bergado
(2006)

High plasticity clay treated with (10% to 13%) cement kiln dust
with partial replacement of 10 to 20% fly ash
Chinese marine clay with high salt concentration treated with
cement (10% to 20%)
Chinese Silt soil carbonated with reactive MgO (5%−30%)
Marine sediments in France treated with cement (3%-9%) and
class F fly ash (3%-9%)
High plasticity Tokuyama marine clay in Japan stabilized with
10 to 30% Portland cement
High plasticity Singapore marine clay treated with high cement
content
High plasticity soft clay treated with 200 kg/m3 cement
partially replaced with bagasse ash
Cement treated zinc contaminated soils (12 to18%)
Class F fly ash modified with 4 to 10% lime content

E50=(99−159)qu

Yoobanpot et al. (2017)

E50=(150−275)qu

Dingwen et al. (2013)

E50=(30−200)qu

Cai et al. (2015)

E50=(60−170)qu

Wang et al. (2013)

E50=(30−169)qu

Kang et al. (2017)

E50=(80−200)qu

Lee et al. (2005)

E50=(50−110)qu

Jamsawang et al. (2017)

E50=(18−53)qu

Du et al. (2013)
Ghosh and Subbarao
(2012)

E50= 55qu

Soft clay with high water content stabilized with 5% to 40%
Portland cement
Soft clay with high water content stabilized with a mixture of
Portland cement (5% to 35%) and class F fly ash (5% to 30%)
Silty soil treated with various amounts of CKD (5% to 15%)
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0.87

E50=93qu (7days)
E50=88qu (28 days)

Jongpradist et al. (2009)

E50=(96−129)qu

Jongpradist et al. (2009)

M =260 UCS

Solanki et al. (2007)

2.1.7 Factors affecting the strength development of soil -binder mixture
Lime, cement and various by-product materials were used to modify and stabilize soils.
Water content, types and graduation of soil, soil minerals, organic content, type and amount of
stabilizer, in addition to curing conditions (time, temperature and moisture) represent the most
important factors controlling the strength development.
2.1.7.1 Water content
The water content of the soil is a major factor in the strength development of the soilbinder reaction.
For a full hydration reaction, quicklime took up about 32 percent of its own weight of
water in addition to releasing heat as expressed in equation 2 (Sherwood, 1993). Therefore, soil
is dried due to the lime hydration reaction; in addition, the heat generated during the reaction
can evaporate additional moisture.
Locat et al. (1990) investigate the effects of initial water content and curing time on the
strength development of four types of medium to low plasticity soil (PI ranged between15-31%)
treated with quicklime. The variation of soil water content ranged between slightly above the
plastic limit to double the amount of liquid limits of each soil type. They found that lime
stabilized soil with a lower water content (near the plastic limit) achieved high shear strength
and vice versa. With a varying amount of quicklime, Locat et al. (1990) suggested a relationship
between undrained shear strength and initial water content as expressed in equation 19 for
medium to low plasticity soils.
𝑎𝜔
eq. (19)
𝑆
Where: a and b are empirical constants and it depends on soil nature, curing time, and lime
content.
Su: undrained shear strength
𝜔: soil water content
For the full hydration reaction of cement, cement take up about 20 percent of its own
weight in water. Insufficient water content led to the cement not being fully hydrated or reactive,
and that caused a reduction in soil strength. The water/cement ratio (ωcr (equation 20) was
used to express the effect of water content on the strength of cement stabilized soil. The increase
in water cement ratio caused a decrease in soil strength.

𝜔𝑐𝑟

eq. (20)

Where: W: weight of water, C: weight of cement.
Miura et al. (2001) found that a decreased water/cement ratio improved the stress-strain
behavior of high plasticity clay stabilized with different amounts of cement content (8% to
33%).
Chew et al. (2004) investigated the effect of initial water content on the unconfined
compressive strength of cement treated soft marine clays. They found the strength obtained by
using soil with a low water content was higher than obtained from soil with a high-water
content.
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Lorenzo and Bergado (2004) showed the strength of high plasticity clay stabilized with
cement decreased as the water/cement ratio was increased. Hassan (2009) also made a similar
observation for medium to high plasticity clay stabilized with various amounts of cement (3%
to 37%).
Kang et al. (2017) investigated the effects of initial water content on the strength
development of cement stabilized high plasticity marine clay. The variation in initial water
content ranged from 1.5 to 2 times the liquid limit. They found that cement stabilized soil with
a low water content (1.5 times the liquid limit) achieved high unconfined compressive strength.
For stabilized soil with fly ash, Edil et al. (2006) found the California bearing ratio
(CBR) of fly ash stabilized soil decreased as the initial water content of soil was increased.
For soil stabilization, the increase in water content caused a decrease in soil strength.
The reduction in soil strength was attributed to the fact that CSH gel produced with a low water
content was stronger than gel produced with a high-water content due to wide separation
between soil particles (Locat et al., 1990). Moreover, insufficient water content led to the binder
not being fully hydrated or reactive, and that caused a reduction in soil strength. (Sherwood,
1993).
2.1.7.2 Clay mineralogy
Soil-lime reaction is highly affected by the mineralogical composition of the soil. Soil
may consist of different proportions of clay minerals such as montmorillonite, kaolinite, illite,
chlorite, etc.., in addition to non-clay minerals (e.g. quartz) and organic content. Soil with
montmorillonite as the predominant clay mineral has a high cation exchange capacity compared
to the other minerals such as kaolinite, which has a relatively low cation exchange capacity.
Therefore, it reacts in various ways with the addition of lime (Bell, 1996).
The degree of crystallinity also played an important factor on the reactivity of the soillime mixture. Clay minerals with poorly ordered crystallinity have different properties from
those with well-ordered crystallinity. A soil with low crystallinity and fine clay minerals
exhibited high strength and a high pozzolanic reaction. Allophane, halloysite and hydrated
halloysite have high pozzolanic reactivity, whilst kaolinite, chlorite and illite have low
pozzolanic reactivity (Kitazume and Terashi, 2013).
Therefore, different properties of the various families of clays could be explained by the
different levels of activity on the surface of the clay particle (Bell, 1996). For instance,
montmorillonite clay showed an earlier gain in the unconfined compressive strength as opposed
to kaolinitic clays. However, at a later time, the strength achieved by kaolinitic clays was greater
than that achieved by montmorillonite clay. However, fine quartz stabilized with lime showed
significant improvement in the unconfined compressive strength at a later time when compared
to montmorillonite and kaolinitic clay minerals (Bell, 1996).
2.1.7.3 Soil types
Lime was used to improve fine-grained soils. The immediate reactions between lime
and soil modify soil properties. Moreover, lime stabilization is mainly dependent on the
pozzolanic reactions as a long-term effect. The possible sources of silica and alumina in the soil
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are clay minerals, quartz, feldspars and micas (Thompson, 1967). Therefore, adequate amounts
of clay content should be available in the soil for the pozzolanic reactions (Little 1995).
Broms (1984) mentioned that soil should contain at least 20% clay and the sum of silt
and clay fraction preferably exceeding 35% to ensure successful lime stabilization. Broms
(2004) stated that lime was an effective stabilizer if the plasticity index for soil was higher than
10.
The national lime association stated that lime was a more effective stabilizer if soil
plasticity index was higher than 10 (National Lime Association, 2004). Whilst U.S. Army Corps
of Engineers recommended a soil with a plasticity index of 12 or greater for lime treatment
(U.S. Army Corps of Engineers, 1994).
On the other hand, cement was used for a wide range of soil types (granular and finegrained soils). It is mainly dependent on water to react and form hydrated compounds (Arman
et al., 1990; Hausmann, 1990). Moreover, cement stabilization is also dependent on the
pozzolanic reactions as a long-term effect. Cement contains calcium ion and silica, which are
the main factors in the pozzolanic reactions.
Fitzmaurice (1958) mentioned that soils having at least 33% sand, a clay content
between 5%-20%, a liquid limit not exceeding 40% and a plasticity index between 2.5% to 22%
were suitable for cement stabilization.
Spence (1975) stated that cement was an effective stabilizer if less than 35% of the soil
passed through sieve No. 200 and the plasticity index was less than 20%.
Kézdi (1979) demonstrated that cement was a more effective stabilizer for well graded
soils than for those poorly graded. He also showed that cement was more effective in stabilizing
coarser soils rather than fine-grained soils. He also mentioned that lime was a more effective
stabilizer for stabilizing fine-grained soils.
Ingles and Metcalf (1972) investigated the effect of adding cement and lime on the
unconfined compressive strength of various soil types. They found cement was more effective
on sandy gravel soils, whilst, lime was more effective on silty clay soils compared to the other
soil types. Kézdi (1979) similar observation by adding lime to various soil types.
Little and Nair (2009) stated that cement was an effective stabilizer for sandy soils with
a low plasticity index. For fine-grained soils, the plasticity index and liquid limit should be less
than 20% and 40% respectively. Whilst, they also mentioned that lime was an effective
stabilizer for soil if the clay content and plasticity index were as low as 7% and 10 respectively.
Puppala (2016) mentioned that soils with a plasticity index higher than 30 % were most
suitable for lime stabilization rather than cement.
2.1.7.4 Organic content
Organic matter has the effect of retarding the strength development of stabilized soil.
Several types of organic matter were found in the soils, but the most harmful to stabilized soil
is the type with lower molecular weight (Sherwood, 1993). Organic matter reacts with hydration
products and leads to a decrease in the pH value. A reduction in pH value causes retardation in
the hydration process which affects the hardening of stabilized soil (U.S. Army Corps of
Engineers, 1994; Saride et al., 2013).
Thompson (1966) stated that the influences of organic matter can be limited to prevent
the dissolution of clay minerals (silica and alumina) or reacted with lime that added to the soil.
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Little and Yusuf (2001) stated that soil with an organic content higher than 1% was
difficult to stabilize with lime and it was necessary to add more amounts of lime to overcome
the effect of the organic content.
Onitsuka et al. (2002) investigated the effect of organic components on lime soil
stabilization. They found that the organic acids have the greatest effect on reducing the strength
by inhibiting the hydration reaction.
Arman et al. (1990) stated that soil with an organic content higher than 2% was not
suitable for cement stabilization.
Tremblay et al. (2002) investigated the effect of various types of organic components
on cement soil stabilization. They found that the organic acids have the greatest effect on
reducing the strength by inhibiting the hydration reaction and lowering the pH value below
nine.
Saride et al. (2013) investigated the effect of organic matter on the strength development
of various soil types stabilized by lime and cement. The plasticity index of soils ranged between
5 % to 38% and the organic content was between 2.3% to 6.1%. They found the strength of
stabilized soil was significantly reduced for soils with a high organic content and high plasticity
index.
Edil et al. (2006) investigated the effect of adding 10% to 30% of different fly ash types
(class C, F and off specification) to stabilized fine-grained soil containing a 10% organic
content. They found the organic content effective in inhibiting the improvement of the
California bearing ratio (CBR) after treatment with different fly ash types.
For stabilized clay with various industrial by-products, Wilkinson et al. (2010) found
that the presence of organic content affected the growth of cementitious products, and a slow
gain in soil strength was observed.
Tastan et al. (2011) investigated the effect of adding 10% to 30% of different fly ash
types (class C, F and off specification) to stabilize three soft organic soils. The organic content
varied from 5% to 27 %. They found that the reduction in strength of soil-fly ash mixture
decreased exponentially with an increase in soil organic content.
2.1.7.5 pH value
A result from the hydration reaction of a hydraulic binder such as lime, cement, CKD
and class C fly ash, raising the pH value was related to an increase in the concentration of
calcium ions (Ca+2) on the surfaces of flocculated particles (Eades and Grim, 1966; Feng, 2002;
Chew et al., 2004).
Loughnan (1969) stated that the solubility of most soil minerals such as silicate and
alumina increased as the pH value was increased up to 10.
Janz and Johansson (2002) stated that producing more CSH or CAH gel from the
pozzolanic reaction resulted in decreased pH over time. The decrease in pH value was due to
the consumption of (OH-). They also mentioned that the continuity of the pozzolanic reaction
was mainly dependent on the availability of Ca(OH)2 and clay minerals in the mixture.
Thompson (1966) investigated the effect of the soil pH value of 38 fine-grained soils on
the strength development of lime-stabilized soil. He found soils with a pH value higher than 7
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showed high lime reactivity rather than lower pH value and hence high soil strength
improvement is achieved.
Eades and Grim (1966) and Broms (2004) recommended a higher pH value (>12) for
the lime soil mixture to insure continuity of long-term pozzolanic reaction.
Hassan (2009), Keller (1964) and Sargent et al. (2012) observed that a cement soil
mixture with a pH value higher than 10 is sufficient to dissolve silicates and aluminate and to
produce additional cementing compounds from the pozzolanic reaction.
2.1.7.6 The effect of sulfate – sulfide on stabilized soils
Lime, cement and industrial by-product materials such as fly ashes and CKD enhanced
the physical and engineering properties of treated soil over both the short and long-term. In the
presence of sulfate minerals, the soils stabilized using calcium-based stabilizers showed
detrimental effects such as heave (swelling) due to the formation of an expansive component
called ettringite and subsequently reduced the soil strength and stiffness. Ettringite
(Ca6Al2(SO4)3(OH)12) is formed by the combination of soluble sulfates and the dissolved
alumina from the pozzolanic reaction. The crystallization of ettringite is expansive and further
expands as it takes in water. Moreover, thaumasite (Ca3Si (CO3)(SO4)(OH)6) is formed from
ettringite but without a change in volume (Swedish standard, 2018). These phenomena were
observed when sulfate soil is stabilized using a calcium-based stabilizer.
Sulfur can exist in soils as sulfate (SO4) such as gypsum (CASO4.2H2O) or anhydrite
(CaSO4) known as gypseous soils or as a sulfide such as a pyrite (FeS2), iron disulfide marcasite
(FeS2), and iron monosulfides [i.e. amorphous sulfides (FeS). However, sulfides are oxidized
to sulfates after exposure to oxygen (Gadouri et al., 2019).
Sherwood (1993) stated the sulfate has no detrimental effect on the plasticity properties
of lime and cement stabilized soil. However, in presence of excess water, sulfate reacted with
cementitious materials produced from the pozzolanic reaction resulted in a product with greater
volume known as ettringite. Ettringite was formed when clay minerals, which contain alumina
and silica, combine with sulfate minerals, water, and calcium. The result of this reaction
generated a crystal that can expand approximately 2 to 2.5 times its original volume. This
expansion caused heave in stabilized soils with calcium-based stabilizers.
For clay soil, Sherwood (1993) stated serious reduction in soil strength and considerable
expansion in soil volume was found when the stabilized soil was soaked in water where the
total sulfate content in soil exceeded 0.25 %
(Sivapullaiah and Jha, 2014) stated that the anions of sulphate combined with the
available calcium and alumina and form insoluble ettringite in the soil system. The formation
of ettringite has increased the porosity and simultaneously decreased the free moisture content
during ettringite nucleation and its subsequent growth.
(Gadouri et al., 2019) investigated the effect of sodium (Na2SO4) and calcium (CaSO42H2O) sulphates on stress-strain behavior of soil–lime–natural pozzolana mixtures. Their
findings showed the presence of sulfate content up to 2% has a beneficial effect of improving
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the stress-strain curves compared to the stabilized soil without a sulfate content. He concluded
that presence of 6% of sodium sulfate retreated the strength of stabilized soil.
Depending on the sulfate content in the soil, the Texas Department of Transportation
(TxDOT, 2013) recommended guidelines to stabilized sulfate soils. Lime with one day of
mellowing was recommended to stabilize soil with a sulfate content less than 3000 ppm. Lime
and fly ash mixtures with additional moisture were advised to stabilize soil with a sulfate
content up to 8000 ppm. When the sulfate content exceeded 8000 ppm, alternative solutions
such as remove and replace or blend in non-plastic soils was recommended (Harris et al., 2006).

Treated sulfide minerals with a calcium-based stabilizer have no expansive reaction
effect. Sulfide minerals have the potential to oxidize to sulfates when exposed to oxygen and
forming the ettringite. During the oxidation process itself, gypsum (calcium sulfate) or epsomite
(magnesium sulfate) is formed as a result of the reaction between sulfuric acid (produced from
the oxidation process) and calcium or magnesium carbonate. These components occupy a large
volume compared to the original chemical composition and cause further expansion (Swedish
standard, 2018).
Andersson et al. (2005) investigated the effect of adding eleven mixtures of lime (K),
cement (C), gypsum (G) and an industrial by-product Merit (M) and fly ash, on the strength
properties of four types of sulfide soils excavated from Umea in Sweden. The investigation was
performed using a series of laboratory unconfined compressive tests. The addition of binders
varied between 100 to 250 kg binder per cubic meter of soil (kg/m3). They observed more
binder additive was needed in sulfide soils compared to the ordinary soil. The stabilized samples
with binders KCG33 (a mixture of lime, cement and gypsum with 33% each), CA50/50 and
C100 showed the highest compression strength. The stabilized samples with binders CM30/70
(a mixture of cement and slag with 30% and 70%) and CA50/50 with 250kg/m3 showed the
highest compression strength for samples from 3.5 to 4m depth.
Westerberg et al. (2005) also investigated the effect of adding various types and amounts
of stabilizer on the strength properties of sulfide soil in Umea, Sweden. They observed the
sulfide soil was successfully stabilized. The compressive strength of stabilized soil varied
between the soil types, type and amount of binder, and curing time. According to their
investigations, the binders CM70/30 (mixture of cement and slag with 70% and 30%), KCG33
(mixture of lime, cement and gypsum with 33% each) and CM30/70 (mixture of cement and
slag with 30% and 70%) showed the highest compression strength for the amount of 150kg/m3.
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2.2 Review on the Common Laboratory Procedures for Preparing and Curing the
Stabilized Soil Specimens
Soil stabilization was used extensively to improve the physical and mechanical
properties of soils to achieve the desired strength and durability properties. During the design
process, laboratory investigation was conducted firstly to obtain the enhancement in soil
strength and stiffness, in addition to the type and amount of binder required. Methods of
preparing and curing specimens of the soil -binder mixture directly influenced the properties of
the stabilized soils (Bitir et al., 2015). Therefore, the common laboratory methods used for
preparing and curing the specimens of stabilized soil are presented in this part.
The specimens of the soil –binder mixture were prepared in a laboratory according to
a standard procedure, which in principle should simulate the field conditions. These procedures
were varied between different countries; in addition, there were variations between different
testing companies (Kitazume, 2012; EN 14679, 2005; EuroSoilStab, 2001; Carlsten and
Ekström, 1997; Åhnberg and Holm, 2009). In Sweden, the specimens of soil –binder mixture
are prepared according to the common procedure described by the Swedish geotechnical society
report Carlsten and Ekström (1997) and EuroSoilStab (2001). In Japan, the specimens are
prepared according to the Japanese geotechnical society standard (Kitazume and Terashi,
2013). These variations were related to differences in the soil type, type and procedure of soil
stabilization in the field and the differences in traditional laboratory testing in general (Åhnberg
and Holm, 2009).
Generally, the specimen of stabilized soil was prepared in a laboratory according to a
standard protocol which normally consists of several steps. Firstly, the natural soil was
homogenized, then the cementitious binder was added in dry or in slurry form and the mixture
was blended by hand or electric blender for a certain time. Then the soil- binder mixtures were
gradually filled as layers in a mold or tube according to specified technique. Usually, five
different molding techniques can be used or combined to prepare the specimen as summarized
below (Kitazume et al., 2015):







Tapping: for each layer, the mold was tapped (hit) against the table or floor for a specified
number of times, until subsequently filling the specimen height.
Rodding: for each layer, the mixture was slowly tamped down for a specified number of
times using a rod to compact/smooth out each layer.
Dynamic compaction: each layer was compacted by using a Proctor hammer for a specified
drop height, weight and number of blows to achieve standard compaction energy (600
kJ/m3) or according to specified compaction energy.
Static compaction: each layer was compressed by using a specified static load for a certain
time.
No compaction: the soil binder mixture was filled in the mold by either pouring or placing.
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Preparing and homogenizing the natural soil before adding the cementitious binders
represented the most common concern for obtaining a uniform soil binder mixture.
Disaggregating the natural soil prior treatment has many effects such as homogenizing the soil,
reducing the variation in water content and obtaining smaller particle in size by separating the
agglomerated particles. This process could assist in obtaining a uniform distribution for the
cementitious binder's around soil particles. Table 2 summarizes the most common procedures
used to homogenize the natural soil prior treatment, preparing and curing the specimens of
stabilized soil. The most common step in these procedures is that the natural soil has to be
disaggregated and homogenized by remixing it alone before adding the stabilizer. Most of the
standards did not specify the time required for the disintegration and homogenization process
because it can be influenced by several factors such as type and gradation, consistency limits,
water content and organic content of the soil (Carlsten and Ekström, 1997; EuroSoilStab, 2001;
Puppala et al., 2007; Bruce et al., 2013; Åhnberg and Holm, 2009).
For the effect of mixing time after adding the cementitious binder on obtained uniform
soil binder mixture, several investigations showed that mixing time significantly influenced the
properties of stabilized soils. Several factors controlled the uniformity of soil binder mixture
such as mixing time, type of mixer used, the characteristics of the original soil, in addition to
type, amount and form of the added binder (in dry or in a slurry form). Kitazume (2005) pointed
out the influence of mixing time and form of binder used on the unconfined compressive
strength of stabilized soil. These results were based on the laboratory mixing tests by
(Nakamura et al., 1982). The laboratory tests were conducted according to the Japanese
standards for preparing the laboratory specimens (Japanese Geotechnical Society, 2000) but
using different mixing times. Portland cement was added to the soil either in a dry form or a
slurry form with a water to cement ratio, w/c of 100%. The results showed that the unconfined
compressive strength of stabilized soil significantly decreased as the mixing time was
decreased. The results also showed that adding binder in a dry form required more mixing time
compared to a slurry from.
For deep soil stabilization, several researchers studied the influence of different
laboratory molding techniques on the wet density and the unconfined compressive strength of
stabilized soil (Kitazume et al., 2015). The study was a part of an international collaboration
between four organizations, the Tokyo Institute of Technology (TIT), the Sapienza University
of Rome (UR), the University of Coimbra (UC) and the Swedish Geotechnical Institute (SGI).
The details of their studies are presented in the first four-methods mentioned in Table 2.
Regardless of soil type and the type and amount of binder used, they observed that the modeling
technique considerably influenced the wet density and the unconfined compressive strength of
stabilized soil. The liquidity index and the undrained shear strength of the soil binder mixture
after treatment were used as indices to evaluate the results. They found the tapping and rodding
techniques were highly applicable when the undrained shear strength was less than 10 kPa or
liquidity index was larger than one. The rodding technique was highly applicable when the
undrained shear strength ranged from 10 to 20 kPa or a liquidity index ranged between 0.5 to
1.0. The molding with rodding and the dynamic compaction were highly applicable when the
undrained shear strength was larger than 20 kPa or the liquidity index was smaller than 0.5.
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Three layers

Three to six
layers

Number of
layers in the
mold

-

-

Tapping
Rodding 2
Dynamic compaction 5
Static compaction 4
No compaction 6

1

Tapping 1
Rodding 2
Dynamic compaction 3
Static compaction 4

Molding techniques
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Polypropylene
random
copolymer (PP-R) pipes, with
50.8 mm internal diameter and
330 mm height. The height of the
Six layers
sample is 140 mm and the
(thickness/diamet
- Static compaction 7
remaining height of the mold
er ratio equal to
serves as a guide for the dead
0.5)
load, corresponding to a vertical
pressure of 24 kPa. The mold has
two holes near the top to allow the
sample to submersed.

Cylindrical plastic molds 50 mm
Ten minutes
in diameter and 100 mm in height.
with
Largest particle contained within
occasional
the specimen shall be smaller than
hand mixing
1∕5 th of the specimen diameter

Specimen Mold

The soil was
homogenized by
remixing alone.
Water was added Hobart mixer
at this stage to
adjust the soil
water content.

The soil was
homogenized by
re- mixed with a
mixing speed 136
rpm. To readjust
Three
the soil water
University of
minutes with
content,
water
Hobart mixer
Coimbra (UC),
a mixing
was added to the
(model N50)
Portugal. (Correia
speed 136
soil as a slurry of
et al., 2013)
rpm
water and binder
mixture.

Sapienza University
of Rome (UR),
Italy. (Grisolia et
al., 2012, 2013;
Marzano et al.,
2012)

Mixing
duration
Ten minutes
with
Cylindrical plastic molds 50 mm
occasional in diameter and 100 mm in height
hand mixing

Mixer type

Domestic
dough mixer
with 5000 to
30000 cm3
mixing bowl

Natural soil
homogenize
method

Soil
was
Tokyo Institute of
homogenized by
Technology (TIT),
mixing with its
Japan, (Kitazume
initial
water
et al., 2015)
content.

Preparation
standards and
reference

A
non-woven
geotextile porous disc
was placed at the
bottom and top of the
mold. Samples were
stored at 20±2°C for
specified time.
A vertical pressure of
24 kPa was applied
during curing time.

Each
mold
was
covered with a sealant
and stored in a special
curing room at 95%
relative humidity to
prevent
water
evaporation from the
specimen

Sample
ends
are
properly sealed with
specified sealants and
stored at 20±3°C for
specified time at 95 %
relative humidity

Curing Conditions

Table 2. Summarized the most common procedures to homogenize the natural soil prior treatment, specimen’s preparation method and curing condition

(Jacobson et al.,
2003)

(EuroSoilStab,
2001)

Japanese
Geotechnical
Society, JGS 08212000. (Kitazume
and Terashi, 2013)

Preparation
standards and
reference
Swedish
Geotechnical
Institute (SGI).
Sweden. (Carlsten
and Ekström,1997;
Åhnberg and
Andersson, 2011)

Mix
the
conglomerate of
soil thoroughly
for three to four
minutes

Mixing
duration

Domestic
dough mixer
with 5000 to 30
000
cm3
mixing bowl

Four layers

Kitchen Aid®
dough mixer
with
dough
hook.
Outer
Three to five 50-mm diameter and 100-mm
spindle rotating
minutes
height
at 155 r /min
and
inner
spindle at 68 r
/min.
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Four layers

Three layers

Plastic tubes or plastic coated
cardboard, 50-mm diameter and
100-mm height coated with oil or
wax on the inner side

Five minutes
(depending
on the soil
type)

Number of
layers in the
mold
Molding techniques

- Static compaction 13

- Tapping

- Static compaction 12

- No compaction 11

The molds used were plastic tubes
- Tapping 8
commonly used for piston 4-5 layers (about
- Rodding 9
sampling in Sweden, with a 30 mm thickness
- Static compaction 10
diameter of 50 mm and a height of of each layer)
170 mm.

Specimen Mold

Specimen molds with 50-mm
Ten minutes
diameter and 100-mm height. The
with
maximum grain size of the sieved
occasional
sample should be less than 1/5th of
hand mixing
the inner diameter of mold

Dough mixer
or
kitchen
mixer
with
Five minutes
sufficient
capacity and
r/min

Mixer type

Dough mixer
The soil was
or
kitchen
mixed
until
mixer
with
becoming
sufficient
visually
capacity and
homogenous
r/min

The soil was
homogenized by
stirred it using a
mixer. The soil
water content was
adjusted
by
adding water.

The soil was first
homogenized
thoroughly
by
mixing the soil
alone.

Natural soil
homogenize
method

Cured at 100 %
relative
humidity
(moist environment)
and 20±3°C for 7, 14,
28, and 56 days

No standard specified
for humidity. Samples
were stored at a
constant temperature
of
18–22°C
in
properly
sealed
conditions

Sample ends were
properly sealed with
specified sealants and
stored at 20±3°C for
specified time at 95 %
relative humidity

Sample ends were
properly sealed with
specified sealants and
stored at 7°C in
climate-controlled
room

Curing Conditions

Natural soil
homogenize
method

Mixer type

Mixing
duration
Specimen Mold

Soil was air dried
for 24 hours and
mixed with dry
(ASTM D 3551 – 17)
binder for one
(ASTM D5102 – 09)
minute or until the
mixture
homogenized
visually
Mixing the soil
for approximately
three minutes at
the lowest setting
of the mixer
Federal Highway
(approximate
Administration
rotation of the
Design Manual
mixing tool of
(Bruce et al., 2013)
100 to 175
cycles/min).
Water was added
to adjust the soil
water content
50- by 100-mm plastic molds with
lids

Kitchen mixer
with sufficient Ten minutes
capacity

Three layers

Molds having a minimum inside
diameter 50-mm and length to
diameter ratios between 2.00 and
- At least three
2.50.
layers
Largest particle contained within
the specimen shall be smaller than
1∕10 th of the specimen diameter.
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Molding techniques

- Rodding

- Tapping

- Tapping and kneading
- Dynamic
compaction16

Layer thickness
- Tapping 14
between two to
four cm after
- Static compaction 15
compaction

Number of
layers in the
mold

Mechanical
mixer, capable
of producing
Five minutes
uniform
and
homogeneous
mixture

Homogenizing
the soil by mixing
The molds used were plastic tubes
it alone for two to
commonly used for piston
(Janz and Johansson six minutes. It Kitchen mixer
Four to ten sampling in Sweden, with a
takes or concrete
2002) and Edstam normally
diameter of 50 mm and a height of
minutes
place the day
mixer
(2000)
170 mm.
before
the
stabilizer
was
added.

Preparation
standards and
reference

Curing the sealed
specimens
under
controlled conditions
at 95 to 100 % relative
humidity and at room
temperature 20 to 25
°C

Cure compacted
specimens in an
airtight, moisture
proof container at a
temperature of 23 +
2°C.

The
specimens
containing only lime
were stored at room
temperature (+ 22 ° C)
for the first 10 days
and remaining time at
+ 7 ° C. Other
specimens were stored
at the temperature + 7
° C all the time

Curing Conditions

Mechanical
mixer capable
of producing
uniform and
homogeneous
mixtures

The soil in the
field corrected to
the particle size
distribution
before adding the
binder by
blending the soil
alone to break up
large blocks or
boulders.

SS-EN 169074:2018, Swedish
Standard, 2018

The mixing
time was not
specified, but
the produced
mixture
should
be
homogenized.

Mixing
duration

Each layer was compressed by the weight of a rod (1.6 kg) and compacted by a falling weight (0.6 kg) using a special apparatus. The fall height was set to 10 cm, and the number of
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Each layer was statically compressed with a vertical pressure of 25 kPa for 10 seconds using a heavy rod

Each layer was compacted by a falling weight (1.5kg) using a special apparatus. Fall height was set to 10cm, and the number of blows to 5.

4.

5.

blows - 5.

3.

The sample was sealed
and cured in control
room temperature (2025) °C

For temperate region,
sample ends were
properly sealed with
specified sealants and
stored in the air at
20±2°C for specified
time
at
relative
humidity >90 %.
Sample was cured also
in
water.
Other
conditions can be
adopted in warmer or
colder climate.

Curing Conditions

For each layer, the mold was tapped 50 times against the floor.

- Static compaction or
compressing the
specimen from both
side by compression
testing machine with
sufficient force. The
additional flanged
pistons parts were
removed during the
compression process

- Vibrating hammer18
- Vibrocompression19
- Static compression20

- Proctor equipment or
Vibrating table
compaction 17

Molding techniques

Performed using an 8 mm diameter steel rod and tapping down (30 times) the mixture with the rod for each layer.

One layer

Layers

Number of
layers in the
mold

1.

Cylindrical steel mold with
different dimensions (35*70,
50*100 and 100*200 mm).
Length to diameter ratios of
specimen was 2.
The mold has flanged pistons
(plugs) from both ends. It is used
to produce specimen with a
density gradient such as the
density in the central part is less
that at the ends.

Different mold dimensions were
used according to the compaction
method used for preparing the
sample and maximum particle
size permitted in the sample.
Length to diameter ratios of the
specimen was 2.

Specimen Mold

2.

The mixing
time was not
French standard The sample was
Kitchen mixer specified, but
NF EN 13286-53, disintegrated or
with enough
the produced
2005 and Technical homogenized for
capacity
mixture
several minutes
Guide (2004)
should
be
homogenized.

Mixer type

Natural soil
homogenize
method

Preparation
standards and
reference

For each layer, the mixture was tapped by hand and statically compressed with a vertical pressure of 100 kPa for 10 seconds. Finally, the surface was lightly scariﬁed and another

7.

A rod was used to evenly compact/ smooth out each 20–30 mm thick layer of the soil–binder mixture by hand.

9.
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20. The dimension of the mold was (diameter 50, height 50 or 100) mm or (diameter 100, height 100 or 200) and the maximum particle size allowed was 11.2 and 20 mm respectively.

respectively.

19. The dimension of the mold was (diameter 100±1, height 100 or 200) mm or (diameter 160, height 160 or 320) and the maximum particle size allowed was 22 and 31.5 mm

18. The dimension of the mold was (diameter 100±1, height 100±1) mm or (diameter 150±1, height 150±1) and the maximum particle size allowed was 22 and 31.5 mm respectively.

17. The dimension of the mold was (diameter 100±1, height 120±1) mm or (diameter 150±1, height 120±1) and the maximum particle size allowed was 16 and 31.5 mm respectively.

weight.

16. Each layer was compacted to achieve standard compacting effort of 600 kN-m/m3 according to the ASTM D698 – 12. suitable for preparing the specimen at the desirable unit

15. Each layer with about 30 mm thickness was statically compressed with a vertical pressure of 100 to 200 kPa for 5 to 10 seconds.

14. For each layer, placing a 1 kg heavy load on each layer and the mold was tapped 3 times against the floor.

13. Each layer with about 25 mm thickness was statically compressed with a vertical pressure of 100 kPa for 5-10 seconds.

12. Each layer with about 30 mm thickness was statically compressed with a vertical pressure of 100 kPa three times for 2 seconds to squeeze out air pockets from each layer.

11. For each layer, the mold was lightly tapped against the floor, hitting the mold with a mallet, and subjecting the mold to vibration.

10. Each layer with about 30 mm thickness was statically compressed with a vertical pressure of 100 kPa for 5 seconds to squeeze out air pockets from each layer.

Tapping of the mold was performed 30 times for each of the approximately 30mm thick layers of soil–binder mixture put into the mold. The filling was performed in four layers.

8.

layer was introduced.

Simply consisted of filling the mold by either pouring or placing in the case of mixtures with a higher consistency

6.

2.3 Review Outcomes
Cement and lime were used extensively by many investigators to modify and improve the
engineering properties of a wide range of soils. In addition, extensive studies were conducted
using industrial by-products such as fly ashes and cement kiln dust for soil stabilization. However,
in most of the published studies, a high binder amount was used. The studies covered the short
and various long-term effects for each binder type.
Several factors can affect the soil binder reaction and strength development. Therefore,
choosing the appropriate amounts of binder was dependent mainly on the soil type, initial moisture
content, organic content, curing conditions and the desirable improvement in strength and
stiffness.
For geotechnical applications, the workable soil is a term that refers to the soil which can
be easily handled and compacted homogeneously. Improve the workability of soils makes the soil
easily to excavated, loaded, transported or compacted, which subsequently leads to accelerating
the construction works. The majority of researchers compared the improvement in workability of
treated soil by reducing the plasticity index after treatment. Moreover, in most of these studies,
the researchers did not cover the long term effects on the consistency limits of treated soil and
subsequently the workability. For the treated soil with a cementitious binder, using the plasticity
index as an indicator to measure the improvement in workability of soil directly after treatment
and over time is little reliable for most of the soil types.
For soil stabilization applications, methods of preparing and curing specimens of the soil
-binder mixture directly influenced the properties of the stabilized soils. Generally, the specimens
of the soil –binder mixtures were prepared in a laboratory according to a standard procedure.
Preparing and homogenizing the natural soil before adding the cementitious binders represented
the most common concern for obtaining a uniform soil binder mixture. Despite the difference in
procedures, the most common step in all laboratory procedures was that the natural soil must be
disaggregated and homogenized before adding the stabilizer.
From this review, it can be concluded that only a few of the studies were using low doses
of stabilizer and most of the studies did not cover the long-term effects. In addition, most of the
laboratory standards did not specify the time required to disintegrate and homogenize the natural
soil prior to treatment process. For the treated soil with a cementitious binder, using the plasticity
index as an indicator to measure the improvement in workability of soil directly after treatment
and over time is not reliable for most of the soil types. Therefore, there is little knowledge
regarding the effect of adding small amounts of binder on the physical and mechanical properties
of soils, particularly on the long-term effects as well as improving the workability of treated soil.
In addition, there is little knowledge regarding the effect of disintegration time on the
homogeneity of soil before adding the stabilizer.
Moreover, Modifying the soft soil using lower quantities of binder is an interesting field
regarding reducing the costs and the environmental threats that are associated with using a high
binder content. For these reasons it is important to study the physical and mechanical properties
of treated soil using a low amount of binders.
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Chapter Three - Experimental Investigation
This chapter describes the materials and experimental work used during this study
to investigate the effectiveness of adding a small amount of different binder types to modify and
improve the physical and mechanical properties of soils. In this chapter, basic characteristics of
soils and binders are evaluated in addition to the testing procedures and methodologies of
preparing samples that were utilized to obtain the main research objectives
3.1- Materials
3.1.1- Soils
Four different types of soil were used in this study. These soils were chosen for their
different characteristics and locations. Soil 1 was excavated from Gothenburg, on the south west
coast of Sweden. Soils 2 and 3 were excavated from different depths from the Sunderbyn area in
Luleå, in the northernmost part of Sweden. Soil 4 was excavated from Umeå, in the north east
part of Sweden. The geographical origins of the soils are shown in Figure 1. The soils were
classified by tests of particle size distribution, consistency limits, loss of ignition, chemical
composition, compaction characteristics, pH, and specific gravity. The physical and mechanical
properties are presented in Table 3. The chemical composition of the tested soils was obtained in
a certified laboratory as listed in Table 4. The particle size distribution of the tested soil is shown
in Figure 2. The soils were classified according to the Swedish standard (Karlsson and Hansbo,
1981). The organic content assessed by ignition test according to according to Swedish standards
SS 027105 (1990) showed that organic content ranged between 2.7 to 6.8%. The soils were
classified as having low to medium organic content (Huang et al., 2009).
Table 3. Engineering properties of tested soils.
Parameters
Soil location
Soil conditions
Depth, m

Soil 1

Soil 2

Gothenburg

Soil 3

Sunderbyn, Luleå

Soil 4
Umeå

Aerobic

Anaerobic (N)

Aerobic

Anaerobic

1-2

1.8-2

0.3 -0.4

2.7-4
10

Particle-size distribution (%)
Fine sand (%) (1-0.63mm)

29

4

15

Silt (%) (0.063 – 0.002 mm)

55

67

64

80

Clay (%) (< 0.002 mm)

16

29

21

10

37
20
18

95

48

45

37

32

35

58

16

10

27-30

50

43-45

40-50

Particle density

2.69

2.69

2.67

2.71

Loss of ignition %

4.1

7

4.8

2.8

Bulk density (g/cm3)

1.92

1.51

1.73

1.76

Consistency limits (%)
Liquid limit (%) *
Plasticity limit (%)
Plasticity index (%)
Natural water content (%)

pH
Soil Classification

5

7

4.6

6.4

saclSi sandy clayey Silt

siCl, Silty Clay

siCl, Silty Clay

Si , Silt

Medium plasticity

Very high plasticity

Medium plasticity

Low -Medium plasticity

* Determined by the fall cone test
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Sunderbyn, Luleå.
Soils 2 and 3

Umeå, Soil 4 and
field soil

Gothenburg,
Soil 1

Figure 1. Locations of the test soils.
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Percent passing (%)
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Soil 1
Soil 2
Soil 3
Soil 4

60

40

20

0
0.0001

0.001
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0.1

1

Particle Diameter, (mm)

Figure 2. Particle size distribution of test soils for the laboratory investigation.
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Table 4. Chemical composition of tested soils
Soil
Soil location
Soil conditions

Soil 1

Soil 2

Gothenburg

Soil 3

Sunderbyn, Luleå

Soil 4
Umeå

Aerobic

Anaerobic (N)

Aerobic

Anaerobic

Silicon oxide (SiO2) %
Aluminum oxide (Al2O3) %
Calcium oxide (CaO) %
Iron oxide (Fe2O3)
Potassium oxide (K2O) %
Magnesium oxide (MgO) %
MnO %
Sodium oxide (Na2O) %
P 2O 5 %
TiO2 %

65.7
12.3
2.4
3.42
2.84
1.31
0.15
0.55
0.15
0.55

54.7
12.8
2.11
4.33
2.77
2.25
0.217
2.56
0.182
0.677

54.1
11.3
1.88
4.93
2.67
1.4
0.0482
2.68
0.16
0.615

63.3
10.8
1.9
3.7
2.29
1.29
0.0644
2.47
0.176
0.603

Sulfate content, mg/kg TS

2400

24800

3400

2800

3.1.2 Binders
3.1.2.1 Petrit T
Höganäs Sweden AB provided the by-product Petrit T. It is produced from mixing
limestone, coke and anthracite, and heating up the mixture to 1200°C in order to reduce iron ore
into sponge iron. The total yearly production of Petrit T ranges between 17,000 and 20,000 metric
tons (Haase, 2014). Table 5 presents the chemical and its physical properties. The cementing
potential ratio (hydraulic properties) is expressed as a CaO/SiO2 ratio (Janz and Johansson, 2002).
Petrit T has a CaO/SiO2 ratio of approximately 1.9. The loss of ignition is 18%, which represents
the unburned carbon in the binder. The x-ray diffraction (XRD) test indicates that the main
chemical components of Petrit T binder consists of 57% Larnite (dicalcium silicate), 28.3%
Gehlenite (calcium-silicon-aluminate), 11.5% quartz (silicon dioxide), and 3% Portlandite
(calcium hydroxide) (Haase, 2014).
Petrit T has self-cementing properties in addition to having high amounts of dicalcium
silicate, which is similar to the clinker mineral C2S (belite) in Portland cement which is
responsible for increased strength of cement over a relatively long curing period due to the lower
reactivity.
3.1.2.2 Portland cement CEM II
Portland-limestone cement CEM II from Finja AB was used as a binder in this study. The
cementing potential ratio (CaO/SiO2) is 3.5.
3.1.2.3 Multicem
The Multicem from Cementa AB Sweden was used as a binder in this study. It is a new
product in Sweden which is aimed towards reducing environmental impact. It was produced by
Cementa AB in 2015 for soil stabilization and solidification processing. Multicem is a mixture of
50% cement kiln dust (CKD) and 50% cement. During the production process, the raw material
such as limestone in production of cement was replaced with cement kiln dust according to a
specific calculation at the plant site Multicem is considered a more environmentally friendly
product compared to cement due to the reduction in CO2 emissions produced to about 500 kg per
ton, less raw materials are used for production and the recycling of waste when the lime is replaced
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by CKD (Multicem, 2014).The cementing potential ratio (CaO/SiO2) is 2.6.The chemical
properties of different binder types are listed in Table 5.
Table 5. Chemical composition of different binders used
Parameter

Multicem3

(Petrit T)1

Cement2

Silicon oxide (SiO2) %
19.0
19.7
18
Aluminum oxide (Al2O3) %
4.5
9.8
5
Iron oxide (Fe2O3)
2.8
6,1
Sulfur trioxide (SO3) %
5.1
3.75
3.3-4
Magnesium oxide (MgO) %
2.1
1.14
1.1-1.3
Calcium oxide (CaO) %
49.0
36.8
63-65
Potassium oxide (K2O) %
7.5
0.63
Sodium oxide (Na2O) %
0.23
MnO %
0.19
P 2O 5 %
0.31
TiO2 %
1.45
Cementing potential ratio (CaO/SiO2 )
2.6
1.9
3.5
Physical properties
Loss of Ignition %
4.9
18
Moisture content %
0
0
0
pH value
12.9
13.5
1
From (B. Hasse, personal communication, 15 February 2017).
2
From (I. Nilsson, personal communication, 03 August 2016).
3
From (Anna Brinkhagen, Cementa AB, Sweden, personal communication, 22 March 2017)

3.1.3 Amount of additives
The amount of binder used in this study is defined as the ratio of weight of the binder to
the dry weight of soil, see equation 21.
𝐴

%

eq. (21)

Where:
𝐴 % : Ratio of binder to soil dry mass (%)
Mb: Mass of binder.
Ms: Mass of dry soil dry.
Mass of dry soil (Ms) can be found using the equation 22,

𝑀

eq. (22)

𝜔 : Initial water content of soil before treatment.
𝑀 : Total mass of the wet soil.
Therefore, in order to estimate the amount of binder (Mb) in grams which is required per
each batch in terms of initial water content 𝜔 , percentage of binder (Aw) and total mass of wet
soil 𝑀 , equation 23 can be used.
∗
eq. (23)
𝑀
3.2 Experimental Program
An extensive experimental program has been initiated to achieve and clarify the objectives
of this research, including tests of consistency limits, sieve tests, drying rate of soil tests, density
tests, unconfined compressive strength test, laser particle size analysis, MRM leaching and pH
tests conducted on untreated as well as the treated soil with different binder types with various
binder contents and curing periods. The MRM leaching tests were conducted on the untreated soil
only.
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3.2.1 Disaggregating and homogenizing the natural soil prior to treatment
Disaggregating the natural soil prior to treatment has many effects such as homogenizing
the soil, reducing the variation in water content and obtaining a smaller particles size by separating
the agglomerated particles. This process could assist in obtaining a uniform distribution for the
cementitious binders around soil particles. Disaggregation of the soils was done by using a
laboratory mixer. Disintegration time (T) is defined as the time required to homogenize and
seperate the agglomerated soil particles into smaller sizes, which reflects the mixing duration in
seconds.
3.2.2 Drying rate of the soil (Solidification) and density
Solidification is a term which refers to reduction in the soil water content after treatment
with a cementuous binder as a result of the hydration reaction (Maher et al., 2004). It was
investigated by measuring the reduction in water content of treated soil directly after one hour of
treatment and over different curing periods.
Water content is defined as the ratio of the weight of water to the total weight of the solids
including the binder and soil. It is determined by heating the mixture in the laboratory oven at a
temperature of 105 °C for 24 hours. Reduction in water content over time was investigated by
measuring the water content of the unconfined compression sample after testing.
Bulk density of untreated and treated soil with three binder types was investigated after
different curing periods. It was measured from the unconfined compression samples after
preparation and prior testing of various binder amounts and curing periods as shown in Figure 3.

Figure 3. Measuring the density of UCS after the curing period
3.2.3 Consistency limits (Atterberg limits)
One of the main objectives of chemical treatment is to accelerate construction work by
improving workability of the soil (Eskisar, 2015). Workable soil is a term that refers to soil which
can easily be handled and compacted homogeneously. A series of consistency limits tests were
conducted on the treated soil with three binder types to investigate the improvement in soil
workability directly after treatment, and over time.
The relationship between water content and consistency limits of treated soil with various
binder types and contents is explained by the liquidity index (LI), which is expressed in equation
24.
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𝐿𝐼

eq. (24)

Where: LI: liquidity index , Wc : water content, PL. Plastic limit and PI: Plasticity index.
3.2.4 Unconfined compressive test (UCS)
A series of unconfined compressive tests (UCS) were performed to investigate the
enhancement of soil strength before and after treatment as shown in Figure 4. The unconfined
compression tests are considered simple and quick tests to compare the effects of different binder
types and contents on increasing the strength of treated soils. In addition, failure strain, modulus
of elasticity (E50), stress-strain behaviour and the relationships between consistency limit, failure
strain and stiffness versus UCS were measured and evaluated at different percentages of binder
and over different curing times. Load and axial deformation were measured and the stress-strain
relationship was evaluated by using the equations from 25 to 28.

𝜀

∆

q. (25)

e

Where:
𝜀 : The axial strain
∆𝐿: Change of the height of UCS specimen
L: The height of UCS specimen before testing.
The average cross-sectional area of the UCS specimen (A) is calculated according to equation
(18),

𝐴

eq. (26)

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

𝑞

eq. (27)

Where:
F: Axial force in Newtons.
The shear strength of stabilized soil (𝜏 can be taken as half of the unconfined compressive
strength (qu) as expressed in equation 20.

𝜏

eq. (28)

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

(46)

Figure 4. The unconfined compressive strength test.
3.2.5 Laser particle size analyzer
Laser particle size analyzer tests were conducted to investigate the effects of binder types
on the particle size distribution (PSD) of soil before and after treatment. It was measured by using
a CILAS 1064 laser particle size analyzer in liquid mode with a measurement range from 0.04 to
500 μm.
700

E50
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Figure 5. Example of stress-strain curve, qu, secant modulus of elasticity (E50) and failure strain obtained
from UCS test

3.2.6 pH concentration
A series of pH tests were conducted to investigate the effects on the alkalinity of the soil
from adding small amounts of binder immediately after treatment and over time, which can give
an indication of the progress of the of soil-binder reactions.
3.2.7 Leaching tests
A series of MRM leaching tests were conducted to investigate the acidification potential
of soils. The MRM tests were conducted on the untreated soils by measuring the pH value,
conductivity and oxygen reduction potential.
3.2.8 Freezing –Thawing cycles
A series of unconfined compressive tests (UCS) were performed after twelve freezingthawing cycles to investigate the effect of freezing- thawing cycles on the strength characteristic
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before and after treatment. Figure 6 summarizes the freezing- thawing cycle tests. The UCS
samples were divided into three groups. Group 1 represents the samples that were tested without
the effects of freezing-thawing cycles. Group 2 represents the samples that were exposed to twelve
freeze-thaw-cycles and tested directly after the last thawing. Whilst, groups 3 represents the
samples exposed to twelve freeze-thaw-cycles and then kept under the same curing conditions for
another 28 days before testing. Tables 6 and 7 summarize the main laboratory testing program
used in this study.
Table 6. Summarizes the test program for homogenizing and disintegrating the natural soils
Water
content
%

Soil types
Soil 1 (Silty clay,
PI=18%)
Soil 2 (Silty clay,
PI=58%)
Soil 3 (Silty clay,
PI=16%)
Soil 4 (Silt,

27-30

Wet

Disintegration time (T), (Second)
0

Air dry
Wet

50

0

Air dry
Wet

47

0

Air dry

40-50

PI=11%)

Specimen
type

Wet
Air dry

0

10

16

30

17

30

60

4

10

13

16

8

10

13

6

12

6

13

7

17

15

30

45

60

75

90

120

Number
of
samples
15

22

Sieving time (Minutes)
10

15

30

50

60

8
4

30

10
4

Table 7. Main experimental program for soil 1 treated with different binder types.
Binder content
%

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

Long term
effects
Immediate
effects
Long term
effects

pH test

Soil 1, Gothenburg

Binder
types

Immediate
effects

Testing program

Consistency limits

Soil

Curing
temperatures oC

Curing time (days)

0

Compaction method

N/A

1, 2, 4, 7
3 7 14

28

60

Hand compaction by
light hammer

90

2,4,7

1,2,3,4,5,7,10,15
Cement,
Petrit T
and
Multicem

0

20 oC

1 ,2 ,4 ,7
7

14

28

60

90

7

14

28

60

90

N/A

2, 4 ,7

Unconfined
compression test
(UCS)

Compacted in five
layers. Proctor
hammer

1, 2, 4, 7
2, 4 , 7

Particle size
distribution (PSD)

MRM Leaching tests

Natural
soil

0

Freezing -thawing
cycles

Petrit T

0, 4

Compacted in five
layers. Proctor
hammer

28

4,7

14

N/A : Not applicable.
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28

90

4-5 oC

Compacted in five
layers. Proctor
hammer

Group 1

F: Freezing temperature < -20 C°
T: Thawing temperature: 4-5 C°
Curing temperature: 4-5 C°

14 Days
28 Days
90 Days

UCS Test
T
T

14 Days
Group 2

T

28 Days

T
T

12 F-T cycles

T

90 Days

T
T

T

T
T

T

F
T

T

T

Group 3

14 Days
28 Days

T

T

12 F-T cycles

T

90 Days

T

28 Days
T

T

28 Days

T
T

T

Freezing-Thawing cycles

Curing time

28 Days

Recovering time

Figure 6. A schematic showing the freezing-thawing cycles tests adopted from Rothhämel
(2018).
3.3 Specimen Preparation and Testing Methodology
3.3.1 Specimen for unconfined compressive tests (UCS)
Specimens for the unconfined compressive tests (UCS) were prepared following a
standard procedure for homogenising and distintergrating the untreated soil with its initial water
content. Then different binder types were added (i.e., cement, Petrit T and Multicem) as a dried
material at various ratios (see Table 7) by soil dry mass and mixed for ten minutes using a
laboratory mixing machine. The mixtures were then put into cylindrical plastic tubes (170 x
50mm) by hand. For soil 1, the specimen was compacted in five layers using a Proctor hammer
and standard procedure as illustared in Figure 7. The height of the specimen was 100mm. The
tubes were covered with a plastic cover and sealed with rubber lids at both ends to prevent access
to water. The curing periods were set at 7, 14, 28, 60 and 90 days before testing. For curing, the
specimens were placed inside a glass container partially filled with water (Figure 7) and stored at
a controlled room temperature of 20°C. After curing, the specimens were removed from the tubes
by using a mechanical jack and tested using unconfined compression tests (UCS). The testing rate
was 1mm/minute until failure occurred. The specimen height-to-diameter ratio was 2. Before
testing, the specimen was cut and smoothed to obtain parallel end surfaces. The end plates were
lubricated to reduce friction. Water content and densities were determined in relation to the
unconfined compression tests. All specimens for the unconfined compressive tests were prepared
during a period of one hour after mixing the untreated soil with the binder. During the unconfined
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compression tests when the stress almost reaches the peak stress, small cracks can be clearly
observed on the specimen surface as shown in Figure 8.
3.3.2 Specimens for consistency limit tests
Specimens for consistency limit tests were prepared and cured in an identical way to the
unconfined compression specimens, but using a light hammer for compaction, instead of a Proctor
hammer, to remove air bubbles. Before testing, and after curing, the specimen was removed from
its tube. Liquid limit and plastic limit tests were conducted according to Swedish standards SS
027120 (1990) and SS 027121 (1990). The fall cone method was used to determine the liquid
limit as shown in Figure 9. The average of four tests represents the liquid limit, whilst the plastic
limit is based on the average of five tests.

Crumbling the untreated soil

Laboratory mixer

Mechanical jack

Compaction efforts

Layer 5
Layer 4
Layer 3
Layer 2
Layer 1

Curing container

UCS sample preparation

Figure 7. Preparation and curing of specimens
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Hammer

1

2

3

4

Figure 8. Development of UCS sample during the test. (1) At the beginning of the test (2) Prior to peak stress (3)
at peak stress (4) after peak stress

3.3.3 Specimens for laser particle size distribution tests (PSD)
Specimens for particle size distribution tests (PSD) were prepared and cured in an identical
way to the unconfined compression specimens. Binder content was added as dry material with 4
and 7% by soil dry mass and cured for 28 days. After curing, the specimens were removed from
the tubes by using a mechanical jack and tested using the particle size analyzer CILAS 1064 based
on the diffraction pattern analyzer as shown in Figure 10. Prior to the PSD test, both stabilized
and unstabilized soil specimens were air-dried and ground through 0.5-0.063 mm sieves. Then,
about 5 g of that passing from a 0.063 mm sieve was mixed with sufficient distilled water and
subjected to the PSD analyzer (CILAS 1064).
3.3.4 Specimens for pH concentration
Soil pH tests were conducted after one hour of mixing soil with the binder by air drying
and grinding the treated soil. Whilst, the measurement of pH values over time were conducted on
air dried and ground material from the UCS specimens. pH tests were carried out using an HI 208
pH meter with a built in magnetic stirrer. The procedure was used for both the treated and
untreated soils according to ASTM D4972 (2013). The average of three pH tests represents the
soil pH value. For soil 1, a ratio of liquid to solid of 1 was used to mix the soil and deionized
water. The mixture was poured into a glass container and mixed thoroughly using a magnetic
stirrer for 2 minutes. The soil-water mixture was then left for one hour for retention, and the
mixing process was repeated every 10 minutes before the pH value was measured. A pH meter
was calibrated by using standard buffer solutions before testing.
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3.3.5 Specimens for leaching tests (MRM)
The MRM leaching tests were divided into two parts: The anaerobic and aerobic tests.
The anaerobic analysis starts with an initial anaerobic condition by mixing a fresh moist soil
specimen with deionized water. A ratio of liquid to solid ratio (L/S) of 5 was used to mix the soil
and deionized water. The weight of the soil sample used was recalculated, depending on the water
content for each soil, to being around 25 g of soil dry weight. The mixture was poured into a glass
container and mixed thoroughly for 2 minutes. The soil-water slurry was then left for 1-1.5 hour
for retention, and the mixing process was repeated every 10 minutes. The pH, electrical
conductivity and oxygen reduction potential were measured. The anaerobic test provided an
assessment of soil properties in the field prior to exposure to oxygen.
The second part of the test is the aerobic analysis. It consists of a series of leaching tests
where the water is leached through the soil specimen. A suitable amount of fresh soil sample is
cut into thin slices and left for air-drying at room temperature for one - two days until they are of
uniform colour both inside and outside. The air-dried soil samples are then ground with a clean
mortar and pestle until they can be sieved through a 2 mm sieve. About 25 g of the air-dried
sample is placed on a folded filter paper overlying a clean glass beaker and 75 g of the deionized
water is poured onto the sample (L/S ratio 3). The sample is left to leached for one hour or until
the leachate has stopped dripping through the filter paper. The leached water is collected in the
beaker and the pH value, electrical conductivity and oxygen reduction potential are measured
(Figure 11). After that, the filter paper with the sample is dried in an oven at 105ºC for twentyfour hours. Then, the dried sample is removed from the oven and left to cool at room temperature
and the second leaching step is started by adding 75 g of deionized water into the sample. These
leaching steps are repeated at least ten times or until the pH value has stabilized.
3.3.6 Specimens for Freezing – Thawing cycles:
Specimens for freezing-thawing cycles were prepared in an identical way to the
unconfined compression specimens, but they were cured under cold conditions (4C°) for 14, 28
and 90 days. The samples were placed in individual plastic cups on a totally soaked sand bed with
a visible water table. One-third of the samples were tested without freeze-thaw, one third was
subjected to twelve freeze-thaw-cycles and tested directly after the last thawing. The rest was
subjected to twelve freeze-thaw-cycles and then kept under the same curing conditions as before
(4C°) for another 28 days before testing. The temperature was measured continuously between
sample and sand filter at several places to make sure that the thawing was completed before
testing. One third of the samples had a surcharge from the beginning (C-samples) and one for the
subsequent curing time after the freeze-thaw-cycles (B-samples). An extra sample from each
group was prepared to measure the temperatures inside the sample to ensure that all the samples
were totally frozen. The temperature during each freezing cycle was lowered than the curing
temperature (4C°) at about -20 C° for 12 hours, and raised to again during thawing cycles to curing
temperature for 36 hours. The surcharge pressure was about 10 kPa. The entire samples were
cured inside a laboratory cooler (Figure 12).
3.3.7 Specimens for disaggregating and homogenizing the natural soil prior to treatment
Two types of specimens; wet and air dried, were prepared by mixing the soil with its
natural water content at various disintegration times as illustrated in Table 6. The wet specimen
was prepared directly after mixing the soil at a specified disintegration time. The air-dried
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specimen was prepared after the wet specimens were left to dry in controlled room temperatures
of about 20 o C for two days. The air-dry specimen was mainly prepared to avoid any doubts of
the wet specimen sticking in the opening of the sieves due to its moisture content.
A visual observation and standard dry sieving tests were used to optimize the proper
disintegration time for wet and air dried specimens based on obtaining smaller sizes of soil
particles. The size of the sieves used ranged from 16 mm to 63 micro millimeters. To find a
suitable sieving time, six wet soil specimens from soil 3 were prepared and sieved at different
sieving times from 10 to 60 minutes.

Figure 9. Liquid limit test of stabilzed soil
by using the fall cone method.

Figure 10. PSD of stabilzed soil by using a laser
particle size analyzer (CILAS106).

Figure 11. MRM leaching test of untreated soil.

Figure 12. Curing of freezing thawing cycle specimens.
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Chapter Four - Laboratory Results of Homogenizing and Disaggregating the Soils Prior
to Treatment
This chapter presents the results of laboratory tests of homogenizing and disintegrating
the untreated soils before adding the cementitious binder. The results from a visual assessment of
soil 1 in addition to the results of sieving analysis of soils 1, 2, 4 and 5 are presented in this chapter.
More details on the effect of disintegration time on the homogeneity of soils are presented in paper
five appended in this thesis.
4.1 Sieving Time
Figure 13 shows the effect of various sieving times on the percentage passing through the
sieve for six wet specimens from soil 1 (sandy clayey silt) prepared at 20 seconds disintegration
time. It can be seen there is no additional effect after 15 minutes of sieving. Therefore, 15 minutes
sieving time was used for all the soil specimens.
90
Soil 1 (sandy clayey Silt, 𝜔=27-30%)
Disintegration time (T): 20 seconds
Wet specimens

80

Percent passing (%)

70
60

Sieving times

50

10 Minutes
15 Minutes

40

30 Minutes

30

50 Minutes

20

60 Minutes

10
0
0.1

1.0

10.0

Sieve size (mm)

Figure 13. Percentage passing through versus sieve size for wet soil 1 specimen sieved at
various times
4.2 Proper Disintegration Time (Visual Evaluation and Sieve Analysis)
Figure 14 showing the visual evaluation of soil 1 before and after disintegrated at various
times. Figures 15 and 16 present the percentage passing through versus sieve sizes for wet and
air-dried specimens respectively prepared at different disintegration times. It is seen that the soil
specimen consists of different sizes of the agglomerated particle from a few millimetres to 8
centimetres as shown in Figure 14 a. After homogenizing the soil specimen at 16 and 17 seconds
disintegration times, it is found that the soil starts to have smaller-sized particles, through the
breakup of agglomerate particles as shown in Figures 14 b and c for both wet and air dried
specimens respectively. The percentage passing through a 16 mm sieve size is significantly
increased up to 93% and 100% respectively (Figure 15). This also applies to other sizes of sieve.
When the disintegration time increases up to 30 seconds, it is seen that soil particles start to
agglomerate and adhere to each other to form bigger sizes of agglomerated particles as shown in
Figures 14 d and e for wet and air-dried specimens. The percentage passing through decreases
compared to 10 and 16 seconds for all sizes of sieve. The percentage passing through was higher
compared to the original soil specimen.
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(a) Non-homogenized soil specimen

(b) Wet soil specimen prepared at 16 seconds

(c) Air dried soil specimen prepared at 17 seconds

(e) Air dried soil specimen prepared at 30 seconds

(d) Wet soil specimen prepared at 30 seconds

(f) Wet soil specimen prepared at 60 seconds

(g) Air dried soil specimen prepared at 60 seconds

Figure 14.Visual evaluation of soil 1 before and after disintegration at various times

(56)

A similar observation is made with larger sizes of agglomerated particles found when the
disintegration time was increased up to 60 seconds (Figures 14 f and g) until it becomes almost
like one piece of soil at 120 seconds disintegration time. The percentage passing through decreases
compared to the original soil specimen for all sizes of sieve.
For the air-dried specimens, Figure 16 shows that the percentages passing through a 16
mm sieve are 98,20 and 10% after 17,30 and 60 seconds of disintegration time respectively.
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Figure 15. Percentage passing through versus sieve size for wet soil 1 specimens prepared at
different disintegration times
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Figure 16. Percentage passing through versus sieve size for air dried specimens of soil 1.
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For soil 2, Figure 17 shows the percentage passing through versus sieve sizes for wet and
air- dried specimens prepared at different disintegration times. For the original soil specimen
(without any mixing), it is seen that the pass percentage is 5% at 16 mm sieve size. After
homogenizing the soil is at 10 seconds disintegration time, the passing through a 16 mm sieve
size significantly increases up to 88% and 60% for air dried and wet specimens respectively. The
pass percentage is also significantly increased for the other sizes of sieve. Then, when the
disintegration time increases to 13 seconds, the passing percentage through a 16 mm sieve size is
75 and 33% for air dried and wet specimens respectively. With a further increase in disintegration
time of up to 16 seconds, the pass percentage decreases for all sieve sizes to the same percentage
as the original soil specimen without any preparation or mixing.
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Figure 17. Pass percentage versus sieve size for wet and air dried specimens prepared at
different disintegration time for soil 2 .
For soil 3, Figure 18 presents the pass percentage versus sieve sizes for wet and air-dried
specimens prepared at different disintegration times. For the original soil specimen (without any
mixing), it is seen that the specimen consists of wide range of agglomerated particles from a few
millimeters to about seven centimeters and the passing through a 16 mm sieve size is 50%. After
homogenizing the soil at 6 seconds disintegration time, the passing through percentage at 16 mm
sieve size increasing up to 57% and 85% for wet and air dried specimens respectively. Then, when
the disintegration time increases to 12-13 seconds, the percentage of passing through a 16 mm
sieve size increases to 80% and 73% for wet and air dried specimens respectively. The pass
percentage also increases for the other sieve sizes. With further increasing in the disintegration
time up to 22 seconds, the passing through percentage decreases for all sizes of sieve compared
to the original soil specimen.
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Figure 18. Percentage passing through versus sieve size for wet specimens prepared at different
disintegration times for soil 3.
For soil 4, Figures 19 and 20 shows the passing through percentage versus the size of the
sieve for wet and air-dried specimens respectively prepared at different disintegration times and
initial water content. For the original soil specimen with 40% water content, it is seen that the
passing through percentage is 75 % at 16 mm sieve size. When the soil is disintegrated at 10-20
seconds, the passing through percentage increased in all sizes of sieve and became 90% and 86%
respectively at 16 mm sieve size.
For soil 4 with 50 % water content, it is seen that the soil starts to disintegrate into small
particles at 7 seconds, and the passing through percentage is 57 % 16 mm sieve. When the
disintegration time was increased between 17 and 30 seconds, the passing through percentage at16
mm sieve size decreased to 44% and 40% respectively for wet specimens. This also applied to
other sizes of sieve. On the other hand, when the wet specimen was left to be air dried, it was
found that the percentage passing through at 16 mm sieve size significantly increased to 100 and
90% for 15 and 30 seconds disintegration time respectively as shown in Figure 20.
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Figure 19. Pass percentage versus sieve size for wet specimens of soil 4 prepared at different
disintegration time with different initial water content.
100
Soil 4 (Silt, 𝜔=50%, PI=11%)

90

Air-dried specimens

80

Percent passing (%)

70
T: Disintegration time

60

T= 15 Second (air dried specimen), 50% WC
50

T= 30 Second (air dried specimen), 50% WC

40
30
20
10
0
0.0

0.1

1.0

10.0

100.0

Sieve size (mm)

Figure 20. Pass percentage versus sieve size for air- dried specimens of soil 4 prepared at
different disintegrated time.
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Chapter Five- Laboratory Results
This chapter presents the results of laboratory tests for stabilizing soil 1 by using different
binder types, cement, Multicem and the by-product of Petrit T. The results of laboratory tests
include, consistency limits, solidification, density, laser particle size analysis, unconfined
compressive strength, freezing-thawing cycles, pH concentration and MRM leaching tests. In
addition to the results of stress-strain curves, stiffness, strain at failure and the relationships
between consistency limit, failure strain and stiffness versus unconfined compressive strength are
also included.
5.1 Consistency Limits (Atterberg Limits)
The immediate effect (after one hour) of mixing various amounts of different binders on
the consistency limits of soil 1 is presented in Figure 21. For different binder treatments, the liquid
limit (LL) increases immediately due to adding a small amount of binder (1% to 4%), then it
remains almost constant with further additions of binder content between 4% and 7 %, before it
slightly drops at a higher binder content of 10% and 15% respectively. The plastic limit slightly
increases between 7% to 15% of binder content in addition to the significant increases at lower
cement contents (1% to 7%). The plasticity index (PI) slightly increases at a low binder content
(1-4%), followed by a gradual decrease as the binder content was increased to 15%. Different
binder treatments have almost similar trends in the consistency limits of soil 1, cement has a more
immediate effect compared to Petrit T and Multicem.
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Figure 21. Immediate change in consistency limits versus binder content for soil 1 treated with different
binders.

The plasticity index versus curing time for soil 1 treated with different binders is presented
in Figure 22. For different binder types, it can be seen that the plasticity index is further decreased
with increased curing times. The reduction increased in relation to the increase in binder content.
The reduction in the plasticity index was more pronounced with cement treatment rather than
Multicem or Petrit T.
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Figure 22. Plasticity index versus curing time and binder content of soil 1 treated with, (a) cement , (b)
Petrit T and (c) Multicem.

5.2 Water Content (Solidification)
The immediate reduction (one hour after mixing) in the water content of soil 1 treated with
different binder types is presented in Figure 23. It is seen that soil water content decreased from
its initial value (30%) due to the addition of different binder types and the reduction gradually
increased as the binder content increased.
The reduction in the water content versus curing time for soil 1 treated with different
binders types is presented in Figures 24, 25 and 26 respectively. It can be seen that a gradual
decrease in water content is observed with increased curing time, and the reduction increased with
increasing binder content. For cement and multicem treatment (Figures 24 and 25), the addition
of various binder contents further reduced the soil water content during the first 28 days of curing.
Whilst, for Petrit T treatment (Figure 26), a gradual reduction in soil water content is observed
with time. For specimens having 4% cement content and 7% Mulitcem content, an increase in
water content is observed after 60 and 90 days of curing.
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5.3 Bulk Density
Figure 27 shows the specimen density versus binder content for soil 1 treated with various
amounts of binders. It can be seen that the density of treated soil increased with increasing the
binder content.
5.4 Particle Size Distribution (PSD)
The results from the laser PSD analysis of untreated and treated soil 1 with cement, Petrit
T and Multicem with a 7% binder content is presented in Figure 28. Moreover, Table 8 presents
the percentage of clay size and silt size particles obtained by laser particle size analysis for
untreated and treated soil with 4 and 7% binder content. It can be seen that after 28 days of curing
time, the addition of 4% and 7% of cement content leads to a reduction in the percentage of claysized particles to 13% and 11% respectively. The addition of 4% and 7% of Multicem reduces the
percentage of clay-sized particles to 12.7 % and 10% respectively. On the other hand, the addition
of 4% and 7% of Petrit T reduces the percentage of clay-sized particles to 14% and 13.4%
respectively, additionally increasing the silt sized particles for both binder types.
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Figure 28. PSD of untreated and treated soil 1 with cement, Petrit T and Multicem measured by CILAS
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Table 8. Percentage of clay and silt size particles measured by CILAS 1064.
Soil

Untreated soil 1
Cement treatment
Petrit T treatment
Multicem treatment

Binder
content %

Curing time
(days)

clay-sized particle %
(< 2 µ m)

Silt-sized particle %
(2 to63 µ m)

0
4
7
4
7
4
7

0
28
28
28
28
28
28

17
13
11
14
13.4
12.7
10

83
87
89
86
86.6
87
90

(64)

Unconfined compressive strength, qu (kPa)

5.5 Unconfined Compressive Strength (UCS)
Figures 29, 30 and 31 show the unconfined compressive strength (qu) versus curing time
for untreated and treated soil 1 with various binder contents of cement, Petrit T and Multicem.
The unconfined compressive strength (qu) of the untreated soil is almost the same over
time. For different binder treatments, the unconfined compressive strength (qu) increased by
increasing the binder content and curing time. From Figure 29, it is seen that adding 2% of Petrit
T and Multicem increased the unconfined compressive strength to 49 and 97 kPa respectively
after 28 days of curing with almost no further increases in the unconfined compressive strength
being observed for longer curing periods at 60 and 90 days. Adding 1% and 2% cement content
increased the unconfined compressive strength to about 52 and 94 kPa respectively during the
first 28 days of curing time, after that almost no further increase in soil strength is observed for
longer curing periods of 60 and 90 days.
Figures 30 and 31 show the unconfined compressive strength (qu) versus curing time for
soil 1 treated with 4% and 7% of different types of binder respectively. For Petrit T treatment,
adding 4% gradually increased the unconfined compressive strength (qu) with curing time to about
92 kPa after 90 days of curing. The addition of 7% Petrit T gradually increased the unconfined
compressive strength to about 110 and 150 kPa after 60 and 90 days of curing respectively (Figure
31).
For cement treatment, adding 4% increased the unconfined compressive strength (qu) to
about 200 kPa during the first 28 days of curing with a reduction in the unconfined compressive
strength for longer curing periods of 60 and 90 days. Adding 7% cement steeply increased the
unconfined compressive strength (qu) to about 600 kPa during the first 28 days of curing, in
addition slight increases in the unconfined compressive strength are observed for longer curing
periods at 90 days.
For Multicem treatment, adding 4% increased the unconfined compressive strength (qu) to
about 200 kPa during the first 28 days of curing with a gradual increase in the unconfined
compressive strength for longer curing periods of 60 and 90 days. Adding 7% Multicem increased
the unconfined compressive strength (qu) to about 290 kPa during the first 28 days of curing, in
addition, slight increases in the unconfined compressive strength are observed for longer curing
periods at 90 days.
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Figure 29. Unconfined compression strength, qu versus curing time for soil 1 treated with 1 and 2% of
cement, Petrit T and Multicem.
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Figure 30. Unconfined compression strength, qu versus curing time for soil 1 treated with 4% of
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Figure 31. Unconfined compression strength,qu versus curing time soil 1 treated with 7 % of cement,
Petrit T and Multicem

5.6 Strain at Failure
Figure 32 shows the failure strain (𝜀 ) versus curing time for the untreated soil 1. It can be
seen as a scatter pattern in failure strain, curing time is observed with an average value of 24%.
For treated soil with different binder types, failure strain (𝜀 ) versus curing time and binder
contents are presented in Figures 32, 33 and 34. The addition of 2, 4 and 7% Petrit T reduced the
failure strain (𝜀 ) from 24% (untreated soil) to 14, 8.5 and 7.5 % respectively. Curing time has
almost no effect on reducing strain at failure.
For cement treatment, the addition of 1, 2, 4 and 7% cement content reduced the failure
strain (𝜀 ) from 24% (untreated soil) to about 15, 10, 5 and 3% respectively. Failure strain
decreased during the first 28 days of curing time.
For Multicem treatment, the addition of 2, 4 and 7% Multicem content reduced the failure
strain (𝜀 ) from 24% (untreated soil) to about 11, 5 and 4.5 % respectively. Gradual reduction in
failure strain was observed with time.
(66)
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5.7 Soil Stiffness
Figures 35, 36 and 37 show the modulus of elasticity, E50 versus curing time for untreated
and treated soil 1 with various binder contents of cement, Petrit T and Multicem. For the untreated
soil, the modulus of elasticity, E50 is almost the same over time.
For Petrit T treatment, the addition of 2, 4 and 7% Petrit T content increased the modulus
of elasticity to 0.8, 2 and 3 MPa during the first 28 days of curing. In addition, gradual increases
in modulus of elasticity were observed with curing time.
For cement treatment, the addition of 1% and 2% cement content increased the modulus
of elasticity to about 0.8 and 1.7 MPa respectively over 28 days of curing. The modulus of
elasticity of 2% cement content was increased to 2 MPa after 90 days curing time (Figure 35). For
4% cement content, Figure 36 shows that the modulus of elasticity increased to 10 MPa during
the first 28 days of curing, after that a reduction in the modulus of elasticity is observed for longer
curing periods of 60 and 90 days. For 7% cement content, the modulus of elasticity steeply
increased during the first 28 days of curing to about 40 MPa, after that small decreases in modulus
of elasticity were observed for longer curing periods of 60 and 90 days as shown in Figure 37.
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For Multicem treatment, the addition of 2% Multicem content increased the modulus of
elasticity to about 3.2 MPa over 28 days of curing. The modulus of elasticity of 2% Multicem
content was increased to 4 MPa after 90 days curing time (Figure 35). For 4% Multicem content,
Figure 36 shows that the modulus of elasticity gradually increased with time to 10 MPa after 90
days of curing. For 7% Multicem content, the modulus of elasticity steeply increased during the
first 28 days of curing to about 29 MPa, after that a gradual increase in the modulus of elasticity
was observed for longer curing periods of 60 and 90 days as shown in Figure 37.
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Figure 37. Modulus of elasticity, E50 versus curing time of soil 1 treated with 7% of cement,
Petrit T and Multicem.
5.8 pH Value
The immediate effects (after one hour) of adding cement, Petrit T and Multicem on the
soil pH values is presented in Figure 38. For different binder types, the pH value of treated soil
rose from 5 to 12.4 as the binder content was increased up to 7%. Beyond that, the pH value
slightly increased to 13, 12.9 and 12.7 due to adding 15% binder content for cement, Petrit T and
Multicem respectively.
(68)

The pH value versus curing time and binder content for treated soil with Multicem, cement
and by-product Petrit T are presented in Figures 39, 40 and 41 respectively. Regardless of binder
content, the pH value gradually decreases with increasing curing times for all binder types.
For Multicem treatment (Figure 39), a gradual decrease in soil pH value is observed to
about 9, 11 and 11.7 during the first 28 days of curing with almost no further reduction with
longer curing periods.
For cement treatment (Figure 40) with a low binder content of 1% and 2 %, a gradual
decrease in soil pH value was observed to about 8.8 and 9.2 during the first 28 days of curing with
almost no further reduction with longer curing periods. In contrast, gradual decreases in the soil
pH value due to the addition of 4% and 7% cement content was observed during longer curing
periods. After 90 days of curing, the decrease in the soil pH value was about 10.5 and 11 for 4%
and 7% cement content respectively as shown in Figure 40. For Petrit T treatment (Figure 41), a
gradual decrease in pH value was observed even for a low binder content. After 90 days of curing,
the decrease in the soil pH value was about 9, 10.3 and 11.5 for 2, 4 and 7% petrit T content
respectively as shown in Figure 41.
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5.9 Relationships Between Solidification and the Liquidity Index
Binder content versus liquidity index (LI) of treated soil after one hour from the addition
of cement, Multicem and Petrit T is presented in Figure 42. It can be seen that, with the addition
of various binder contents; the liquidity index (LI) was reduced from 0.6 (untreated soil) until it
became very close to the plastic limit (LI=0) at 3% cement content, 5 % Multicem content and
7% Petrit T content. The liquidity index continued to decrease (below the plastic limit) as the
binder content was further increased.
The effect of curing times on the relationship between further decreases in water content
and the liquidity index are presented in Figures 43, 44 and 45 for treated soil with Petrit T, cement
and Multicem respectively. As curing time was increased, the liquidity index further decreased
with decreases in soil water content for both binder types.
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Figure 42. Liquidity index versus binder content.
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Figure 44. Liquidity index versus soil water content for different cement content and all curing
times.
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Figure 45. Liquidity index versus soil water content for different Multicem contents and all
curing times.
5.10 Relationships between UCS Versus Liquidity Index, Water content/Plastic limit ratio,
Failure Strain and Modulus of Elasticity, E50.
5.10.1 Relationship between UCS versus liquidity index
Unconfined compressive strength, qu versus the liquidity index (LI) of treated soil with
Petrit T, cement and Multicem are shown in Figures 46, 47 and 48 respectively. An approximately
linear relationship can be observed between the increases in unconfined compressive strength with
a decrease in the liquidity index for treated soil with different binder types.
5.10.2 Relationship between UCS versus the ratio of water content/plastic limit
Unconfined compressive strength, qu versus the ratio of water content to the plastic limit
for treated soil with Petrit T, cement and Multicem are presented in Figures 49, 50 and 51
respectively. It can be seen that there was an increase in unconfined compressive strength with a
decrease in the water to plastic limit ratio for different binder types. A scatter pattern was
observed; especially when the water/plastic limit ratio was lower than 1.
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Figure 47. Unconfined compressive strength, qu
versus liquidity index for different cement contents
and all curing times.
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5.10.3 The Relationship between UCS versus strain at failure
Failure strains (ε ) versus unconfined compressive strength, qu for the treated soil with
cement, Petrit T and Multicem are presented in Figures 52, 53 and 54 respectively. For treated
soil with various amounts of cement from 1% to 7%, a reduction in failure strain to 15, 10, 5 and
3% is observed compared to increases in soil strength of up to 51, 94, 200 and 600 kPa respectively
as shown in Figure 52. Whilst, for treated soil with 2,4 and 7% Petrit T content, a reduction in
failure strain is observed to 14, 8.5 and 7.5%, which leads to increased soil strength of up to 50,
90 and 150 kPa respectively as shown in Figure 53. For treated soil with 2, 4 and 7% Multicem
content, a reduction in failure strain is observed to 11, 5 and 4.5%, which leads to increased soil
strength of up to 60, 150 and 260 kPa respectively as shown in Figure 54.
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Figure 53. Strain at failure, ε versus unconfined
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5.10.4 The Relationship between UCS versus modulus of elasticity, E50
Modulus of elasticity, E50, versus unconfined compressive strength,qu for treated soil with
cement, Petrit T and Multicemare is presented in Figures 55, 56 and 57 respectively. Based on
the results, the modulus of elasticity can be taken as between 16 to 85 times qu for cement
treatment (Figure 55) , 15 to 24 times qu for Petrit T treatment (Figure 56) and between 17 to 130
times qu for Multicem treatment (Figure 57).
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5.11 Freezing –Thawing Cycles
Figures 58 and 59 show the stress-strain behaviours before and after twelve freezingthawing cycles and after the recovery time for the untreated and treated soil with 4% Petrit T
respectively. The upper row shows the samples with 14 days of curing before and after twelve
freezing-thawing cycles and after the recovery time. The middle row shows the group of samples
with 28 days curing time and the row below shows the samples after 90 days of curing. The left
column shows the stress-stain curves of cured samples without freeze-thaw-cycles effects (Group
1). The middle column shows stress-stain curves of the samples which were cured and then
subjected to twelve freeze-thaw-cycles (Group 2). The right column shows the stress-stain curves
for the cured samples, subjected to twelve freeze-thaw-cycles and cured for another 28 days
(recovery time) (Group 3). The dash-dot-lines symbolise the samples without surcharge (Asamples), the dashed lines symbolise the samples with surcharge from the start of the freeze-thaw(75)

cycles (B-samples) and the continuous lines symbolize the samples with surcharge during the
whole time (C-samples).
The general tendency for the samples with 4% Petrit T (Figure 59) is that the strength and
stiffness decreases from the upper left diagram to the lower right diagram: The 14 and 28 day
samples before the freeze-thaw-cycles, showed the highest strength and stiffness, the 90 day
samples after the recovering time, showed the lowest strength and stiffness. The 14 day samples
after the recovery showed higher strength than the 14 day samples after the freeze thaw cycles.
The 28 day samples after the freeze-thaw-cycles and after recovery showed higher values for the
samples with surcharge than without surcharge. The 90 day samples showed lower strength and
stiffness before the freeze-thaw-cycles than the samples with less curing time. The values after
the freeze-thaw cycles are not much lower than before them.
The stiffness changes from more brittle for the younger samples without freeze thaw
cycles to more ductile for the older samples. A change in stiffness is visible for the 14 and 28 day
samples before freeze thaw cycles: they showed higher stiffness for low strain rates, whereas the
stiffness is lower for higher strain rates. This tendency is much lower for 90 day samples, where
the difference in stiffness at the beginning is not as distinct as for the younger samples.
The general tendency for the samples without binders (Figure 58) is that the curves are
almost straight lines except for the samples with surcharge from the beginning, which showed a
different strength and stiffness after the freeze-thaw-cycles and after the recovery than the other
samples. The values are in general much lower than for the samples with a binder.
The modulus of elasticity was calculated both as secant modulus at half of the maximum
strength value (E50). The results are shown in Figure 60 for the untreated and treated soil. The Asamples symbolise with stars, the B-samples with triangles and the C-samples with circles. Red
symbols stand for samples before the freezing-thawing cycles (Group 1), light green symbols for
samples after the freezing-thawing cycles (Group) and black symbols for samples after the
recovering (Group 2).
The general tendency is that the modulus of elasticity decrease with the age of the samples.
However, the E50 of the samples without binder is about the same over time except for the samples
with surcharge, which show higher values. The values of the E50 for the samples with the binder
are three to ten times higher than the values of the samples without treatment.
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Figure 58. Stress-strain-curves for the samples without binder: the A-samples without surcharge all the times, B-samples with surcharge from FT cycles and the C-samples with surcharge all the times.
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Figure 59. Stress-strain-curves for the samples with 4% of binder: the A-samples without surcharge all the times, B-samples with
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Figure 60. Modulus of elasticity,E50 versus curing time for the specimens before and after twelve
freezing-thawing cycles and after the recovery time for (a) Untreated soil and (b) treated soil
with 4% Petrit T.
5.12 Leaching Tests (MRM)
Figure 61 shows the results of the MRM leaching tests for the untreated soil 1. The pH
value slightly decreased from 4.7 to 4.0 after the second leaching steps. The electrical conductivity
gradually decreases as the leaching step was increased from about 1500 µS/cm to be around 200
µS/cm after seven leaching steps. The redox potential (Eh) slightly increases as the leaching step
was increased to about 250 mV.
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Figure 61. The pH value, conductivity and oxygen reduction potential versus leaching steps for
the untreated soil1.
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Chapter Six - Field Investigation
This chapter describes the materials and fieldwork used during this study to investigate
the effectiveness of adding a certain amounts of different binder types to modify and improve the
physical and mechanical properties of soils. In this chapter, basic characteristics of soil and
binders are evaluated in addition to the testing procedures and methodologies of preparing the
samples that were utilized to obtain the main research objectives.
6.1-Field Site
The field works program was conducted in Dåva landfill and waste center site in Umeå,
in the northeast part of Sweden as shown in Figure 1, during the period from 18-19 June 2019.
The field work is part of an ongoing project on management of acid sulfide soils (MOSS) that
aims to introduce handling alternatives to increase the possibility of reusing the acid sulfide soils.
6.2 Cell Design and Preparations
The field site was planned to be set out as five cells. The dimensions of each cell were (7
*7) m with 1.5 m height as shown in Figure 62. Each cell was filled with different treated soil as
illustrated in Table 9. The field works began firstly with levelling and covering the ground surface
of the cells with a gravel layer as illustrated in Figure 63. Concrete blocks were used to build the
cells as shown in Figure 64. The cells were totally separated from each other by using the concrete
blocks and a geomembrane sheet. After that, a thin layer of fine materials was put above the gravel
layer to level the surface inside each cell, (see Figure 65 a). The geomembrane type GSE HD
friction flex with thickness 1.5 mm was used under the cell, in addition to the inside faces of the
cell with approximately 0.5 m height, followed by a geotextile layer. The PVC pipes were installed
at the lowest point of the cell surface to collect the leached water of each cell over time as
illustrated in Figure 65 b. Then a thin layer of gravel was put in ( Figure 65 c ), followed by a
second geotextile layer before adding the stabilized soil as illustrated in Figure 65 d.
Table 9. Shows the stabilized soil recipe for each cell
Cell name

Soil, binder type and content

Time between mixing soil with binder to
copmacted in the cell

Cell 0

Soil treated with15% Multicem

Within two hours

Cell 1

Soil treated with 4% Multicem

Within two hours

Cell 2

Soil treated with a mixture of 2% Multicem
and 6%Mesa

Within two – three days*

Cell 3

Natural soil

Cell 4

Soil treated with 8% Mesa

Within two – three days*

* The mixture was piled up and covered with plastic to protect from the rain (if necessary).
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Figure 62. Schematic design of the test cells
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Figure 63. Testing site after preparation and covering with gravel.

Figure 64. Concrete blocks for cell separation.

(a) Leveling the cell surface by adding fine materials

(c) Adding gravel layer above the first geotextile layer

(b) Geomembrane sheet, first geotextile layer and installing
the PVC pipe

(d) A second geotextile layer before adding the stabilized soil

Figure 65. Presents different stages of cell preparation before adding the treated soils.
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6.3 Materials
6.3.1- Soil
The natural soil was excavated and transported to the landfill site from four different places
in Umeå. The soils were classified by tests of particle size distribution, loss of ignition and MRM
leaching tests. The physical and mechanical properties are presented in Table 10. The particle size
distribution of the tested soil is shown in Figure 66. The soils were classified according to the
Swedish standard (Karlsson and Hansbo, 1981). Organic content assessed by ignition test
according to according to Swedish standards SS 027105 (1990) showed that organic content
ranged between 2.7 to 3%. The soils were classified as having low to medium organic content
(Huang et al., 2009).
Table 10. Engineering properties of soils used in the fieldwork.
Parameters

Soil

Soil location

Umeå

Particle-size distribution (%)
Gravel (5.6-2 mm)

1-4

Sand (%) (2-0.63mm)

29-42

Silt (%) (0.063 – 0.002 mm)

48-61

Clay (%) (< 0.002 mm)

7-9

Natural water content (%)

20-23

Plasticity index, PI (%)

10-11

Particle density

2.69

Loss of ignition %

3

Bulk density (g/cm3)

1,95

pH

7

Soil Classification

saclSi , sandy clayey Silt

* Determined by the fall cone test
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Figure 66. Range of particle size distribution of soil used in the fieldwork.
6.3.2 Binders
Two binder types were used in the fieldwork, Multicem (MC) and Mesa. The Multicem
was from Cementa AB Sweden, the chemical composition was presented in Table 5. Whilst,
Mesa is a waste product (calcium carbonate) from the production of pulp and paper with a
moisture content of around 28%.
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6.4 Mixing of Soils and Binder
The bucket mixer type “ALLU” was used in this project to mix the soil and binder as
shown in Figure 67. The untreated soils from four locations were firstly homogenized and mixed
together two times for about 40-50 seconds and accumulated in five piles before adding the
cementitious binder. The required amounts of the binder were weighted as soil dry weight and
added to the soil pile and mixing two times until achieving a homogenized soil-binder mixture.
The bucket mixers have an average capacity of about 100-120 tons per hour. According to a
previous field study by Nigéus et al. (2018), two-step mixing was sufficient to obtain a
homogeneous soil – binder mixture. The total mixing time was approximately one-hour to mix
120 to 130 tons of soil and binder. The mixture was lifted, loaded onto trucks and transported to
the locations of the cells. The mixtures were then placed into the cell as layers and each layer
compacted by using an excavator bucket until reaching the required height. Then the upper surface
was leveled and smoothed by using the bucket of the excavator as illustrated in Figure 68. Finally,
the upper surface of each cell was covered by a thin gravel layer.

Figure 67. Bucket mixer type ALLU shovel (close up to the shovel)

Figure 68. Loading and compacting the treated and untreated soil as layers in the cell.
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6.5 Testing Program
An extensive test program has been initiated to achieve and clarify the objectives of this
research, including sieve test, water content, density, unconfined compressive strength, pH value,
and MRM leaching tests. These tests were conducted on untreated as well as the treated soil with
different binder types and contents. Temperature sensors were installed in cells 1, 2 and 3 to
measure the field temperature at various time. Table 11 summarizes the main field-testing
program.
Table 11. Main tests program

Field curing specimens

Field –Laboratory curing specimens

Specimen
types

Curing
time
(days)

Cell

Binder type
and content

Cell 0

15%
Multicem

7

Cell 1

4% Multicem

39

Cell 2

2% Multicem
and 6%Mesa

Cell 3

Natural soil

4

Cell 4

8% Mesa

7

Cell 0

15%
Multicem

3

Cell 1

4% Multicem

Cell 2

2% Multicem
and 6%Mesa

Cell 3

Natural soil

Cell 4

8% Mesa

7, 28, 90
and 360

One to
two years

Curing
temperatures oC

Numer of
samples

7 oC

7

Field temperature

8

Field temperature

2

Field temperature

2

Testing program

Unconfined
compression test
(UCS), and
MRM Leaching
tests

Sampling
method

Specimen are
compressed
through the
upper 20 cm
of soil layer.

Specimen are
compressed
through the
upper 50 cm
of soil layer.

6.6 Specimen Preparation and Testing Methodology
6.6.1 Laboratory curing specimens
The specimen tubes used were plastic tubes commonly used for piston sampling in
Sweden, with a diameter of 50 mm and a height of 170 mm. These tubes were compressed into
the upper layer of each cell to obtain representative soil specimens. Then the tubes were
extreacted, covered with a plastic cover, sealed at both ends and put into the sampling box (Figure
69 a). For curing, the specimens were placed inside a plastic container that was partially filled
with 10 cm of wet sand with a visible water table, and stored at a controlled room temperature of
6-7 C°. The curing periods were set at 7, 28, 90 and 360 days before testing. After curing, the
specimens were removed from the tubes by using a mechanical jack and tested using unconfined
compression tests (UCS). The testing rate was 1mm/minute until failure occurred. The specimen
height-to-diameter ratio was 2. Before testing, the specimen was cut and smoothed to obtain
parallel end surfaces. The end plates were lubricated to reduce friction. Water content and
densities were determined in relation to the unconfined compression tests.
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6.6.2 Field curing specimens
A sharp edge steel tube with a diameter of 50 mm and a height of 500 mm was used for
field curing specimens. The sharp edge of the specimens were compressed into the upper layer of
each cell by using a hammer and left in each cell for long field curing (one to two years curing).

(a)

(b)

Figure 69. Field sampling, (a) prepare field –laboratory curing specimens, (b) compress the field curing
specimens.

6.7 Test Results
The results presented in this chapter of the thesis are only limited to the specimens
prepared in the field site and cured in a laboratory for 7 and 35 days. Longer curing time (90 and
360 days), as well as the field curing specimens, will be tested later.
The water content at the field site was measured by using the microwave method (ASTM,
2017; ATT 15/96, 1996). Moreover, the pH values of the soils before and after treatment were
measured at the field site by using two methods, in soil-water suspension and the MRM leaching
test for the same liquid to solid ratio of 3.
6.7.1 Homogenizing and disaggregating the natural soils prior to treatment
The natural soil is homogenized by mixing it alone two times using the bucket mixer for
40- 50 seconds. A representative soil specimen was taken out by using hand shovel from the
homogenized soil piles at the field site. Figure 70 shows the visual evaluation of the wet soil
specimen. Figure 71 shows the pass percentage versus the sieve sizes for the wet soil specimen
after it had been sieved using a standard dry sieving test. The sieves used ranged in size from 16
mm to 63 micro millimeters with a 15 minute sieving time. The result showed the homogenized
soil specimens consisted of different sizes of agglomerated particles, which ranged from a few
millimeters to about 1 centimeter (see Figure 70) with an average mean diameter (D50) is about
1.8 mm as illustrated in Figure 71.
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Figure 70. Visual evaluation of a representative natural soil specimen after being homogenized
two times at 40-50 seconds at field site.
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Figure 71. Percentage of passing versus sieve size for a representative natural soil specimen
after being homogenized two times at 40-50 seconds at field site.
6.7.2 Soil strength
The unconfined compressive strength (qu) is used as an indicator to investigate the
enhancement in soil strength. These tests were conducted on the untreated and treated soil
specimens which were prepared in a similar way at the field site and cured for various times in the

laboratory at a controlled room temperature of 6-7 C°. Figure 72 shows the unconfined
compressive strength versus curing time for cell 0,1,2,3 and 4. For the soil without treatment in
cell 3, the unconfined compressive strength (qu) was 55 kPa and it is almost the same over time
(Figure 72 c). For the treated soil with 4% Multicem (MC) content (Cell 1), the unconfined
compressive strength (qu) was about 60 kPa after 7 days of curing and it gradually increased to 76
kPa after 35 days of curing (Figure 72 a). For the soil treated with a mixture of 2% of MC and
6% of Mesa (Cell 2), the unconfined compressive strength (qu) was about 79 kPa at 7 days of
curing, and it gradually increased to 93 kPa after 35 days of curing time (Figure 72 b). For the
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treated soil with 8% of Mesa (Cell 4), gradual increases in the unconfined compressive strength
(qu) were observed with curing time from 75 to 100 kPa after 7 and 35 days of curing respectively
(Figure 72 d). Whilst adding 15% of MC content to wet soil (Cell 0) significantly increased the
unconfined compressive strength to about 540 kPa after 7 days of curing, no further increases in
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the unconfined compressive strength was observed after 35 days curing time (Figure 72 e).
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Figure 72. UCS versus curing time for (a) cell 1(soil treated with 4% MC) ; (b) cell 2 (soil treated with
2% MC+6% Mesa) ; (c) cell 3 (soil without treatment) ; (d) cell 4( soil treated with 8% Mesa) ; and (e)
cell 0 (soil treated with 15% MC).
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6.7.3 Strain at failure (𝜺𝒇 )
Figure 73 shows the strain at failure (𝜀 ) versus curing time for the untreated and treated
soils with different binder types and content. It can be seen that the untreated soil (Cell 3) has a
failure strain with an average value of 6%. The failure strain (𝜀 ) decreased due to the addition of
different binder types, in addition further decreases in failure strain were observed over time. For
the treated soil in cell 1 and cell 0, adding 4 and 15 % of Multicem decreased the failure strain to
2.5 and 2% respectively with further decreases in failure strain observed over time. Whilst treated
soil with a mixture of 2%MC and 6% Mesa (Cell 2) or 8% of Mesa (Cell 4) had approximately
the same impact of decreasing the failure strain to 5% during seven days of curing, with further
decreases in failure strain is observed over time. Generally; for all soil treatments, the average
failure strain after 35 days of curing was less than for shorter curing times (seven days).
12
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Cell 4 (Soil treated with

11

Axial strain at failure, %

10
9

15% MC)
4% MC)
2% MC and 6% Mesa)
8% Mesa)

8
7
6
5
4
3
2
1
0
0

5

10

15

20

25

30

35

40

Curing time (days)

Figure 73. Strain at failure versus curing time for untreated and treated soil specimens in cell 0,1,2,3 and
4.
6.7.4 Soil stiffness
Figure 74 shows the modulus of elasticity, E50 versus curing time for untreated and treated
soil with various binder types. The stiffness in terms of E50 was determined as a secant modulus
of elasticity from the stress-strain curves at 50% of the maximum unconfined compressive
strength (qu). For the untreated soil in cell 3, the modulus of elasticity, E50 was almost the same
over time (Figure 74 a). For the treated soils in cells 1, 2 and 4, a gradual increase in modulus of
elasticity is observed over time. The addition of Multicem as a binder had the greatest effect in
increasing the stiffness of the soil after treatment compared to other binder types which were used
in cell 2 and cell 4 as shown in Figure 74 a. A significant improvement in soil stiffness was
observed when the Multicem content was increased to 15 % (cell 0) as shown in Figure 74 b.
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Figure 74. Modulus of elasticity,E50 versus curing time for untreated and treated soils specimens in (a)
cells 1,2,3 and 4; (b) cell 0.

6.7.5 The relationship between UCS versus strain at failure and modulus of elasticity, E50
Failure strain (ε ) versus unconfined compressive strength, qu for the untreated and treated
soil with various binder types is presented in Figure 75. A major reduction in failure strain is
observed regarding various treatments in cells 1, 2 and 4 which led to an increase in soil strength
up to 100 kPa as shown in Figure 75. The treated soil with 15 % of MC (Cell 0), showed
significantly improved soil strength up to 650 kPa with a less significant effect observed on further
reduction in failure strain.
Modulus of elasticity, E50, versus unconfined compressive strength,qu for untreated and
treated soil with various binder types are presented in Figures 76 and 77. Based on the results, the
modulus of elasticity can be taken as between 25 to 56 times qu for the untreated and treated soils
in cells 1,2,3 and 4 (Figure 76) and between 36 to 130 times qu for the treated soil with 15 % of
Multicem content in cell 0 (Figure 77).
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Figure 75. Strain at failure, ε versus unconfined compressive strength ,qu for different soil
treatment and curing times.
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Figure 76. Modulus of elasticity,E50 versus unconfined compressive strength ,qu for cells 1,2,3
and 4 after 7and 35 days curing time.
60000

Soil treated with 15% MC

=

13
0

qu

40000
Es

Modulus of Elasticity , E50 (kPa)

Cell 0
50000

30000

20000
Es =

10000

36 q

u

0
0

100

200

300

400

500

600

700

Unconfined compressive strength, qu (kPa)

Figure 77. Modulus of elasticity,E50 versus unconfined compressive strength ,qu for cell 0 after
7and 35 days curing time.
6.7.6 pH value
The pH value versus curing time for treated soil with different binder types in cells 0,1,2
and 4 is presented in Figure 78. The pH value over time was measured from the broken materials
of the UCS specimens after testing. Whilst, the pH value of soil after treatment was measured
from representative specimens of soil-binder mixture from four different piles at the field site.
The pH value was measured by two methods, in soil-water suspension, as described in secion
3.3.4 but with using a ratio of liquid to solid of 3, and the MRM leaching test for the same ratio
of liquid to solid of 3. For the treated soil with 4% MC in cell 1, treated soil with 15%MC in cell
0 and treated soil with a mixture of 2%MC+6%Mesa in cell 2, the pH value decreased slightly
over time. Whilst for the treated soil with 8% Mesa in cell 4, the pH value was about 8.3 with
almost no reduction in the pH value observed over time. The pH value measured in soil-water
suspension was slightly higher than measured by the MRM leaching test.
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Figure 78. The pH value versus curing time for (a) cell 0 (soil treated with 15% MC) ; (b) cell 1
(soil treated with 4% MC); (c) cell 2 (soil treated with a mixture of 2% MC+6% Mesa) ; and (d)
cell 4 (soil treated with 8% Mesa).
6.7.7 Leaching tests (MRM)
Figures 79 shows the results of the MRM leaching tests for the untreated soil in cell 3 as
well as the treated soil with different binder types and contents in cells 0, 1, 2 and 4 after 7 and
35 days of curing. For the natural soil in cell 3, it can be seen that the pH value slightly decreased
from 6.8 to 6.0 after six leaching steps (Figure 79 a).
For the treated soil with 15% of Multicem content (Cell 0), a gradual decrease in the pH
value was observed from 12.8 to 10.0 after five leaching steps, with no further decreases in pH
value observed as leaching steps were increased above 5 (Figure 79 a and b).
For the treated soil with 4% of Multicem (Cell 1), the pH value was decreased from 11.7
to 9.5 after the second leaching steps with no further reduction in pH value observed as leaching
steps were increased above 2. A similar observation was found for the treated soil with a mixture
of 2% MC and 6% Mesa in cell 2, which showed the pH values decreased from 11.0 to 9.2 after
the first leaching steps. Whilst for the treated soil with 8% Mesa (cell 4), a slight increase in the
pH value was observed regarding various leaching steps (Figure 79 a and b).
The general trend for the untreated and treated soil is that the electrical conductivity (EC)
is decreased as leaching steps were increased as shown in Figure 79 a and b. The electrical
conductivity is significantly increased due to addition of 15% of MC in cell 0 (8000 µS/cm)
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compared to the effect of the adding 4% of MC in cell 1 (2300 µS/cm). The electrical conductivity
of treated soil with 8% of Mesa (cell 4) is slightly less than the untreated soil for all leaching steps
(Figure 79). Whist the effect of adding a mixture of 2%MC+6%Mesa in cell 2 was similar to the
effects for the treated soil with 4% MC (Cell 1).
The general trend for the untreated and treated soil is that the reduction potential (Eh) was
increased as leaching steps were increased as shown in Figure 79. The natural soil in cell 3 showed
higher values compared to the treated soils in cells 0,1,2 and 4. The addition of 15% of MC has a
greater effect on reducing the reduction potential (-150 mV) and it increased to reach zero after
seven leaching steps (Figure 79).
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Figure 79. The pH value, conductivity and oxidation reduction potential versus leaching steps for soils
treated with various binder types and content after (a) seven days of curing, (b) 28 days of curing
(cell 1(soil treated with 4% MC) ; cell 2 (soil treated with 2% MC+6% Mesa) ; cell 3 (soil without
treatment) ; cell 4( soil treated with 8% Mesa) ; and cell 0 (soil treated with 15% MC).
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Chapter Seven- Discussion
This chapter presents the discussion regarding the results of laboratory and field
investigation on natural soils as well as stabilized soils using different binder’s types and contents.

7.1 Laboratory Investigation
7.1.1 Homogenizing and disaggregating the soils prior to treatment
Preparation or mobilization of natural soil in order to mix it with a stabilizer can play an
important role in obtaining a uniform soil-binder mixture. Disaggregating natural soil prior to
treatment has many effects, such as homogenizing the soil, reducing the variation in water content
and obtaining a smaller particle size by separating the agglomerated particles. This process can
assist with obtaining a uniform distribution of the cementitious binder around soil particles. The
methodology adopted to optimize a suitable disintegration time is based on two types of
assessment. The first is a visual assessment. The second assessment is based on improving the
grain size distribution curves and obtaining smaller sized particles after the disintegration process.
The median diameter (D50) is considered in the evaluation.
Soil 1 was classified as sandy clayey silt with medium plasticity (PI=18). The soil water
content was below the liquid limit. The non-homogenized soil specimen had a wide range of
agglomerated particles with a 14 mm mean diameter (Figures 14, 15 and 16). After homogenizing
the natural soil at various disintegration times, the agglomerated particles broke up into smallsized particles. The mean particle diameters were 5.5, 4 and 9.5 mm after the wet specimens were
homogenized at 10, 16 and 30 seconds respectively. The passing percentage increased for all sieve
sizes. When the disintegration time was increased in several steps to 120 seconds, the particle size
distribution changed to a poor shape, and there was a decrease in the passing percentage for all
sieve sizes. This was due to the soil particles starting to agglomerate and adhere together to form
big soil clumps (Figure 15) until it became almost one mass of soil at 120 second’s disintegration
time. For the air-dried specimens, the mean particle diameter was about 3 mm after homogenizing
the soil for a 17 second disintegration time (Figure 16). The passing percentage was almost the
same for the wet and air-dried specimens at a low disintegration time (less than 17 seconds) and
high for wet specimens compared to the air-dried specimens when the disintegration time was
increased to 30 seconds. This can be related to the medium plasticity properties of the soil in
addition to the water content being below the liquid limit of the soil. When the soil particles
agglomerated and adhered together at a high disintegration time, it became difficult to break them
up again during the sieving process and they tended to stick in the opening of the sieve. The ideal
disintegration time for soil 1 ranged between 10 and 20 seconds and should not exceed 30 seconds.
Soil 2 was classified as silty clay with high plasticity (PI=58). The soil water content was
almost half of the liquid limit. The non-homogenized soil specimen had a wide range of
agglomerated particles with an average of five to six centimeters in diameter and only 8% of the
sample passed through the 16 mm sieve size (Figure 17). After homogenizing the natural soil at
various disintegration times, the agglomerated particles broke up into small-sized particles. At 10
seconds, the mean particle diameter ranged between 11 and 7.5 mm for wet and air dried
specimens, respectively. The passing percentage increased for all sieve sizes. When the
disintegration time was increased to 13 seconds, the passing percentage decreased for all sieve
sizes when compared to a 10 second disintegration time, and the mean diameter was 10.5 mm for
the air-dried specimens. When the disintegration time was increased to 16 seconds, the particle
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size distribution changed to a poor shape, and the soil particles started to agglomerate and adhere
together to form large soil clumps (almost one mass of soil). The passing percentage for air-dried
specimens was higher compared to the wet specimens at 10 and 13 second disintegration times.
This can be ascribed to the high plasticity properties of the soil, which make the wet soil particles
adhere to each other and stick in the sieve openings. The proper disintegration time for soil 2
ranges between 10 and 13 seconds and should not exceed 16 seconds.
Soil 3 was classified as silty clay with medium plasticity (PI=16). The soil water content
was at the liquid limit of the soil. The non-homogenized soil specimen was composed of a wide
range of agglomerated particles with a mean diameter of 16 mm and only half of the sample passed
through the 16 mm sieve (Figure 18). After homogenizing the natural soil at various disintegration
times, the agglomerated particles broke up into small-sized particles. At 6 seconds, the mean
particle diameter ranged between 10 and 14 mm for the air-dried and wet soil specimens,
respectively. When the disintegration time was increased to 12 - 13 seconds, the mean particle
diameter ranged between 10 and 11 mm for the wet and air-dried soil specimens, respectively.
The passing percentage increased for all sieve sizes. When the disintegration time was increased
to 22-25 seconds, the particle size distribution changed to a poor shape, and the soil particles
started to agglomerate and adhere to each other to form big clumps with an average mean diameter
of 16 mm (Figure 18). At 6 second’s disintegration time, the passing percentage for the air-dried
specimens was higher compared to the wet specimens. This can be explained by the wet soil
sample becoming stuck in the sieve openings (and thus not passing to the next sieve) due to the
high moisture content and medium plasticity properties of soil 3. The proper disintegration time
for soil 3 ranges from 6 to 13 seconds and should not exceed 22 seconds.
Soil 4 was classified as silt with low plasticity (PI=11). The initial water contents of soil
were chosen to be below (𝜔=40%) and above (𝜔=50%,) the liquid limit of the soil in order to
investigate the effect of different water contents on low plasticity soil. The non-homogenized soil
specimen with 40% water content (below the liquid limit of the soil) had a wide range of
agglomerated particles with a 9 mm mean diameter. 75% of the sample passed through a 16 mm
sieve size (Figure 19). After homogenizing the soil for 10 to 20 second disintegration time, the
agglomerated particles started to break up into small-sized particles with a mean particle diameter
size of 6 mm. The passing percentage increased for all sieve sizes. Conversely, for the wet soil
specimens with an initial soil water content above the liquid limit (50%), it was noticed that the
agglomerated particles started to separate from each other at a 7 second disintegration time. When
the disintegration times were increased to 17 and 30 seconds, the soil started to agglomerate and
adhere together to form big clumps. The particle size distribution changed to a poor shape and
there was a decrease in the passing percentage with all sieve sizes.
In contrast, for the air-dried specimens prepared at 15 and 30 second disintegration times
and with an initial water content above the liquid limit, the mean particle diameter ranged between
6 and 7 mm. The passing percentage for the air-dried specimens was significantly higher
compared to the wet specimens prepared with the same disintegration time and initial water
content (50%), as shown in Figures 19 and 20. Due to the low plasticity properties of soil 4, the
variation between the wet and air-dried specimens was related to the high-water content of the
soil, which made the wet soil particles adhere to each other after disintegration and stick to the
sieve openings. This clearly shows the effect of water content in low plasticity soil.
Therefore, the proper disintegration time for soil 4 is mainly affected by the variation in
the initial water content. When the water content is below the liquid limit of the soil, the
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appropriate disintegration time ranges between 15 seconds and a maximum of 30 seconds, while
for soil with a high-water content (above the liquid limit) the disintegration time should be as low
as possible and should not exceed 17 seconds.
The agglomeration of particles after the homogenizing process was explained by the
increased interaction forces between particles, leading to the formation of clusters as a result of
how the particles adhere to each other (Larsson, 2000). As stated by (Coulson et al. 1979), the
following mechanisms can lead to a rise in the agglomeration of particles for various material
types:
1. Mechanical interlocking: this mainly occurs if the material’s particles are long and thin in
shape, leading to large masses becoming completely interlocked.
2. Surface attraction: surface forces such as Van der Waal’s forces can increase the substantial
bonds between particles. This effect is more pronounced in very fine particles (with less than
10-micrometre diameter) due to a high ratio of specific surface to unit volume.
3. Plastic welding: this occurs due to the development of very high pressures on an extremely
small surface area between irregular particles.
4. Electrostatic attraction: the movement of fine particles can lead the particles to be
electrostatically charged.
5. Effect of moisture. Moisture has the effect of raising the surface tension effects by collecting
near points of contact between particles. It may also dissolve small sections of the particles
and act as a bonding agent on subsequent evaporation.
6. Temperature fluctuation can change the particle structure and increase the cohesiveness.
Visual and sieve analysis results indicate that, at a specified disintegration time, the soil started
to have a good particle size distribution when the agglomerated particles break into small-sized
particles. Subsequently, when the disintegration time was increased, the soil particles started to
adhere to each other and form clusters. This process continued until almost all the soil had
accumulated into a single mass when the disintegration time was significantly increased. Table
12 summarizes the proper disintegration time to homogenize various soil types.
Table 12. Summarizes the proper disintegration time for homogenizing different soil types
Plasticity index,
PI%

Water content %

18

27-30

10-20

30

Soil 2 (Silty clay)

58

50

10-13

16

Soil 3 (Silty clay)

16

47

6-13

25

Soil 4 (Silt)

11

40

15-20

30

6.5

50

7

17

10.5

Soil types

Soil 1 (sandy clayey
Silt)

Proper disintegration time (T), (Second)
Between
Not exceed
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Mean particle
diameter, mm

4-5
10.5
10-11

7.1.2 Water content and density
For soil 1 treated with cement, Multicem and Petrit T, all binder types have the same trend
of reducing the soil water content from its initial value (30%) due to the addition of various binder
contents. The water in the soil-binder mixture mainly comes from the untreated soil. Therefore,
the immediate reduction in water content is mainly related to introducing dry solid particles into
the soil, as well as hydration reaction between the binder and water. Cement and Multicem have
approximately the same impact of reducing the initial water content of soil compared to Petrit T
as shown in Figure 23. With a high binder amount (15%), the cement has a higher effect compared
to Multicem and Petrit T. This can be attributed to the variation in hydraulic properties between
different binder types as illustrated in Table 5 (3.5 for cement, 2.6 for Multicem and 1.9 for Petrit
T), which refers to the ability of the binder to react with water. A similar trend of rapid decreases
in soil moisture content is consistent with Sariosseiri and Muhunthan (2009) for cement treated
soil, and with Mackiewicz and Ferguson (2005) and Misra (2000) for soil treated with selfcementing fly ash.
For different soil-binder treatments, further decreases in water content are observed with
an increase in curing time, with a more dominant effect for cement and Multicem treatment during
the first 28 days of curing. In contrast, Petrit T shows a gradual decrease in water content with
time. This can be related to lower reactivity of the main component C2S (belite) in Petrit T
compared to cement and Multicem which has four major components, C3S (elite) and C2S (belite)
in addition to C3A (aluminate) and C4AF. The further reduction in water content is mainly related
to the hydration and pozzolanic reactions of binders as the specimens were cured in a sealed
condition to minimize the effect of moisture (sealed specimens surrounded by water). A similar
trend of decreases in soil water content over time is found by (Åhnberg et al., 2003; Chew et al.,
2004; Jongpradist et al., 2009).
The increase in soil water content for 4% and 7% of Multicem and cement content can be
related to small leaks in the covers of the specimens, which led to absorption of moisture from the
surrounding water over a long curing period as shown in Figures 24 and 25.
The density of treated soil increases as the binder content increases. The density of
Multicem specimens is higher than cement and Petrit T specimens due to the addition of various
binder amounts (1% to 7%). The density of cement specimens is higher than Petrit T due to the
addition of small binder contents from 1 to 4%. A slight increase in specimen density of Petrit T
compared to cement is observed at 7% binder content and longer curing period as shown in Figure
27. Consumption of the water content due to hydration and pozzolanic reactions produces a large
amount of solid particles in the soil, which consequently leads to an increase in the density of the
soil after treatment. An increase in density is related to the deposition of CSH (calcium-silicate
hydrate) and CAH (calcium- aluminate hydrate) gels, which are produced during the hydration
and pozzolanic reactions. These substances fill the pore voids. Similar observations of increased
density and reduced water content for various binder types have been reported earlier by (Chew
et al., 2004; Kang et al., 2014; Horpibulsuk et al., 2010; Åhnberg et al., 2003; Onitsuka and Junan,
1998).
Generally, it can be concluded that the reduction in water content and increased density of
treated soil are mainly due to hydration and pozzolanic reactions between the binder and water,
and it is dependent on the initial water content of the untreated soil, binder content and curing
time. The reduction in soil water content has dominant effects on the strength and durability index
after treatment (Onitsuka and Junan, 1998; Misra, 2000). Therefore, Muticem, cement and Petrit
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T can be used as a drying agent to reduce the initial water content of soil, which can facilitate the
compaction process. Furthermore, Specimens with high density indicate a denser structure of
treated soil, which is desirable for various engineering practices such as subgrade, embankment
and back-fill.
7.1.3 Particle size distribution (PSD)
The addition of various amounts of Multicem, cement and Petrit T affects the particle size
distribution (PSD) of soil 1 after treatment by lowering PSD curves towards the granular side.
Cement and Multicem have approximately the same impact of reducing the finer parts compared
to Petrit T. The changes in the PSD of treated soil are attributed to flocculation and agglomeration
of the fine particles over a short-time in addition to the pozzolanic reactions as a long-term effect
(Jiang et al., 2015). As stated by Kampala and Horpibulsuk (2013) and Tran et al. (2014)
flocculation leads to agglomeration of fine particles during a short period and the pozzolanic
reaction leads to coating the surface of soil particles by producing CSH and CSAH gel, both of
the reactions contribute to increasing the fraction of coarse-grained particles. Similar observations
in changing PSD for cement, lime and by-product treatment is consistent with previous studies
(Osula, 1996; Chew et al., 2004; Jiang et al., 2015).
7.1.4 The pH value and leaching tests (MRM)
The pH value of untreated and treated soil 1 was measured in a soil-water suspension with
liquid to solid ratio of one. Additions of Muticem, cement and Petrit T have the same initial effect
on increasing the pH value of soil 1 after treatment. The reaction of different binder types with
water leads to the formation of calcium hydroxide, Ca(OH)2 and rapidly releases calcium ions
(Ca+2) at the surface of soil particles and increases the pH value (Feng, 2002; Chew et al., 2004).
The pH value was decreased with increasing curing times for soil 1 treated with Multicem,
cement and Petrit T. The reduction in pH value over time is attributed to the production of more
CSH or CAH gels during the hydration and pozzolanic reactions. The decrease in pH is due to the
consumption of (OH-). The major decreases in pH value for Multicem and cement treatment
occurred during the first 28 days. In contrast, Petrit T has a gradual decrease over time. A similar
trend for decreasing pH over time for treated soil with different binder types is reported by (Janz
and Johansson, 2002; Saride et al., 2013).
MRM leaching test was used to investigate the acidification potential of untreated soil 1.
This method was considered a simple and quick method to use to distinguish different types of
sulfide soils depending on the reduction rate in the pH values. It simulates the wet-dry cycles of
sulfide soils and produces reliable results regarding the rate of the acidification process within ten
working days (Pousette, 2010; Pousette et al., 2008). Figure 61 shows the pH value slightly
decreased from 4.7 to 4 after the second leaching step. The pH value remained stable around 4
(without any reduction) as the leaching steps were increased.
The electrical conductivity, which can give an indication of the total number of ions were
released at each leaching step (higher conductivity more chemicals dissolved in the water). The
electrical conductivity of soil 1 gradually decreased as the leaching step was increased from about
1500 to around 200 µS/cm after seven leaching steps.
The redox potential (Eh) used to estimate where the chemical compounds of soil are
reduced to anaerobic conditions or present in their oxidized form (aerobic condition).
Connell and Patrick (1968) stated that redox potential (Eh) at -150 mV was required to
initiate the sulfate reduction (anaerobic condition), and the pH values ranged between 6.8 to 7.1.
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According to (Mácsik, 1994), sulfide soils was under the anaerobic condition where the
redox potential (Eh) is below -100 mV, and the pH is higher than 6. Otherwise, higher redox
potential (positive values) and low pH values indicate that the soil is under aerobic condition.
From Figure 61, it observed the redox potential slightly increases to 250 mV after first
leaching steps without any changes as the leaching step was increased. Soil 1 is in an aerobic
condition due to a high ORP and low pH value with low to moderate acidity potential (Pousette,
2010; Pousette et al., 2008; Mácsik, 1994).
7.1.5 Unconfined compressive strength (UCS)
Unconfined compressive strength tests were conducted on the untreated and treated soil,
which were prepared in a similar way, for the same curing period and conditions. For the untreated
soil, the unconfined compression strength (qu) was almost the same over time.
The improvement in strength of soil 1 after treatment with Multicem, cement and Petrit T
was observed by increasing binder content and curing time. This indicates the production of new
cementing compounds such as calcium silicate hydrate (CSH) and calcium aluminate hydrate
(CAH) gels from the hydration and pozzolanic reactions. Cement has four major clinker minerals.
Multicem consists of 50% of cement and 50% of CKD. Whilst, the major components of Petrit T
are dicalcium silicate and calcium-silicon-aluminate named gehlenite. The dicalcium silicate is
similar to the clinker mineral C2S (belite) in cement, which is responsible for gaining strength
over a relatively long curing period due to the lower reactivity. Therefore, the C2S reaction can
explain the improvement in soil strength for Petrit T treatment due to the production of CSH and
CAH gels as a result of the hydration and pozzolanic reactions over a relatively long curing time.
At a low binder content (1% and 2%) of Multicem, cement and Petrit T treatment, the
improvement in soil strength occurred during the first 28 days of curing, with almost no further
improvement for longer curing periods as illustrated in Figure 29. The pH value of treated soil
can explain the lack of increase in soil strength for the longer curing time. For the 60 and 90 days
of curing, it was found that the pH value of the Multicem and cement treated soil was almost the
same (without a reduction), approximately 9 (Figures 39 and 40), whilst the pH value of Petrit T
was around 9.5 for 60 and 90 days of curing (Figure 41). As observed by Keller (1964), Hassan
(2009), Sargent et al. (2012) and Saride et al. (2013), a pH value higher than 10 is sufficient to
dissolve silicates and aluminates and to produce additional cementing compounds from the
pozzolanic reaction. For this reason, a longer curing time has no additional effect on improving
the strength as the pH value is below 10.
Soil strength gradually increased with time when the binder content was increased from
2% to 4% for soil 1 treated with Multicem, cement and Petrit T as shown in Figure 30. A similar
trend has also been observed with notable strength development for cement treatment during the
first 28 days, compared to a gradual increase in soil strength over time for Multicem and Petrit T
treatment when the binder content is increased from 4% to 7% (Figure 31). The reduction in soil
strength for 4% cement content at longer curing periods (Figures 30 and 31 ) is explained by an
increase in water content for long curing periods (60 and 90 days) as discussed earlier (see Figure
25). A similar trend of reduced soil strength at low cement treatment under saturation conditions
has been observed by (Arman et al., 1990; Sariosseiri and Muhunthan, 2009; Bahar et al., 2004).
From Figures 29, 30 and 31, the addition of 2 and 4% of cement or Multicem content have
approximately the same effect of increasing the soil strength over time. Cement had more effect
compared to Multicem when the binder content is increased up to 7%.
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In addition to that, it can be observed that the increase in soil strength due to the addition
of 1% cement content is approximately similar to improvement due to adding 2% Petrit T.
Moreover, the increase in soil strength due to the addition 2% of cement or Multicem content is
almost similar to the strength improvement resulting from the addition of 4% Petrit T content at
longer curing periods.
Generally, the strength of the treated soil increases with binder content and curing time
due to hydration and pozzolanic reactions. The gain in soil strength was observed for the shorter
curing time (28 days) for cement and Multicem treatment whilst it is more pronounced for Petrit
T at longer curing periods (90 days). This trend is consistent with other studies on different soils
treated with various binder types (Jiang et al., 2015; Kolias et al., 2005; Bin-Shafique et al., 2010;
Kinuthia et al., 1999; Rashid et al., 2014; Dingwen et al., 2013; Kamon and Nontananandh, 1991).
7.1.6 Strain at failure and stiffness
The addition of various amounts of Multicem, cement or Petrit T significantly reduces the
failure strain with a more pronounced effect for cement treatment at 7% binder content. For Petrit
T, curing time has a less significant effect on reducing failure strain compared to cement, which
has major decreases in failure strain occurring during the first 28 days. Whilst for Multicem
treatment, a gradual decrease in failure strain occurred over time. This can be attributed to the
production of more cementing components from cement rather than Multicem and Petrit T during
a short curing time (28 days). Generally; the average failure strain for the long curing period (90
days ) is less than for shorter curing times (seven days). Due to the reduction in failure strain, the
cement and Multicem treated specimens with high binder content (7%) exhibited a more brittle
failure than those with lower binder content and Petrit T specimens, where a more ductile
behaviour was observed. The failure mode thus gradually changes from ductile failure to brittle
failure as the binder content increases.
The addition of Multicem, cement and Petrit T increases the stiffness of treated soil with
an increase in binder content and curing times. The development of the characteristic curve of
modulus of elasticity (E50) for cement and Petrit T treatment over time has very similar trends to
the development of unconfined compressive strength as presented in Figures 35,36 and 37. Whilst
for Multicem treatment shows different stiffness development curves. The general trend of
Multicem treatment was that the stiffness of treated soil gradually increased over time compared
to cement which shows steep increases in the stiffness of soil during the first 28 days of curing.
At 2% Binder content, The stiffness of the Multicem treatment is higher compared to cement or
Petrit T treatment. When the binder content is increased to 4%, the development of stiffness curve
for cement and Multicem treatment was almost the same during the 60 days of curing. The
Multicem has a higher stiffness at longer curing time (90 days) compared to cement. Both of the
binders still have higher stiffness compared to Petrit T. Whilst, when the binder content is
increased to 7%, the soil treated with cement shows higher stiffness compared to Multicem.
The increases in soil stiffness over time due to the addition of Multicem can be related
more to effects of Multicem, as a binder, in reducing the failure strain over time compared to
cement which showed the majority of the reduction in failure strain occurred during the first 28
days of curing as discussed earlier. The increase in soil stiffness due to adding a cementitious
binder can be related to the production of cementitious materials as a result of the hydration and
pozzolanic reactions. Higher binder contents produce more cementing components and vice versa.
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As discussed earlier, the production and deposition of cementing materials leads to an infill of the
pore space, resulting in a denser structure with a corresponding increase in soil stiffness with
curing time and binder content. The trend is consistent with other studies of soil treated with
different binder types (Rashid et al., 2014; Sariosseiri and Muhunthan, 2009; Dingwen et al.,
2013; Kolias et al., 2005; Santagata and Bobet, 2002; Senol et al., 2006).
From the relationship between failure strain (𝜀 ) and the unconfined compression strength,
qu, it can be observed that as the binder content increases, strength increases and strain at failure
decreases. A scatter pattern in measured failure strain is observed at low soil strengths 22 kPa for
untreated soil. For different binder treatments, a significant reduction in failure strain was noticed
regarding different binder amounts from 1% to 4%, which led to increased soil strength of up to
200 kPa for cement and Multicem treatment and 90 kPa for Petrit T treatment as shown in Figures
52, 53 and 54. However, further increasing the binder content to 7%, increases the soil strength
up to 150, 250 and 600 kPa for Petrit T, Multicem and cement respectively with less significant
effects on decreasing failure strain. Therefore, a significant reduction in the strain at failure was
observed regarding different treatments, which led to an increase in soil strength to about 150 to
200 kPa. Further increases in soil strengths prove less significant on decreasing failure strain. A
similar trend of significant decreases in failure strain with increasing soil strength for treated soil
with various binder types has been observed by (Wang et al., 2013; Du et al., 2013; Kitazume and
Terashi, 2013; Rashid et al., 2014; Ignat, 2015)
The relationship between unconfined compression strength and the modulus of elasticity,
E50, is observed by an increase in soil stiffness which was observed to have an increase in soil
strength. It is observed that the modulus of elasticity ranges between 16 to 85 times qu for cement
treatment, between 15 to 24 times qu for Petrit T treatment and between 17 to 130 times qu for
Multicem treatment. In terms of the relationship between E50 and qu, many authors (Rashid et al.,
2014; Dingwen et al., 2013; Cai et al., 2015; Wang et al., 2013; Jongpradist et al., 2009; Lorenzo
and Bergado, 2006; Ignat, 2015; Hassan, 2009) have obtained a variable conclusion about this
relationship as summarized in Table 1. The results obtained in this study agree in general with
previous studies of cement treatment.
For a comparison between the effectiveness of Multicem, cement and Petrit T in
modification and stabilization of soil 1, an increase in soil stiffness or strength after treatment can
be illustrated by the ratio between the stiffness or strength of the treated specimens to the stiffness
or strength of the untreated soil specimens. Table 13 presents the improvement in soil stiffness
and strength, values of failure strain and the relationship between E50 - qu after treatment with
cement, Multicem or Petrit T. From Table 13, it can be seen that cement and Multicem have
approximately the same impact in increasing the soil stiffness and strength due to the addition of
low amounts of binder from 1 to 4%. Moreover, an increase in soil stiffness and strength using
cement or Multicem as a binder can be achieved by the addition of approximately double
quantities of Petrit T and long curing periods. A similar observation is also valid for the reduction
in failure strain and the relationships between soil stiffness and UCS. Cement had more effect
compared to Multicem and Petrit T when the binder content was increased to 7%.
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Table 13. Enhancement in soil strength and stiffness, failure strain and the relationship between E50 - qu
after treatment with three binder types.
Binder
content
%

0
1
2
4
7

Enhancement of soil
Strength, qu
Cement

Petrit T

MC

Enhancement of soil
stiffness, E50
Cement

Petrit T

4
9
15-50
90-200

1
4
8-10
9-15

1
2
4
9
27

2
4
6.5

4
9
11.5

MC

11-20
32-50
95-150

Failure strain %
Cement

Petrit T

15
9
5
3

24
14
8.5
7.5

MC

11
5
5

E 50=λ qu
(upper and lower range)
Cemen
t

14-18
15-20
35-54
55-80

Petrit T

MC

6 -10
14-20
18-24
13-22

17-44
17-55
80-130

7.1.7 Consistency limits and Workability
For soil 1, the addition of different binder types of cement, Multicem and by-product Petrit
T in various amounts has effects on increasing the plastic limit (PL) immediately after treatment.
The liquid limit (LL) and plasticity index (PI) slightly increased followed by a decrease as the
binder content was increased. From Figure 21, it is observed that the trends of changing the
consistency limits after treatment have generally been in the same direction but with more marked
effects for cement treatment on both liquid and plastic limits. For the plasticity index,
approximately the same trend of behaviours can be obtained with up to 10% binder content. While,
cement has a more immediate effect at a high binder content (15%) on reducing the plasticity
index rather than Multicem or Petrit T.
The observation of an immediate increase in the liquid and plastic limits was due to
flocculation and agglomeration caused by the hydration reaction. A similar trend has been found
in previous studies for stabilized soils with various amounts of cement and fly ash (Sivapullaiah
et al., 2000; Chew et al., 2004; Horpibulsuk et al., 2009).
Due to different trends of behaviour between the liquid and plastic limits, the immediate
reduction in the plasticity index with increasing binder content is attributed to increase of
flocculation and agglomeration of the soil particles. A similar trend of immediate reduction in the
plasticity index has also been observed in other previous studies for treated soil with different
binder types (Bin-Shafique et al., 2010; Horpibulsuk et al., 2013; Asgari et al., 2015; Wang et al.,
2012; Sariosseiri and Muhunthan, 2009)
The long-term effects on the plasticity index of soil treated with different binder types
have similar trends on further decreasing the plasticity index with time but with more pronounced
effects for Multicem and cement treatment compared to Petrit T. The decrease in the plasticity
index became greater with higher binder contents. Cement and Multicem have approximately the
same impact on further decreasing the plasticity index over time as illustrated in Figure 22 a and
c.
The decrease in the plasticity index is mainly due to increases in plastic limits and a
decrease in liquid limits over time. The increase in the plastic limit with time can be related to an
increase in agglomeration due to cementation of the soil particles. At the same time, a decrease in
the liquid limit over time can be related to the production and deposition of more cementitious
materials (CSH and CASH) from the hydration and pozzolanic reactions on the surface of the
flocculated soil, leading to a lowering of surface activity. A similar trend of a decreasing plasticity
index over time is consistent with (Åhnberg et al., 2003; Jiang et al., 2015; Sivapullaiah et al.,
1996; Chew et al., 2004) for stabilized soil with various binder types.

(103)

At longer curing times (90 days), it is observed that the addition of 2% of Petrit T has
approximately the same effects as adding 1% of cement or Multicem. A similar observation is
valid for 4% Petrit T compared to 2% of Multicem or cement content. This can be attributed to
lower reactivity in Petrit T compared to cement or Multicem.
For geotechnical applications, the workable soil is a term that refers to the soil which can
be easily handled and compacted homogeneously. Improving the workability of soils makes the
soil easy to excavate, load, transport or compact, which subsequently leads to an acceleration of
construction works.
As mentioned by (Baran et al., 2001), the workability of clay increases by reducing the
plasticity index in the ceramic industry.
In addition, the recent studies by (Barnes, 2013 and 2018) define the workability of clay
in the ceramic industry as how much working effort is needed for the clay to be molded or worked
together with the ease or difficulty of working, measured by its toughness, T, (kJ/m3). These
working efforts (toughness) are mainly controlled by the range of soil water content and
subsequently by the plasticity of the clay. (Barnes, 2013) proposed a workability index (Iw), as
expressed in equation 29, to measure the workability degree in soils.
𝐼

eq. (29)

Where: 𝜔 : water content of soil, 𝜔 : plastic limit and 𝜔 : toughness limit, which is defined as
the water content of clay at zero toughness.
(Barnes, 2013) mentioned that the toughness (T) is the shear strength of soil, and the
maximum toughness (Tmax) occurred at the plastic limit of clay as illustrated in Figure 80. This
can be totally true when the plasticity of the soil is only controlled by soil water content, and
without any change of the liquid and plastic limit of the soil.
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Figure 80. Schematic curve show toughness versus water content of soil and plasticity regions
interpreted from Barnes (2018)

As discussed earlier, the medium plasticity soil 1 treated with cementitious binders shows
that the plasticity index immediately increased due to adding a small binder amount (1-4%), then
the plasticity index is decreased as binder content was increased. These changes were attributed
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to different trends of behaviour between the liquid and plastic limits after treatment. The
immediate increase in the plasticity index combined with the initial reduction in soil water content
due to adding small amounts of binders doesn’t mean that the workability of soil did not improve.
In addition to that, it was found that the curing time has an effect on a further reduction in the
plasticity index and water content of treated soil until it becomes close to the stiff plastic or brittle
zone as shown in Figure 80.
The majority of researchers compared the improvement in workability of treated soil by
reducing the plasticity index after treatment. As explained before in more detail in chapter two,
about the effect of different binder types on the consistency limits of a wide range of soils after
treatment. The general trends show an immediate increase in the liquid limit of treated soil if the
liquid limit was less than 40 %. Otherwise, a decreased effect was observed when the liquid limit
exceeded 40%. The plastic limits usually increased after treatment and over time for most of the
soil types. Whilst for the plasticity index, the general trends of high plasticity soils are that the
plasticity index decreased immediately after treatment and over time. Otherwise, an increase in
the plasticity index was observed due to adding a low binder amount followed by a decreasing
effect as the binder content was increased for medium to low plasticity soils. Moreover, some of
the low plasticity soils become non-plastic after treatment with cementitious binders.
For these reasons, using the plasticity index as an indicator to measure the improvement
in workability of the treated soils is little reliable. Therefore, more indices need to be involved to
explain and connect various soil properties such as soil strength, water content, consistency limits
with improving the workability of soil.
The liquidity index (LI), as expressed before in equation 24, is used to explain the
relationship between water content and consistency limits of soil 1 treated with different
cementitious binders. The reduction in water content is accompanied by a change in consistency
limits immediately after treatment and over time. Due to adding various amounts of cementitious
binders, it can be observed that the liquidity index of treated soil is immediately decreased from
being around the liquid limit (before treatment) towards the plastic limit after treatment. As the
binder content was increased, the liquidity index is further decreased below the plastic limit after
treatment with a more pronounced effect for cement compared to Multicem and Petrit T (Figure
42).
For further investigation on the effect of curing time on the relationship between liquidity
index and soil water content, it is observed that the increase in curing time causes a further
decrease in the liquidity index with the decrease in soil water content as illustrated in Figures 43,
44 and 45. Thus, adding cementitious binders results in a reduction in the water content towards
the plastic limit of soil after treatment.
For natural soils, Åhnberg et al. (2003) have pointed out that the reduction in water content
from around the liquid limit towards the plastic limit is accompanied by an increase in soil
strength. The relationship between the consistency limit, water content and soil strength after
treatment is found as a linear relationship between the increases in unconfined compressive
strength and decreases in the liquidity index as shown in Figures 46, 47 and 48. It is also observed
that the treated soil is within the plastic range (LI<0) when the soil strength is less than 100 kPa.
Wood (1990) demonstrated that the remolded shear strength of natural clay is about 200
kPa when the water content is at the plastic limit of the soil, and it decreased to about 2 kPa when
the water content is at the liquid limit. For natural soil, Wood (1990) suggested a linear
relationship between the remolded shear strength and the plasticity index. The majority of
(105)

investigators have pointed out that the remolded shear strength of soils ranges between 1.6 to 1.7
kPa and 110 to 170 kPa at the liquid and plastic limit respectively (Kayabali and Tufenkci, 2010).
A similar trend is consistent with (Åhnberg et al., 2003; Rashid et al., 2014) for soil treated with
various binder types and with reported studies for natural remolded soil (Wood, 1990; Sharma
and Bora, 2003; Haigh et al., 2013).
The addition of cementitious binders has the effect of reducing the water content combined
with changing the consistency limits and soil shear strength after treatment. For further
investigation about the relationship between consistency limits and the unconfined compressive
strength of soil, the ratio between water content to the plastic limit, ω PL , can also have a major
effect. As shown before, there is an increase in unconfined compression strength with a decrease
in the water to the plastic limit ratio (Figures 49, 50 and 51). A scatter pattern is observed,
especially when the water/plastic limit ratio approaches one (water contents equal or less than the
plastic limit), and the scattering is decreased with increasing the ratio to more than 1. With
increasing the strength of stabilized soil, relatively more scattering can be expected due to
difficulties of measuring the plastic limit at higher soil strength. Therefore, the treated soil occurs
within the plastic range ( ω PL =1) when the soil strength is less than 100 kPa. A similar trend is
consistent with Åhnberg et al. (2003) for soil treated with various binder types.
In summary, it can be concluded that the liquidity index (LI) and water content to the
plastic limit ratio ω PL can be used to explain the relationships between various soil properties
and the workability of soil after treatment and over time. The workability improved immediately
after treatment with the reduction in the liquidity index. Continuous improvement in soil
workability is observed over time due to further reduction in the liquidity index within the plastic
range when the liquidity index (LI) > 0 or when the water/plastic limit ratio ω PL is greater than
one.
7.1.8 Freeze-Thaw-cycles
The specimes for freeze thaw cycles were prepared from soil 1 treated with 4% of Petrit T
and cured at a low temperature (+4°C), to simulate natural conditions in cold regions, and exposed
to 12 freeze thaw cycles as well as a subsequent curing time, to investigate possible recovery. The
strength and the stiffness of the samples were evaluated from UCS-tests.
The expectations are (i) that the strength increases over time for the specimens before
freeze thaw cycles (ii) that the strength is lower after exposure to a series of freezing-thawing
cycles compared to before them. (iii) that the stiffness after freeze thaw -cycles is lower than
before them, (iv) that a surcharge (load) leads to higher strength and stiffness and (v) that the
strength increase during recovery is higher for the specimes with short curing time (where more
reactive material is left).
As expected, the strength after the freeze-thaw-cycles for the treated specimens is lower
than before freeze-thaw-cycles, but still higher copmared to the untreated soil (Kujala, 1989;
Rothhämel, 2018 ; Eskişar et al., 2015; Jamshidi et al., 2014; Jamshidi and Lake, 2014). The soil
strength is lower for the long curing time (90 days) compared to the shorter time (14 days). The
strength values of the 90 day specimens are significantly lower than the values of the 28 day
specimens. This is unexpected, as the strength is assumed to increase continuously with time. As
mentioned earlier, the major components of Petrit T are dicalcium silicate and a calcium-silicon(106)

aluminate called gehlenite. The gehlenite is part of Calcium Aluminate Cement (CAC), which in
cold curing temperatures has a special strength development curve over time as illustrated in
Figure 81. The composition of the binder in combination with the cold curing temperature is
supposed to be the reason for this drop in strength, as discussed in more detail in Rothhämel
(2018): The calcium-silicon-aluminate reacts in cold temperatures, to high-strength minerals,
which do not stay stable in the long term. Instead, a process called "conversion" takes place, where
minerals with a more dense crystal structure are formed, resulting in a lower strength caused by
the pores that remain inbetween the minerals (Hewlett and Lea, 2003). The "conversion" could
also explain the lower strength of the samples with surcharge: the load during the conversion
possibly destroys the structure more than in the samples without surcharge.

Figure 81. Schematic curve of the compressive strength over time for the two main components of Petrit
T after (Rothhämel, 2018).
For the treated soil, the stiffness after the freeze-thaw-cycles is lower than before them, as
expected (Wang et al., 2017), for the 14 and 28 day samples. The 90 day samples show about the
same or higher E50 after the freeze thaw cycles. The decreasing trend of the stiffness (E50) over
time of the stabilised soil is the opposite to the findings where the samples were cured in 20 C°and
over time, where slight increases in stiffness were found (Figure 36). The values of the stiffness
are about the same in the beginning, but the values of the older samples differ. A possible
explanation is that the stiffness of the stabilised samples is affected by the "conversion" process
as well, as is the strength. The stiffness of the soil without a binder is about the same as observed
before where the samples were cured in 20 C° (Figure 35).
The samples with surcharge from the start of the freeze thaw cycles (B-samples) show
about the same strength value as the respective sample directly after the last thawing. But for the
14 day samples, the strength values of these samples are lower compared to the samples that had
surcharge from the beginning. So the surcharge does seem to have an influence. On the other
hand, the samples without surcharge shows the highest strength after recovery for both the 14 and
the 90 day samples and for the 90 day sample after the freeze-thaw-cycles.
A strength increase during recovery is visible for the 14 day samples, but not clear for the
28 day samples. The strength does not increase during recovery for the 90 day samples.
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7.2 Field Investigation
7.2.1 Homogenizing and disaggregating the soils prior to treatment
The field soil was classified as sandy clayey silt with low plasticity properties and the
initial water content ranged between 20-23%. The natural soil was homogenized by mixing it
alone two times, using the bucket mixer for 40-50 seconds. The mean particle diameter (D50) was
about 1.8 mm for the wet soil specimen as illustrated in Figure 71. As discussed earlier in the lab
work, the disintegration time can be increased as the water content of the soil was decreased. For
field soil, when 40-50 seconds was used as the disintegration time, it was seen that soil particles
started to have smaller-sized particles, through the breakup of agglomerated particles. This can
also reflect the effect of water content on the time required to homogenize and disintegrate the
soil.Therefore in soils with low water content and plasticity properties, the homogenizing and
disintegration time are less sensitive compared to high or medium plasticity soil.
7.2.2 Soil strength and stiffness
Unconfined compressive strength tests were used as an indicator to investigate the
enhancement in soil strength before and after treatment. These tests were conducted on the soil
specimens which were prepared in a similar way in the field site and cured with access to water
for various durations of time (7 and 35 days) in the laboratory at a controlled room temperature
of 6-7 C°. The specimens were placed inside a plastic container on a totally soaked sand bed with
a visible water table (specimens have access to water)
For the untreated soil in cell 3, the unconfined compression strength (qu) was is almost
the same over time.
As discussed earlier, the improvement in soil strength was observed by increasing binder
content and curing time. This indicates the production of new cementing compounds such as
calcium silicate hydrate (CSH) and calcium aluminate hydrate (CAH) gels from the hydration and
pozzolanic reactions.
For cell 1, when 4% of Multicem was added to natural soil, a gradual increase in soil
strength overtime was observed to 76 kPa during 35 days of curing. The improvement of field soil
strengths was lower when compared to soil 1 treated with the same amount of binder in a
laboratory investigation. This can be related to several factors such as, the variation between the
soil properties and initial water content as well as the specimens of soil 1 were cured in sealed
condition at a room temperatures (20 °C).
During the UCS tests. it was noticed some of the field soil specimens, which have been
tested, contain some gravels with different sizes which makes the size of the specimen (10*5 cm)
not suitable to represent the treated soil at the field site. Therefore, these specimens were extracted
from the evaluations.
For cell 2, when a mixture of 2% of Multicem and 6% of Mesa was added to natural soil,
gradual improvement in soil strength was observed over time to about 93 kPa during 35 days of
curing. The improvement in soil strength over time was very similar to soil strength improvement
in cell 4 when only 8% of Mesa was used.
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For treated soil with 15% of Multicem in cell 0, a significant improvement in soil strength
was observed during a short time of curing (7 days) with almost no further improvement in soil
strength was observed after 35 days of curing.
The addition of 4% and 15% of Multicem in cell 1 and cell 0 respectively significantly
reduced the failure strain from 6% to about 2% during a short curing time. Moreover, a gradual
decrease in failure strain occurred over time. A similar observation was found in a laboratory
investigation when soil 1 was treated with 4% Multicem.
The reduction in the failure strain for cell 2 ( treated soil with a mixture of 2% of Multicem
and 6% of Mesa) and cell 4 ( treated soil with 8% of Mesa only) was very similar when the failure
strain reduced from 6% to about 5%, in addition a further reduction in failure strain was observed
over time. The reduction in failure strain due to the addition of Multicem as a binder was higher
compared to other soil treatments in cell 2 and 4. The reduction in failure strain can be attributed
to the production of more cementing components from Multicem compared to Mesa. Generally;
the average failure strain for the 35 days curing time is less than for shorter curing times (seven
days). Due to the reduction in failure strain, the 15% Multicem treated specimens from cell 0
exhibited a more brittle failure than the 4% Multicem content in cell 1 and the other soil specimens
of cell 2, 3 and 4, where a more ductile behaviour was observed.
The addition of Multicem increases the stiffness of treated soil with an increase in binder
content and curing times. The development of the characteristic curve of modulus of elasticity
(E50) for 4% Multicem treatment over time has very similar trends to the development of
unconfined compressive strength as presented in Figure 74 a. Whilst soil treated with 15%
Multicem (cell 0) showed different stiffness development curves. The general trend of Multicem
treatment was that the stiffness of treated soil significantly increased over time compared to the
treated soils with only 8% Mesa in cell 4 or a mixture of 2%MC and 6% of Mesa in cell 2 which
showed a slight increases in the soil stiffness during the first 35 days of curing.
The general trends of increasing the soil stiffness over time due to the addition of 4%
Multicem is consistent with the laboratory investigation when 4% of Multicem was added to soil
1.
The increase in soil stiffness due to adding a cementitious binder can be related to the
production of cementitious materials as a result of the hydration and pozzolanic reactions. Higher
binder contents produce more cementing components and vice versa. The production and
deposition of cementing materials lead to infill of the pore space, resulting in a denser structure
with a corresponding increase in soil stiffness with curing time and binder content.
From the relationship between failure strain (𝜀 ) and the unconfined compression
strength, qu, it can be observed that as the binder content increases, strength increases and strain
at failure decreases. For different soil treatments, a significant reduction in failure strain was
noticed, which led to increased soil strength of up to 100 kPa as shown in Figure 75. However,
further increasing the Multicem content to 15%, increased the soil strength up 650 kPa with less
significant effects on decreasing failure strain. A similar trend of significant decreases in failure
strain with increasing soil strength for soil 1 treated with various binder types has been observed
before in laboratory investigation.
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The relationship between unconfined compression strength and the modulus of elasticity,
E50, was observed by an increase in soil stiffness which was observed to have an increase in soil
strength. It was observed that the modulus of elasticity ranged between 25 to 56 times qu for
various soil treatments in cells 1, 2 and 4 (Figure 76) and between 36 to 130 times qu for treated
soil in cell 0 with 15% Multicem content (Figure 77). Similar trends have been observed when
the soil 1 was treated with various amounts of Multicem content in a laboratory investigation.
For a comparison between the effectiveness of Multicem, Mesa and a mixture of 2% MC
and 6% of Mesa in the modification and stabilization of field soil, an increase in soil stiffness or
strength after treatment can be illustrated by the ratio between the stiffness or strength of the
treated specimens to the stiffness or strength of the untreated soil specimens. Table 14 presents
the improvement in soil stiffness and strength, values of failure strain and the relationship between
E50 - qu after various soil treatments in cells 0, 1, 2, 3 and 4. From Table 14, treated soil with only
8% of Mesa in cell 4 and a mixtite of 2% MC and 6% Mesa have approximately the same impact
of increasing the soil stiffness and strength. Moreover, the increase in soil strength using 4%
Multicem as a binder was achieved by the addition of 8% Mesa or a mixture of 2%MC and 6%
Mesa during the 35 days of curing.
A similar observation is also valid for the reduction in failure strain and the relationships
between soil stiffness and UCS. Treated soil with 15% Multicem has more effect compared to
other soil treatments in cells 1, 2 and 4.
Table 14. Enhancement in soil strength and stiffness, failure strain and the relationship between E50 - qu
for cells 0, 1, 2, 3 and 4.
Cell

Cell 3
Cell 0
Cell 1
Cell 2
Cell 4

Binder type and
content

Enhancement of soil
Strength, qu

Enhancement of soil
stiffness, E50

Failure
strain %

E 50=λ qu
(upper and lower range)

Natural soil
15% Multicem
4% Multicem
2% MC and
6%Mesa
8% Mesa

1
10
1.5

1
26
2.5

6
1
2

36-130
36-56

1.7

1.5

4.5

1.8

1.5

4.5

25-35

7.2.3 The pH value and leaching tests (MRM)
The pH value of untreated and treated soil was measured by two methods for the same
liquid to solid ratio of 3, in soil-water suspension and in leachate from a MRM leaching test. For
comparison purposes, the pH value measured in soil–water suspension was slightly higher than
the MRM leaching test.
For different soil treatments in cells 0, 1 and 2, the additions of Multicem in various
amounts significantly increased the soil pH after treatment to above 12, then almost no reduction
in pH values was observed over time for 15 % MC (cells 0), and a slight reduction in pH values
for 4% MC (cell 1) as shown in Figures 78 a and b. This also can explain the lack of strength
development over time for cell 0 and slow improvement in cell 1 as discussed earlier. The major
decreases in pH value overtime occurred in cell 2 when a mixture of 2% MC and 6% Mesa was
added to the soil. Similar trends have been observed in a laboratory investigation when Multicem
has been added to soil 1. Whilst for soil treated with only 8% of Mesa in cell 4, the pH slightly
increased to 8 after treatment with almost no reduction observed over time.
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The pH values measured by using the MRM leaching test were further subjected to wetdry cycles to investigate the acidification potential of untreated soil as well as treated soil with
different binder types after 7 and 35 days of curing time.
For the untreated soil in cell 3, Figure 79 shows the pH value slightly decreased from 6.8
to 6.0 after six leaching steps. The pH value stayed stable around 6 (without any reduction) as the
leaching steps were increased. The electrical conductivity of soil gradually decreased as the
leaching step was increased from about 1500 to be around 200 µS/cm after seven leaching steps.
The redox potential (Eh) slightly increased from 60 to 100 mV after second leaching steps without
any changes as the leaching step was increased. The field soil can be considered to be in between
anaerobic and aerobic condition due to its low redox potential and high pH, with a low acidity
potential (Mácsik, 1994; Pousette et al., 2008; Pousette, 2010).
For cell 0 when 15 % Multicem was mixed with natural soil and cured for both 7 and 35
days (Figures 79), a gradual decrease in the pH value was observed from 12.8 to 10.0 after five
leaching steps with no further reduction in pH value was observed as the leaching steps were
increased. The electrical conductivity significantly increased to 7000 -8000 µS/cm compared to
untreated soil then gradually decreased as the leaching step was increased but still higher
compared to the untreated soil. The redox potential (Eh) significantly decreased compared to
untreated soil then gradually increased as the leaching step was increased but still lower than the
untreated soil.
For cell 1 and cell 2, when 4% of Multicem and a mixture of 2%MC and 6% Mesa was
added to natural soil, a gradual decrease in the pH value was observed after the second leaching
steps to 9.5 and 9.0 after 7 and 35 days of curing respectively with no further reduction in soil pH
value was observed as the leaching steps were increased (Figures 79). The conductivity slightly
increased for cell 1 (4% MC) compared to untreated soil then gradually decreased as the leaching
step was increased to be almost the same as the untreated soil. The redox potential (Eh)
significantly decreased compared to untreated soil then gradually increased as the leaching step
was increased but still lower than the untreated soil.
The significant reduction in the redox potential values for cells 0, 1 and 2 was attributed
to the effect of Multicem as a binder on the redox potential. This effect increased as binder content
was increased.
For cell 4, when only 8% of Mesa was mixed with the natural soil and cured for 7 and 35
days, almost no reduction in pH value was observed as the leaching steps were increased. The
electrical conductivity slightly decreased compared to untreated soil then gradually decreased as
the leaching step was increased to be lower than the untreated soil. The redox potential decreased
compared to untreated soil then gradually increased as the leaching step was increased but still
lower than the untreated soil.
From above it can be concluded that adding 8% of by-product Mesa has an effect of
increasing the soil strength similar to the effect of adding 4% of Multicem (cell 1) or a mixture of
2% MC and 6% Mesa (cell 2) during 35 days of curing at low curing temperature (6-7 °C).
Moreover, a more environmental benefit can be observed due to the pH value which leads to less
ions being released as observed from the electrical conductivity test.
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Chapter Eight - Conclusions and Outlook
8.1 Conclusions
This thesis presents laboratory and field examination of the effectiveness of adding various
amounts of different binder types, such as cement, Multicem, and by-products Petrit T and Mesa,
to modify and improve low organic soils by focusing on the physical and mechanical behavior.
The effect of homogenizing and disaggregating time on the natural soils prior to treatment is
included, as well as identifying new indices to define and measure the improvement in the
workability of treated soil. The evaluation focuses on the immediate and long-term effects after
treatment. Extensive field and experimental programs have been initiated during this study, and
the results provide details on the consistency limits, workability, particle size distribution, proper
disaggregating time, pH values, acidification potential, strength, stiffness and deformation
characteristics. The following conclusions can be drawn.


The addition of small binder amounts increase the strength of treated soil in both short-term
and long-term perspective. The increase can be attributed to the type and quantity of binders,
which are subsequently related to the cementinous products generated from hydration and
pozzolanic reactions.
Cement and Multicem have the same impacts of improving strength properties when binder
content is less than 4%. Same effect can be obtained by adding double amount of Petrit T
with long curing periods. Cement is more effective in improving strength when binder
content is above 4%. The gain in soil strength is noticed for the shorter curing time (28 days)
for cement and Multicem treatments, whilst it is more pronounced at longer curing periods
(90 days) for Petrit T treatment.
Increase in soil strength after treatment with cement, Multicem and Petrit T also increase
the stiffness. Multicem is more effective in improving stfiffness properties compared to
other binder types when binder content is less than 4%. It was found that the relationship
between the modulus of elasticity (E50) and the unconfined compression strength (qu) can
be between 16 to 80 for cement, 17 to 130 for Multicem and between 15 to 24 for Petrit T.
The relationships obtained from field investigation is in good agreement to that obtained
from the laboratory tests.







The addition of dry binders i.e. cement, Multicem and Petrit T has an immediate and longterm effect on consistency limits. The immediate effect is an increase of plastic limit with
increasing binder content. The plasticity index and liquid limit increased with increasing
amount of binder, then followed by a decrease as the binder content increased. The three
binders show approximately the same trend with an immediate increase followed by a
decrease in the plasticity index up to 10% binder content. The long-term effect is a further
reduction in plasticity index with increasing curing time with a more dominant effect for
cement.
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Liquidity index and the water content to plastic limit ratio are introduced as new indices to
define the improvement in the workability of treated soil. The workability improved
immediately after treatment with the reduction in the liquidity index. Continuous improving
in soil workability is observed over time due to a further reduction in the liquidity index
within the plastic range when the liquidity index (LI) > 0 or when the water/plastic limit
ratio is more than one.
 Cement, Multicem and Petrit T have effects on the particle size distribution curves. The clay
particles were aggregated and thus observed as coarse-sized particles. Cement and Multicem
have approximately the same impacts compared to Petrit T.
 The addition of dry binders, i.e. cement, Multicem and Petrit T, have immediate effect on
the decrease in water content. In addition, further reduction in water content can be observed
over time. The reduction in water content has a more dominant effect for cement and
Multicem during the first 28 days of curing, compared to Petrit T. Moreover, the density of
treated soils increased with increasing binder content. Multicem is more effective in
increaseing the density compared to other binder types.
 Axial strain at failure decreased by an increase in the binder content and curing time. Higher
effects for cement and Multicem treatment. Treated soil with 7% cement and Multicem
exhibits a more brittle failure than for lower contents. For Petrit T a more ductile behavior
is observed. Gradual change in failure mode from plastic to brittle failure was observed
compared to behavior of untreated soil.
 pH provides useful assessment information to describe soil binder reactions. The general
trend is that the pH value decreased over time due to generating more cementing materials.
A pH lower than 9 is not sufficient to initiate pozzolanic reactions and leads to a lack of
improved soil strength for the long curing periods.
 Freezing-thawing-cycles reduce the strength and stiffness of treated soils. The process
initiate the formation of micro-cracks and loosening of the structure caused by ice formation
and thawing processes.
 For Petrit T treatment, the low curing temperature (4 °C) exhibit higher strength compared
to curing at room temperature (20 °C). This is most obvious at shorter curing times 14 and
28 days and approximately same strength is obtained at longer curing times (90 days). For
Multicem treatment, the low curing temperature retarded the strength developments.
 Surcharge during curing has effect of increasing the strength and stiffness of treated soil.
 A proper mixing time to homogenize and disintegrate the soil prior to treatment depends on
several factors: soil type, water content and plasticity properties. For high plasticity soil, the
disintegration time should be kept as short as possible. Increasing the disintegration time
has negative effects on the uniformity of distribution of the binder around soil particles.
 Leaching tests show the acidification potential of soil can be affected by the addition of
cementitious binder.
 Strength and stiffness properties of treated soil found in the field investigation, show the
same general trends as observed in the laboratory tests.
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8.2 Further Research
From the present study, valuable insights have been obtained on the physical and mechanical
properties of treated soils. A number of questions still exist and need to be answered. Some of
these questions are related to how to manage the sulphide rich soils around the baltic sea which
are the most problematic soil in geotechnical and environmental points of view. Further works
can be summarized as:
 Investigate the effect of different binder types such as Multicem, Petrit Tand lime and on the
improvement of soft clay soil by focusing on the physical and mechanical properties.


Investigate the effect of loading (surcharge) during the curing period on the mechanical
behavior of treated soil to simulate the normal procedure for stabilization in the field.



Investigate the effect of delay in compaction after treatment as the main factor affecting the
strength development of stabilized soil.



Investigate the effect of different curing conditions, temperature, access to water etc., on
strength development for various binders.



Field investigation for the long term curing in site as well as a real freezing-thawing-cycles
on the strength properties of treated soil.



Explore the effect of different binder types on the permeability of treated soils after treatment.
Measuring the permeability of treated soil has priority of interests due to the influence on the
strength properties, in addition to the direct effects on the leakage of binder substances from
the treated soils and contaminated the surrounded soil or groundwater. Moreover, investigate
the effects of different stress levels on the permeability of stabilized soil to simulate the
normal procedure for stabilization in the field site.



Explore the effect of different binder types and their amounts on strength properties by using
triaxial tests to obtain more details about the effect of binder on strength characteristics under
realistic loading condition.



Compare results of strength and stiffness obtained from specimens prepared at the field and
cured in the laboratory with results obtained from field curing specimens in order to improve
the basis of the in situ strength properties.



Further development in the MRM leaching tests to reduce the time required of obtaining a
reasonable estimation about the acidification potential of sulphide rich soils and compare the
results to the incubation methods.



Explore the effect of adding different binder types such as cement and Teraa on the strength
properties and the possibility of swelling of sulphide rich soils during short and long term
perspective. Moreover, study the effect of adding low binder amounts on the neutralization
of sulphide rich soils and how it can stand after subjected to various wet-dry cycles (leaching
test).
Assess the environmental impact of adding low binder amounts on the sulphide rich soils.
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Abstract
This paper presents the effects of using a small percentage of cement to stabilize
clayey silt with a low organic content. Cement was added at percentages of 1, 2, 4
and 7% by dry weight. The physical and mechanical properties of the treated and
untreated soil were evaluated by laboratory tests including tests of consistency
limits, unconfined compressive strength, soil density, solidification and pH values.
These tests have been conducted after 7, 14, 28, 60 and 90 days of curing time.
Workability is defined as how easily the soil can be control or to handle physically.
Results showed that the engineering properties of the clayey silt were improved.
The soil exhibited better workability directly after treatment, and the workability
increased with time. Soil density increased, while water content decreased, with
increasing cement content and longer curing time. The pH value was immediately
raised to 12 after adding 7% cement content, and then it gradually decreased as
curing time increased. An increase of unconfined compressive strength and
stiffness was observed, while strain at failure decreased. A gradual change in
failure mode from ductile behavior to brittle failure was observed. The findings
are useful when there is a need for modification and stabilization of clayey silt in
order to increase the possibilities for different use which will reduce transportation
and excavation.
Keywords: Stabilization, small amounts, cement, secant modulus, workability,
solidification, pH value.
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1 Introduction
Ground improvement is widely used to modify and improve the engineering
properties of soft soils, i.e. soils with low shear strength, stiffness and workability
[1]. Cement is the most commonly used agent since the modern application of soil
stabilization [2].
Numerous studies have been conducted on cement stabilization in a broad
range of soils treated with high cement content (>10 % of soil dry weight). The
most desirable outcomes of cement treatment are stronger and stiffer soil showing
reduced plasticity and enhanced soil strength [3-13].
Generally, soil–cement reactions (hydration and pozzolanic reactions)
improve the engineering properties of treated soil by producing primary and
secondary cementitious materials [14]. A hydration reaction occurs rapidly and
produces three types of primary cementitious materials; calcium-silicate hydrate
(CSH) in the forms (C2SHx, C3S2Hx), calcium-aluminate-hydrate CAH in the
forms (C3AHx, C4AHx) and hydrated lime Ca(OH)2 is deposited as a third
cementitious product. Here, C, S, A, H are the abbreviations for calcium (CaO),
silicate (SiO2), aluminate (Al2O3) and water (H2O) respectively. Secondary
cementitious materials are produced by the pozzolanic reaction between hydrated
lime and alumina and silica from clay minerals and provide additional
cementitious products of CSH and CAH [15-17].
Several factors control the amounts of cement needed for stabilization such
as, soil type, water content, organic content and targeted soil properties [18, 19].
In most of the reported studies, only high cement amounts were used.
In contrast, some recent studies have been conducted on the benefits of using
a smaller percentage of cement (less than 10%) to decrease the environmental
impact of stabilized soils and the costs, in addition to improve the strength,
stiffness and workability of the treated soil [20-23]. Therefor there is the need to
study the behavior of treated soil with smaller cement content (e.g., less than 7%).
This study presents an extensive experimental program to examine the effects
of using a small amount of cement to modify and improve the engineering
properties of low organic clayey silt. Tests of consistency limits, unconfined
compressive strength, and pH tests were conducted on the treated soil with varied
cement contents and curing periods to investigate the improvement in strength,
stiffness and workability of the soil after treatment.

2 Experimental Programs
A series of unconfined compression (UCS), consistency limits, and pH tests
were conducted on untreated and stabilized slight organic clayey silt with varied
cement content and curing periods. Unconfined compression tests (UCS) were
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performed to investigate the enhancement of soil strength before and after
treatment. Workable soil is a term refers to the soil which can easily be handled
and compacted homogeneously. Consistency limits tests were conducted to
investigate the improvement in soil workability directly after treatment, and over
time, by measuring the reduction in the plasticity index.
Finally, pH tests were conducted to investigate the effects of small amounts
of cement on the alkalinity of the soil immediately after treatment and over time,
which can give an indication on the progress of the of soil-cement reactions. The
solidification of the treated soil was investigated by measuring the reduction in
water content directly after one hour of treatment and over time. In addition,
density, strains at failure, stiffness and stress-strain behavior of treated soil were
measured and evaluated at different cement percentages and curing times. Table 1
summarizes the main testing program.
Table 1: Testing program used.
Testing
program

Cement
content
%

Consistency
0
0 3
limits
1
Soil pH
0 7
2
Unconfined
4
compression
7 14
7
test (UCS)
N/A : Not applicable.

Number of
samples per cement content
0%
1%
2%
4%
7%

Curing time (days)
7

14

28

60

14

28

60

90

28

60

90

90

1

7

7

7

7

1

7

7

7

7

11

7

10

11

11

Compaction method
hand compaction by
light hammer
N/A
Compacted in five
layers. Proctor hammer
with 25 blows per layer

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

Values

Particle-size distribution (%)
Sand (%) (1-0.63mm)
Silt
(%) (0.063 – 0.002 mm)
Clay (%) ( < 0.002 mm)
Consistency limits (%)
Liquid limit (%)*
Plasticity limit (%)
Plasticity index (%)
Proctor test
Optimum moisture content (%)
Maximum dry unit weight (γd max), t/m3
pH
Natural Water Content (%)
Specific Gravity Gs
Loss of Ignition %
* Determined by the fall cone test

29
55
16
37
19.5
17.5
12
1.97
5
30
2.69
4

Table 3: Chemical composition of untreated soils.
Oxides %
Values

SiO2
65.7

Al2O3
12.3

Fe2O3
3.42

Mg O
1.31

Ca O
2.4

K2 O
2.84

Na2 O
0.0556

Mn O
0.159

P2 O 5
0.159

Ti O2
0.55

100

Percent passing (%)

80

60

40

20

0
0.0001

0.001

0.01

0.1

1

Particle Diameter , (mm)

Figure 1: Particle size distribution of untreated soil

2.2 Specimen Preparation and Testing methodology
Specimens for unconfined compressive tests were prepared following a
standard procedure of crumbling the untreated soil with its initial water content
(30 %) followed by adding the cement as a dried material at ratios of 1, 2, 4 and
7% by soil dry mass and mixing for ten minutes using a laboratory mixing
machine. The mixtures were filled into cylindrical plastic tubes (170 x 50 mm) by
hand. The specimen was compacted in five layers with 25 blows per layer by
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using a Proctor hammer and standard procedure. The height of the specimen was
100 mm. The tubes were covered with a plastic cover and sealed with rubber lids
at both ends to prevent access to water. The curing periods were set at 7, 14, 28,
60 and 90 days before testing. For curing, the specimens were placed inside a
glass container partially filled with water (Figure 2) and stored in controlled room
temperature at 20°C. After curing, the specimens were removed from the tubes by
using a mechanical jack and tested using unconfined compression tests (UCS).
Testing rate was 1 mm/minute until failure occurred. The specimen
height-to-diameter ratio was 2. Before testing, the specimen was cut and smoothed
to obtain parallel end surfaces. The end plates were lubricated to reduce friction.
Water content and densities were determined in connection to the unconfined
compression tests. All specimens for unconfined compressive tests were prepared
during a period of one hour after mixing the untreated soil with the binder.
Specimens for consistency limit tests were prepared and cured identical to the
unconfined compression specimens with using a light hammer for compaction
instead of Proctor hammer to remove air bubbles. Before testing and after curing,
the specimen was removed from its tube.
Liquid limit and plastic limit tests were conducted according to Swedish
standards SS 027120 1990 and SS 027121 1990 [30, 31]. The fall cone method
was used to determine the liquid limit. The average of four tests represents the
liquid limit, while the plastic limit is based upon the average of five tests.
pH tests were conducted on air dried and grinded material from the UCS
specimens. pH tests were carried out using a HI 208 pH meter with built in
magnetic stirrer. The procedure was used for both the treated and untreated soils
according to ASTM D4972 [32]. The average of three pH tests represents the soil
pH value. A ratio of liquid to solid of 1 was used to mix the soil and distilled
water. The mixture was poured into a glass container and mixed thoroughly using
a magnetic stirrer for 2 minutes. The soil-water mixture was left for one hour for
retention and the mixing process was repeated every 10 minutes before the pH
value was measured.

Figure 2: Laboratory mixer and curing specimens aimed for UCS and consistency limits tests
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3 Results and Discussion
3.1 Consistency Limits (Atterberg limits)
One of the main objectives of cement treatment is to accelerate the
construction work by improving workability of the soil [13]. Workability has
shown to increase with reducing the plasticity index [22, 33, 34]. The immediate
effect (after one hour of mixing) on the consistency limits is presented graphically
in Figure 3. It can be seen that both the liquid limit (LL) and plastic limit (PL)
increase due to the adding of cement (from 1 to 4 %). The liquid limit remains
almost constant at further increased cement content 4 and 7 %, and drops slightly
at higher cement content (10 and 15%). The plastic limit slightly increased
between 4 to 15% in addition to the large increase at lower cement contents.
Consequently, the plasticity index (PI) slightly increased at small cement content
and then decreased as the cement content increased. Therefore, treated soil
exhibits better workability with increasing cement content within a short time (one
hour) after treatment due to flocculation and agglomeration from the hydration
reaction.
The observation of an immediate increase in the liquid limit in the low
plasticity soil (LL<40%) was due to flocculation and agglomeration caused by the
hydration reaction. In comparison to previous studies, [35] reported similar trends
for lime treated black cotton clay with low clay content (19%). This black cotton
clay showed an immediate increase in liquid limit because of a low cation
exchange capacity, which leads to larger double layer. Another possible reason for
the raised liquid limit, suggested by [36, 37], is related to the presence of
entrapped water within the intra-aggregate pores after flocculation and
agglomeration. In contrast, increasing the amount of cement produces an increase
in cementitious products, and this has an effect that leads to decreasing liquid
limits. A similar trend in the immediate increase in liquid limits has been found by
other researches [22, 38, 39].
The long-term effects on consistency limits of the treated soil (Figure 4) were
found to be an increase in plastic limits and decrease in liquid limits with time.
Due to the different trends between liquid and plastic limits, the plasticity index
was found to decrease with time. The decrease became larger in relation to the
increase in cement content, as shown in Figure 4. A similar trend of a decreasing
plasticity index over time was found by [2, 37, 39, 40]. Thus, an improvement in
soil workability can be achieved after a relatively long period after treatment even
with very low cement content.
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3.2 Water content and density
Solidification is defined as an immediate reduction in the soil water content
after treatment with a cementitious binder as a result from the hydration reaction
of cement [41]. The water content in the soil-cement mixture comes from the
untreated soil. Results show an immediate reduction (after one hour of mixing) in
water content of treated soil from its initial value due to adding small amounts of
cement as shown in Figure 5. The reduction in water content (solidification) is
mainly related to the hydration reaction between the cement and water. Moreover,
solidification increases significantly with increase of cement content.
The effects of curing time and cement content on the water content are
presented in Figure 6. From Figure 6, it can be seen that further decreases in water
content (increasing drying rate) occur during the first 28 days, with almost no
further reduction for the longer curing periods. This is valid for all samples tested.
The reduction in water content over time was mainly related to the hydration and
pozzolanic reactions as the specimens were cured in a sealed condition. For
specimens having 4% cement content an increase in water content after 60 and 90
days, as shown in Figure 6 could be observed. This is due to small leaks in the
covers of the specimens, which led to absorption of moisture from the
surroundings at long curing period.
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Figure 6: Effect of curing time and
cement content on water content

One of the main outcomes of cement treatment is the reduction of water
content as it has dominant effects on strength and durability. Generally, the
reduction in water content mainly depends on cement content, curing time and
initial water content of the untreated soil, which has been in this case about 30 %.
In Figure 7 the effect of cement content on specimen density is depicted. It is
seen that soil density increases with increasing cement content. Increase in density
is related to deposition of CSH and CAH gel, which are produced during the
hydration and pozzolanic reactions. These substances fill the pore voids.
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The hydration and pozzolanic reactions of cement reduce the water content of
treated soil and produce a large amount of solids that increase the density of the
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soil. As density is related to soil strength the observation reflect an increase in soil
strength. In Figure 8 it is shown the general specimen density were in the range
between 1.92 for untreated soil to 1.99 g/cm3 for a cement content of 7%. The
reductions in soil water content were in the range of 30 to 24 % for all samples.
Similar observations in increasing density and reducing water content for various
cement contents is reported earlier [3,9,22,37,40,42,43].
3.3 pH value
Figure 9 shows the immediate effects (after one hour) on pH value after
mixing with cement. The soil pH value rose to 12 as the cement content was
increased up to 7%. Beyond that, the pH is slightly increased to 13 at 15% cement
content. The increase in pH was related to an increase in calcium ion
concentration (Ca+2) on the particle surfaces as a result from the hydration
reaction [21, 37]
The variation in pH with curing time is presented in Figure 10. Regardless of
the cement content, the pH gradually decreases with increasing curing times.
Pozzolanic reactions have the effect of decreasing pH over time as the reactions
produce more CSH or CAH gel. The decrease in pH is due to the comsumption of
(OH-). Similar trend for decreasing pH with time is reported by [44, 45]
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Figure 9: Immediate rise in pH value versus
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Figure 10: Soil pH value versus curing time

3.4 Unconfined compressive strength (UCS)
Unconfined compressive strength tests were conducted on untreated and
treated soil, prepared in a similar way. For the untreated soil, unconfined
compression strength (qu) slightly increased with curing time, as shown in Figure
11 A. This was related to small variation in natural water content. Figures 11 B, C,
D and E show the effect on soil strength when cement was added. As expected,
the strength increased with increasing cement content and curing time. This is
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explained by the production of new cementing compounds (primary and
secondary) such as calcium silicate hydrate (CSH) and calcium aluminate hydrate
(CAH) gels from the hydration and pozzolanic reactions. At low cement content
(1 and 2%), soil strength improved during the first 28 days of curing time, but
after this there was no further improvement i.e. after 60 and 90 days (see Figures.
11 B and C, respectively). An increase in soil strength is related to the production
of primary cementing materials as a result of the hydration reaction, which binds
soil particles together and hardens over time. Additionally, the pH value can
explain the lack of increase in soil strength after 28 days. For the 90 days curing
time, it was found that the pH of the treated soil were 8,8 and 9 for 1 and 2%
cement content respectively, see Figure10. As stated [45-48], a pH value higher
than 10 is sufficient to dissolve silicates and aluminate and to produce additional
cementing compounds from the pozzolanic reaction. For this reason, a longer
curing time has no additional effect on strength as the pH is below 10.
On the other hand, during the first 28 days of curing time, soil strength
increased when increasing cement content from 2% to 4%. Soil strength was
reduced for longer curing periods, as shown Figure 11 D. The reduction in soil
strength is explained by an increase in water content for long curing periods as
discussed earlier and shown in Figure 6. A similar trend of reduced soil strength
under saturation conditions has been observed [3, 8, 22].
A similar trend of strength development when the cement content is
increased from 4% to 7% during the first 28 days was observed. Strength
gradually increases for longer curing time, as shown in Figure 11 E. This is related
to the production of more CSH and CAH during the pozzolanic reactions at
relatively high amounts of cement (7%), in combination with high pH values, as
shown in Figure 10.
In order to explain the improvement in soil strength after several treatments,
the enhancement can be defined as the ratio between the strength of treated
specimens to the strength of the untreated soil. Based on this, adding 1, 2, 4, 7% of
cement improves the soil strength to about 2, 4, 9 and 27 times respectively after
28 days curing time.
Strength of the treated soil increases with cement content and curing time due
to hydration and pozzolanic reactions. The gain in soil strength is noticed for the
shorter curing time (28 days) and becomes gradual for longer curing periods. The
trend is consistent with other studies on different soils [5, 10, 11, 49].
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Figure 11: UCS versus curing time for different cement content for all tests.

3.5 Stress-strain curves
Figure 12 show typical stress-strain behaviors for untreated and treated soils
for different cement content and curing times. In Figure 12 it is shown that the
untreated soil has a low peak stress of 23 kPa combined with a large failure strain
(24%). In contrast, after several cement treatments from 1 to 7 %, even for very
low cement content, as content of cement increases the peak strength also
increases. Moreover, failure strain corresponding to the peak stress decreases with
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an increase in the cement. Significant changes in the stress-strain behavior occurs
during the first curing period (less than 28 days) with no further changes for
longer curing times. Additionally, for 28 days curing time, the treated specimens
with high cement content (7%) exhibit a more brittle failure than for lower cement
content, where a more ductile behavior is observed, (Figure 12 B). The failure
mode thus gradually changes from plastic failure to brittle failure as cement
content increases. It can also be observed, that it is the cement content that has the
major effects on the stress-strain curves, rather than curing times. These findings
are in line with what has been observed by other [10, 11, 22, 37, 50]
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3.6 Strain at failure
The addition of cement significantly reduced axial strain at failure from 24%
for the untreated soil to about 15, 10, 5 and 3% for 1, 2, 4 and 7% cement content
respectively, see Figure 13. Failure strain slightly decreases as curing time
increased for the first 28 days curing time. Axial strains at failure versus
unconfined compressive strengths are presented in Figure 14 for all samples and
curing times. As content of cement increases, strength increases and strain at
failure decreases (see Figure 14) but the variations in measured UCS increased.
From Figure 14, a scattered pattern in measured failure strain was observed at low
strengths (22 kPa for untreated soil). Moreover, a significant reduction in strain at
failure was observed regarding different cement treatments from 1 to 4%, which
led to increased soil strength of up to 200 kPa (see Figure 14). However, further
increasing in cement content to 7%, increase the soil strength of up to 600 kPa
with less significant on decreasing failure strain. A similar trend has been
observed in previous studies for higher cement contents [11, 40, 49].
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3.7 Stiffness of treated soil
The effects of different cement contents and curing times on the stiffness are
shown in Figure 15. The stiffness is defined by a secant modulus of elasticity (E50)
of tested specimens. It was evaluated from stress–strain curve as a ratio of half of
the maximum unconfined compressive strength to corresponding strain. Figure 15
shows that the stiffness of the treated soil increases with an increase in cement
content and curing time. This can be related to the production of primary and
secondary cementitious materials as a result of the hydration and pozzolanic
reactions. Higher cement contents produce more cementing components and vice
versa. As discussed earlier, the production and deposition of cementing materials
leads to an infill of the pore space, resulting in a denser structure. Consequently,
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soil stiffness increased with increasing curing times and cement content. The trend
is consistent with previous studies [10, 11, 22].
Increase in soil stiffness can be illustrated by the ratio between the stiffness
of the treated samples to the stiffness of the untreated soil samples. Based on this,
adding 1, 2, 4 and 7% cement content improves the soil stiffness approximately 4,
9, 45 and 180 times respectively when compared to untreated soil after 28 days
curing time.
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Figure 15: Modulus of elasticity versus curing time and cement content for all tests.
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The relationship between unconfined compression strength and the modulus
of elasticity, E50, is shown in Figure 16. A significant increase in soil stiffness was
observed with increase in soil strength. Based on the results shown in Figure 16,
the soil stiffness can be taken between E50=16 qu and E50=85 qu. Table 4
presents the upper and lower ranges of soil stiffness, E50, and qu for both the
untreated and treated soil.
Table 4: Upper and lower range of soil stiffness times qu after 28 days
E50= A × qu

E50= B ×qu

Lower range

Upper range

Untreated soil
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10

1%
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2%

15
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Figure 16: Modulus of elasticity versus UCS strength for different cement contents and
length of curing periods.

In comparison to previous studies of cement treated soils, [11] have shown a
correlation of stiffness, (E50 to qu), ranging from 100 to 326 for different soil types
(silt, silty clay and laterite) with 7 and 13% cement content. [51] found the
modulus of elasticity, E50 , ranged between 53 qu to 92 qu based on laboratory tests
in Sweden on a stabilized clay soil with 200 kg/m3 (18- 24 %) of cement and
lime. [47] refers to a modulus of elasticity, E50, ranging between100 qu to 200 qu
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for different clay types treated with 3 - 37 % cement content in Finland . [52]
found the stiffness, E50, of stabilized Bangkok clay with cement content from 5 to
20% ranged between 115 qu and 150 qu.

4 Conclusion
In this study, the modification and improvement of clayey silt soil treated
with low cement content (≤7%) is investigated. The following conclusions can be
drawn from the present study.
1- Adding 1, 2, 4 and 7 % cement content improves unconfined compressive
strength to about 1, 3, 7 and 23 times, while soil stiffness is increased by 3, 7, 36
and 180 times respectively when compared to untreated soil during the first 28
days. A gradual increase in soil strength and stiffness is observed for the longer
curing periods when higher cement content (7%) is used.
2- Adding small percentages of cement has the immediate effects of increasing
the plasticity index followed by a decrease at higher cement content. The plasticity
index significantly decreases over time, even for very low cement content. Treated
soil shows better workability with increasing cement content directly after mixing
and over time, even for very low cement content due to the reduction in the
plasticity index.
3- Treated soil with small percentages of cement has the initial effect of
increasing the solidification of soil after treatment, and it has moderate effects
over time until 28 days.
4- Axial strain at failure decreases with an increase in cement content and time,
leading to a gradual change in failure mode from plastic to brittle failure when
compared to untreated soil.
5- pH in connection with other variables provides useful assessment information
to describe soil cement reaction. pH value lower than 9 is not sufficient to
initialize the pozzolanic reaction leading to not gaining more soil strength for the
long curing period.
The findings confirm that using smaller percentages of binder still has a
significant effect on the behavior of the clay used in this study. Further
investigations will focus on other binders as the reduction in cement content will
contribute significantly to the environmental balance and to saving money for
construction.
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Abstract
Effects of using small amounts of a Petrit T, a by-product of manufacture
sponge iron, to modify clayey silt soil were investigated in this study. Petrit T
was added at 2%, 4% and 7% of soil dry weight. A series of unconfined compressive strength tests, consistency limits tests and pH tests were conducted at
7, 14, 28, 60 and 90 days of curing periods to evaluate the physical and mechanical properties of treated soil. Results indicated improving in the unconfined compressive strength, stiffness and workability of treated soil directly
after treatment and over time. Increasing in soil density and decreasing in
water content were observed, with increasing Petrit T content and curing
time. The pH value was immediately increasing after treatment and then
gradually decreased over time. Failure mode gradually changed from plastic to
brittle behavior with increasing binder content and curing time. The outcomes of this research show a promising way of using a new by-product
binder to stabilize soft soils in various engineering projects in order to reduce
the costs which are associated with of excavation and transportation works.

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

1. Introduction
Chemical stabilization is a widely used, low-cost and effective technique to improve the physical and mechanical properties for a broad range of soils [1]. Numerous additives can be used to improve soft soils. Some of these additives are
well known and commonly used, including cement and lime. In addition to
by-products from industrial processes, such as various slags, fly ashes, and blast
furnace slags are also used.
DOI: 10.4236/eng.2017.96034
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In recent years, the benefits of using industrial by-product material for the
purposes of soil stabilization have increased internationally as the binder material is considered to be cheap and easily available [2] [3] [4]. Moreover, it contributes to a decrease in the environmental impact posed by the production of
these materials [5] [6] [7].
Extensive studies have been conducted on using industrial by-product materials for soil stabilization in a wide range of soils treated with high binder content (>7% of soil dry weight). Enhancing soil strength and making the treated
soil stronger and stiffer represent the most beneficial outcomes [6] [8]-[15].
However, in most of the reported studies, high binder amounts were used.
In contrast, benefits of using by-products materials such as fly ashes in smaller
amounts (less than 7%) have been recently investigated to improve the strength,
stiffness and workability, in addition to decreasing costs and the environmental
impact of stabilized soils [16] [17]. Therefore, there is a need to investigate the
effectiveness of adding smaller amounts of by-product material (e.g., less than
7%) to modify and improve the clayey silt soil.
Petrit T is a by-product of manufacturing of sponge iron. The material used
here is produced by Höganäs, Sweden AB. The total yearly production of Petrit
T of this plant ranges between 17,000 and 20,000 tones. It is primarily produced
during the production process of sponge iron, when coke, limestone and anthracite are blended together into a reduction mix. During the production process,
when the temperature reaches approximately 1200˚C, the carbon in the reduction mix reacts with the oxygen in the fine grounded iron ore. The fine ground
iron ore is reduced, and forms sponge iron and, at the same time, the material
sinters into pieces with a spongy structure. The remainder of the reduction mix
forms a lime rich residual product called TK lime, which after some further
processing (screening, etc.), becomes Petrit T [18].
This paper aims to study the effects of adding a small amount of Petrit T on
the improvement of physical and mechanical properties of treated soil through
an extensive experimental program which includes tests of Atterberg limits, unconfined compressive strength, and pH value at various amounts of Petrit T and
curing time.

2. Experimental Program
A series of unconfined compression tests (UCS) were conducted on both untreated and treated soil at different Petrit T content and curing time, in addition
to consistency limits, and the level of pH were determined after each stage. Improvement in soil strength was investigated by using unconfined compression
tests (UCS). Enhancing in soil workability directly after treatment and over time
was investigated by conducting Atterberg limits tests, to measure the reduction
in the plasticity index.
Indication about soil-binder reactions progress was investigated by conducting pH test directly after treatment and over time.
The solidification is a term refers to the reduction in soil water content due to
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adding Petrit T directly after treatment and over time.
In addition, the stress-strain curves, soil density, failure strain, deformation
modulus (E50) and the ratio between E50 and UCS of the treated soil were measured and evaluated with different Pertit T contents and curing times. Main laboratory tests program is summarized in Table 1.

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

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

Long term Immediate Long term Immediate
effects
effects
effects
effects

Unconfined
compression
test (UCS)

pH test

Consistency limits

Testing
program
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Petrit T
content %

Curing
time (days)

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

0

2, 4, 7

3, 7, 14, 28, 60, 90

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

0

0, 2, 4, 7

7, 14, 28, 60, 90

0, 2, 4, 7

7, 14, 28, 60, 90

Number of samples
per binder content

Compaction method

0% 2% 4% 7%
1

1

11

1

1

1

7

7

7

1

1

1

7

7

7

10

11

11

Compacted by hand
using light hammer

Compacted in five
layers using Proctor
hammer
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Table 2. Engineering properties of tested soils.
Parameters

Values

Particle-size distribution (%)
Sand (%) (1 - 0.63 mm)

29

Silt (%) (0.063 - 0.002 mm)

55

Clay (%) (<0.002 mm)

16

Consistency limits (%)
Liquid limit (%)*

37

Plastic limit (%)

20

Plasticity index (%)

18

Proctor test
Optimum moisture content (%)

12

Maximum dry density, t/m

1.97

3

Natural water content (%)

30

Specific gravity Gs

2.69

Loss of ignition %

4

*Determined by the fall cone test.

Table 3. Chemical and physical properties of untreated soil and Petrit T binder.
Parameter

Soil

(Petrit T) [18]

Chemical properties
Silicon oxide (SiO2) %

65.7

19.7

Aluminum oxide (Al2O3) %

12.3

9.8

Iron oxide (Fe2O3)

3.42

Sulfur trioxide (SO3) %

6.1
3.75

Magnesium oxide (MgO) %

1.31

1.14

Calcium oxide (CaO) %

2.4

36.8

Potassium oxide (K2O) %

2.84

0.63

Sodium oxide (Na2O) %

2.81

0.23

MnO %

0.0556

0.19

P2O5 %

0.159

0.31

TiO2 %

0.550

1.45

Cementing potential ratio (CaO/SiO2)

1.9

Physical properties
Loss of ignition %

4

18

5

12.85

Moisture content %
pH value

0

Fineness
<500 μm (%)

97.3

<300 μm (%)

93.4

<212 μm (%)

83.9

<106 μm (%)

59.4

Retained on 45 μm (%)

40.3
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Figure 1. Particle size distribution of the untreated soil.

The cementing potential ratio (self-cementing properties) is expressed as a
CaO/SiO2 ratio [24]. Petrit T has a CaO/SiO2 ratio of approximately 1.9, compared to a Portland cement figure of approximately 3. The loss of ignition is
18%, which represent the unburned carbon in the binder. In addition, an x-ray
diffraction (XRD) test indicates that the main chemical components of Petrit T
binder consisted of 57% Larnite (dicalcium silicate), 28.3% Gehlenite (calcium-silicon-aluminate), 11.5% quartz (silicon dioxide), and 3% Portlandite
(calcium hydroxide) [18].
Based on this, Petrit T binder has self-cementing properties in addition to
having high amounts of dicalcium silicate. This is similar to the clinker mineral
C2S (belite) in Portland cement that is responsible for increased strength of cement over a relatively long curing period due to the lower reactivity.

3. Samples Preparation and Testing Methodology
Unconfined compressive samples (UCS) were prepared after crumbling the untreated soil with its initial water content (30%), then Petrit T was added as a
dried material at ratios of 2%, 4% and 7% by soil dry mass and mixing for ten
minutes using a laboratory mixing machine. The soil-binder mixtures were
gradually filled as layers by hand into cylindrical polyvinyl chloride (PVC) tubes
(170 × 50 mm, wall thickness = 1.9 mm). Using a Proctor hammer, UCS samples
was compacted in five layers, with 25 blows per layer which provides energy per
volume (600 kJ/m3). The total sample height was 100 mm. The sample tubes
were covered with a plastic cover and sealed with rubber lids at both ends to
prevent access of water. The curing time was set at 7, 14, 28, 60 and 90 days before testing. For curing, the samples were placed inside a glass container partially
filled with water as shows in Figure 2 to ensure 100% of humidity and stored at
a controlled room temperature of 20˚C. After curing, the samples were removed
from the tubes by using a mechanical jack and subjected to the unconfined
544
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Laboratory mixer

Curing container for UCS samples

Figure 2. Laboratory mixer and curing specimens prepared for UCS and consistency limits tests.

compression tests (UCS). The testing rate was 1 mm/minute until failure occurred. The height-to-diameter ratio of the UCS sample was 2. Before testing,
the sample was cut and smoothed to obtain parallel end surfaces. The end plates
were lubricated with Vaseline to reduce friction. Water content and densities
were determined in relation to the unconfined compression tests. All UCS samples were prepared during one hour after adding Petrit T.
Atterberg limit samples were prepared and cured in a similar way to the unconfined compression samples, but using a light hammer for compaction, instead of a Proctor hammer, to remove air bubbles. After curing, the sample was
removed from its tube and conducted to Liquid limit and plastic limit tests according to Swedish standards SS 027120 1990 and SS 027121 1990 [25] [26]. The
liquid limit was found by using fall cone method. The liquid limit is representing
the average of four determinations, while the mean of five tests represents the
value of the plastic limit.
The pH tests were carried out using a HI 208 pH meter which posses a magnetic stirrer for treated and untreated soils as per ASTM D4972 [27]. pH tests
were performed by air drying and grinding material from the UCS samples. The
average of three pH tests represents the soil pH value. The ratio of liquid to solid
of 1 was used to mix the soil and distilled water. The mixture was poured into a
glass container and mixed thoroughly by using a magnetic stirrer for 2 minutes.
The mixture was left for one hour for retention and mixing process was continued repeated for every 10 minutes. The pH value was measured by inserting pH
meter into the slurry.

4. Results and Discussion
Workable soil is defined as the soil which can be easily controlled and compacted homogenous. Increaser the workability of the treated is one of the main
aims of the chemical treatment which lead to accelerate the construction work
[28]. Decreasing the plasticity index has been shown to enhance the workability
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of the soil [29] [30] [31]. The immediate effect (after one hour) of mixing Petrit
T on the Atterberg limits of the treated soil is shown in Figure 3. Addition of a
small amount of Petrit T (1% to 5%) has effects on increase both of the liquid
limit (LL) and plastic limit (PL). Then, with further increase in Petrit T content
to 5% and 7%, the liquid limit remains almost constant, followed by slightly decreases at even higher content of binder (10% and 15%).
The plastic limit slightly increases due to addition in Petrit T from 5% to 15%
compared to the large increase at lower binder contents. Due to different trend
behavior between LL and PL, the plasticity index (PI) slightly increased at small
binder content (1% - 4%) and then followed by decrease as the binder content
increase.
The immediate increase in the liquid limit after treatment was due to hydration reaction of binder which led to flocculate and agglomerate of soil particles
during short period.
Previous studies of soil lime reaction, [32] found similar trends for lime
treated black cotton clay with low clay content (19%).This was explained by a
low cation exchange capacity, leading to larger double layer. [33] also indicated
similar trends of an increase in liquid and plastic limits at low lime content (1% 3%) for stabilized kaolinite with lime. [34] pointed out increases in liquid and
plastic limits of Swedish soft clays after stabilization with different cementitious,
lime and fly ashes. [16] [35] also reported similar trends by an increased fly ash.
[36] [37] indicate that the presence of entrapped water within the intra-aggregate pores after flocculation and agglomeration has a dominant effect
leading to immediate rise in liquid limit. In contrast, decreasing in liquid limit
was observed with increase in binder content. A similar trend in the immediate
change in the plasticity index is also consistent with previous studies for lime
and fly ash treated soil [12] [33] [38] [39]. Thus, due to flocculation and agglomeration of soil particles after treatment with Petrit T, treated soil showing
50
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Figure 3. Immediate change in consistency limits versus Petrit T content.
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better workability with an increasing Petrite T content during a short time (one
hour).
The effects of curing time on plasticity index of the treated soil are presents in
Figure 4. It can be seen that the plasticity index decreased with time, the decrease became larger with higher binder content. The decrease in the plastic index is due to decreases in liquid limits and an increase in plastic limits of the
treated soil with time. A similar trend of decreasing plasticity index over time is
consistent with [13] [34] [37] [40]. Thus, a continuous improvement in soil
workability was achieved after a relatively long curing period after treatment.

4.1. Water Content and Density
Solidification is a term refers to the reduction in the water content of treated soil
due to hydration reaction of binder [41].
The water content reduces immediately (one hour) after mixing Petrit T with
untreated soil from its initial value, as shown in Figure 5. The hydration reaction between the Petrit T and water is the main reason for the reduction in water
content (solidification). Solidification increases significantly with an increase in
Petrit T content. A similar trend of rapid decrease in soil moisture content is
consistent with [31] [42] for cement treated soil and [31] [43] [44] for soil
treated with self-cementing fly ash.
Figure 6 shows the long term effect on the water content of treated soil. Figure 6 shows further decreases in water content is observed with increasing curing time. After 90 days of curing time, the reduction in water content is about
0.5%, 1% and 1.3% for 2%, 4% and 7% binder content respectively. This reduction in water content is mainly related to the hydration and pozzolanic reactions
as the specimens were cured in a sealed condition. A similar trend of decrease in
soil water content over time is also found by [45] for Bangkok soft clay treated
with cement and fly ash.

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

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

From Figures 3-6, it is observed that the reduction in water content is accompanied by increase in the plastic limit. The relationship between water content and consistency limits due to the addition of Petrit T is explained by the liquidity index (LI), Equation (1). The relationship between liquidity index (LI)
and Petrit T content after one hour of treatment is shown in Figure 7. It can be
seen that, with the addition of various amounts of Petrit T, the liquidity index
(LI) is reduced from 0.6 (untreated soil) until it reaches the plastic limit (LI = 0)
at 7% binder content. The liquidity index is continuously decreased (below the
plastic limit) as the binder content is increased above 7%.

LI =

548
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where: LI: liquidity index, Wc: water content, PL: Plastic limit and PI: Plasticity
index.
The effect of curing time on the relationship between decrease in water content and the liquidity index is presented in Figure 8. As curing time increase, the
liquidity index is further decreased with the decrease in water content. For 7%
binder content, the liquidity index is lower than zero at a longer curing period,

i.e. the water content is lower than the plastic limit. [34] has pointed out that the
reduction in water content for the natural soil from around the liquid limit towards the plastic limit is accompanied by an increase in soil strength, which will
be discussed later in this study.

Figure 7. Liquidity index versus Petrit T content.
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The effect of Petrit T content and curing time on the soil density is shown in
Figure 9. The soil density increases with increasing Petrit T content and curing
period (Figure 9). An increase in density is related to the deposition of CSH
(calcium-silicate hydrate) and CAH (calcium-aluminate hydrate) gels, which are
produced during the hydration and pozzolanic reactions and fill the pore voids.
In the hydration and pozzolanic reactions of the Petrit T binder, water is consumed, and large quantities of solid particles are introduced into the soil leading
to an increase in density. Figure 10 shows that the density ranged between 1.92
g/cm3 for untreated soil to 2.01 g/cm3 for treated soil with 7% Petrit T. The reductions in soil water content were in the range of 2% to 6% for all samples.
Similar observations of increased density and reduced water content for various
binders have been reported by [34] [37] [46] [47] [48].

3
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Figure 9. Avarge specimen density versus Petrit T content.

Figure 10. Specimen water content versus bulk density and Petrit T content
for all curing time.
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4.2. pH Value
The immediate effect (after one hour) of mixing Petrit T on the soil pH value is
presented in Figure 11. The pH value of treated soil rose from 5 to 12.3 as the
Petrit T content was increased up to 7%. Beyond that, the pH slightly increased
to 13 at 15% Petrit T content. The reaction of Petrit T with water leads to the release of calcium ions (Ca2+) increasing the pH value [37] [49].
Figure 12 shows the effect of curing time on the pH value of treated soil. Regardless of the binder content, the pH value gradually decreases with increasing
curing times. pH decreased with time for the treated soil due to more production
of CSH or CAH gels as a results from pozzolanic reactions. Consumption of
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Figure 11. Immediate change in soil pH value versus Petirt T content.

Figure 12. Effect of curing time and Petrit T content on the pH value of
treated soil.
551

W. Al-Jabban et al.

(OH−) is the main reason for the decrease in pH. Reducing pH over curing time
is consisted with [24] [50].

4.3. Unconfined Compressive Strength (UCS)
Unconfined compressive strength tests were conducted on untreated and treated
soil samples, prepared in identical way. Figure 13(a) shows the unconfined
compression strength (qu) for the untreated soil at various curing time.
Figures 13(b)-(d) show the effect on soil strength for different amounts of
Petrit T added to the original clay. The major components of Petrit T are dicalcium silicate (DCS) and calcium-silicon-aluminate (CSA). The DCS is similar to
the clinker mineral C2S (belite) in Portland cement, which is responsible for
gaining strength over a relatively long curing period due to the lower reactivity.
Therefore, the C2S reaction can explain the strength development due to production of calcium-silicate hydrate (CSH) gel. This binds soil particles together
and produces a strong and hard mixture over time [24]. In addition, calcium
hydroxide Ca(OH)2 is also formed as a result of the hydration reaction of C2S,
which leads to an increase in pH value as discussed earlier. Moreover, the

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

2C2S + 5H → C3S2 H 4 + CH

(2)

CH + S + H → CSH

(3)

CH + A + H → CASH

(4)

where C, S, A, H, and CH are the abbreviations for calcium (CaO), silicate
(SiO2), aluminate (Al2O3), water (H2O) and calcium hydroxide (Ca(OH)2) respectively.
The strength of the treated soil increases by increasing the Petrit T content
and curing time. This indicates the producing a new cementing materials such as
calcium silicate hydrate (CSH) and calcium aluminate hydrate (CASH) gels
during the pozzolanic reactions. At low binder content (2%), soil strength improved during the first 28 days of curing time, but there was almost no further
improvement visible after 60 and 90 days (see Figure 13(b)). An increase in soil
strength is related to the production of primary cementing materials from hydration reaction, which binds soil particles together and hardens over time.
Moreover, the pH value of treated soil can explain the lack of increase in soil
strength after 28 days. For the 60 and 90 days curing time, it was found that the
pH concentrations were 9.5 and 9 respectively (see Figure 12).
According to [10] [50] [52] [53], treated soil with pH value higher than 10
could be enough for continuous dissolving of silicates and aluminate in the soil
to produce stabilizing component. For this reason, a long curing periods for
samples mixed with only 2% of binder has no additional effect on strength as the
pH value is below 10.
Soil strength gradually increased with time when the Petrit T content was increased from 2% to 4%. A similar trend has been observed after 60 days curing
time when the binder content is increased from 4% to 7%. This is related to the
provision of more C2S, leading to the production of more CSH and CAH during
the pozzolanic reactions when using relatively high amounts of binder (7%). In
addition to this the pH values were high as shown in Figure 12.
The increase in soil strength after treatment is expressed as the ratio between
the strength of the treated to untreated soil. Based on this, adding 2%, 4%, and
7% of Petrit T binder increase the soil strength 2, 4 and 6.5 times respectively after 90 days curing time.

4.4. Consistency Limit-UCS Relationship
The addition of Petrit T reduces the water content (see Figure 7 and Figure 8).
Thus, the ratio of water content to the plastic limit can have a major effect on the
relationship between consistency limits and the unconfined compression
strength. Figure 14 shows the increase in unconfined compression strength with
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Figure 14. UCS versus water/plastic limit ratio for all tests.

a decrease in the water to plastic limit ratio. A scattered pattern is observed, especially when the water/plastic limit ratio approaches 1 (see Figure 14).

4.5. Stress-Strain Curves
For different amount of Petrit T and curing times, stress-strain behaviors for the
untreated and treated soils are presented in Figure 15. It is seen that the untreated soil has a low peak stress of 23 kPa reached at 24% of strain. As the Petrit
T content increases, the peak strength increases. Failure strain, corresponding to
the peak stress, decreases with an increase in binder content. At peak stresses,
small cracks can be clearly observed on the surface of the specimen.
A significant change in the stress-strain curves can be noticed for high Petrit T
content (7%) and long curing period (90 days). A more brittle failure than for
lower binder contents is observed (Figure 15(d)). The failure mode gradually
changes from ductile to brittle failure as binder content increases and it is the
binder content and curing time that have the major effects on the stress-strain
curves [30] [54].

4.6. Strain at Failure
The addition of Petrit T significantly reduced failure strain from 24% for the untreated soil to 14% and lower at 2%, 4% and 7% petrit T contents (see Figure
16). The failure strain is almost constant independent of curing time.
Figure 17 shows the failure strains versus unconfined compressive strengths
(qu) for all specimens and curing times. When the Petrit T content increases,
strength increases and strain at failure decreases. A scattered pattern in measured failure strain is observed at low strengths (22 kPa for untreated soil), which
might be attributed to the method of sample preparation involved. Moreover, a
significant reduction in strain at failure was observed regarding different Petrit T
treatments from 2% to 7%, which led to an increased soil strength of up to 150
kPa (see Figure 17).
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Figure 15. Stress-strain curves for untreated and treated soil with different Petrit T contents and curing time.

4.7. Stiffness of Treated Soil
The effects of adding Petrit T and curing times on the soil stiffness are shown in
Figure 18. The stiffness is defined by a secant modulus (E50) for the tested specimens. E50 is evaluated from the stress-strain curve at 50% of the maximum
unconfined compressive strength (qu). Figure 18 shows that the stiffness increases with an increase in binder content and curing times. This can be related
to the production of cementitious materials as a result of the hydration and
pozzolanic reactions. Higher binder content produces more cementing components and vice versa.
An increase in soil stiffness can be explained by the ratio between the stiffness
of the treated samples to the stiffness of the untreated soil samples. Based on
this, adding 2%, 4% and 7% of Petrit T improves the soil stiffness approximately
4, 10 and 15 times respectively when compared to untreated soil after 90 days
curing time.
The relationship between unconfined compression strength and the modulus
of elasticity, E50, is shown in Figure 19. An increase in soil stiffness was observed
with an increase in soil strength. Based on the results shown in Figure 19, the
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Figure 16. Strain at failure versus curing time and Petrit T content for all tests.
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Figure 17. Strain at failure versus UCS strength.
556

160

180

W. Al-Jabban et al.

Figure 18. Modulus of elasticity versus curing time and binder content for all tests.
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Figure 19. Modulus of elasticity versus UCS strength for different binder
contents and length of curing periods.
557

W. Al-Jabban et al.

modulus of elasticity can be estimated between E50 = 15 qu and E50 = 24 qu.
Mmany authors [42] [45] [54] [55] [56] have obtained a variable conclusion
about the relationship between E50 and qu for a wider range of binders. The
comparisons between previous studies and present results are summarized in
Table 4. The results obtained from this study are lower than those obtained in
previous studies. This is due to the use of small amounts of binder as well as due
to the binder type.

5. Conclusions
In this study, the modification and improvement of clayey silt soil treated with
low content of Petrit T (≤7%) was investigated. The following conclusions can
be drawn from the present study.
• Small amounts of Petrit T increase strength and stiffness of treated soil. Soil
strength and stiffness increase with curing times when higher binder content
(7%) is used.
• The plasticity index decreases over time, even for very low binder content.
Thus, Petrit T added to soil better workability.
• Petrit T has the immediate effect of increasing the solidification of soil after
treatment and with time. Water content is reduced and is close to the plastic
limit after treatment. Petrit T can be used as a drying agent in order to reduce
the initial water content of soil to facilitate the workability and compaction
processes for various engineering purposes.
• Failure strain decreases with an increase in binder content and curing time,
leading to a gradual change in failure mode from ductile to brittle behavior.
• pH value provides useful assessment information to describe soil binder
reactions. A pH value lower than 9 is not sufficient to initialize the pozzolanic reaction and leads to a lack of improved soil strength for the long curing
periods.
The findings of this study show clearly that Perit T can be used as a binder to
stabilize soil and thus will be effective in replacing cement as binder if the requirements on stiffness and strength are not as high. The findings confirm further that using smaller percentages of binder still has a significant effect on the
behavior of the clay used in this study. Further investigations will focus on other
Table 4. Comparison between the relationship of elastic modulus (E50) and UCS (qu).
Material
Three soil types (silt, silty clay and laterite) treated with cement (7% - 13%) in Malaysia

Upper and lower range of soil
stiffness times qu

Reference

E50 = (100 - 326) qu

[55]

Swedish clay treated with cement and lime (200 kg/m (18%- 24%))

E50 = (53 - 92) qu

[56]

Bangkok soft clay with high water content treated with cement (5% - 35%) and fly ash (5% - 30%)

E50 = (96 - 129) qu

[45]

Marine sediments in France treated with cement, lime and fly ash (3% - 9%)

E50 = (60 - 170) qu

[57]

Swedish clayey silt soil treated with cement (1% - 7%)

E50 = (16 - 85) qu

[42]

Swedish clayey silt soil treated with Petrtit T (2% - 7%)

E50 = (14 - 24) qu

Present study

3
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binders as the reduction in cement content will contribute significantly to the
environmental balance and to saving money for construction.

Acknowledgements
The authors would like to express their thanks to Iraqi Ministry of Higher Education for sponsoring the first author with a grant.

References
[1]

Saadeldin, R. and Siddiqua, S. (2013) Geotechnical Characterization of a Clay-Cement Mix. Bulletin of Engineering Geology and the Environment, 72, 601-608.
https://doi.org/10.1007/s10064-013-0531-2

[2]

Keshawarz, M.S. and Dutta, U. (1993) Stabilization of South Texas Soils with Fly
Ash. Fly Ash for Soil Improvement, ASCE Geotechnical Special Publication No. 36.

[3]

Kaniraj, S.R. and Havanagi, V.G. (1999) Compressive Strength of Cement Stabilized
Fly Ash-Soil Mixtures. Cement and Concrete Research, 29, 673-677.
https://doi.org/10.1016/S0008-8846(99)00018-6

[4]

Parsons, R.L. and Kneebone, E. (2005) Field Performance of Fly Ash Stabilized Subgrades. Proceedings of the Institution of Civil Engineers-Ground Improvement, 9,
33-38. https://doi.org/10.1680/grim.2005.9.1.33

[5]

McCarthy, J.E. (1994) Soil Stabilization for Pavements. Department of the Army
and Air Force of United States, USA.

[6]

Edil, T.B., Acosta, H.A. and Benson, C.H. (2006) Stabilizing Soft Fine-Grained Soils
with Fly Ash. Journal of Materials in Civil Engineering, 18, 283-294.
https://doi.org/10.1061/(ASCE)0899-1561(2006)18:2(283)

[7]

Puppala, A.J. (2016) Advances in Ground Modification with Chemical Additives:
From Theory to Practice. Transportation Geotechnics, 9, 123-138.
https://doi.org/10.1016/j.trgeo.2016.08.004

[8]

Kamon, M. and Nontananandh, S. (1991) Combining Industrial Wastes with Lime
for Soil Stabilization. Journal of Geotechnical Engineering, 117, 1-17.
https://doi.org/10.1061/(ASCE)0733-9410(1991)117:1(1)

[9]

Tao, M. and Zhang, Z. (2005) Enhanced Performance of Stabilized By-Product
Gypsum. Journal of Materials in Civil Engineering, 17, 617-623.
https://doi.org/10.1061/(ASCE)0899-1561(2005)17:6(617)

[10] Sargent, P., Hughes, P.N., Rouainia, M. and Glendinning, S. (2012) Soil Stabilisation
Using Sustainable Industrial By-Product Binders and Alkali Activation. GeoCongress 2012: State of the Art and Practice in Geotechnical Engineering, 948-957.
https://doi.org/10.1061/9780784412121.098
[11] Horpibulsuk, S., Phetchuay, C. and Chinkulkijniwat, A. (2011) Soil Stabilization by
Calcium Carbide Residue and Fly Ash. Journal of Materials in Civil Engineering, 24,
184-193. https://doi.org/10.1061/(ASCE)MT.1943-5533.0000370
[12] Horpibulsuk, S., Phetchuay, C., Chinkulkijniwat, A. and Cholaphatsorn, A. (2013)
Strength Development in Silty Clay Stabilized with Calcium Carbide Residue and
Fly Ash. Soils and Foundations, 53, 477-486.
https://doi.org/10.1016/j.sandf.2013.06.001
[13] Jiang, N.J., Du, Y.J., Liu, S.Y., Wei, M.L., Horpibulsuk, S. and Arulrajah, A. (2015)
Multi-Scale Laboratory Evaluation of the Physical, Mechanical, and Microstructural
Properties of Soft Highway Subgrade Soil Stabilized with Calcium Carbide Residue.
Canadian Geotechnical Journal, 53, 373-383. https://doi.org/10.1139/cgj-2015-0245

559

W. Al-Jabban et al.
[14] Sezer, A., İnan, G., Yılmaz, H.R. and Ramyar, K. (2006) Utilization of a Very High
Lime Fly Ash for Improvement of Izmir Clay. Building and Environment, 41, 150155. https://doi.org/10.1016/j.buildenv.2004.12.009
[15] Kolias, S., Kasselouri-Rigopoulou, V. and Karahalios, A. (2005) Stabilisation of
Clayey Soils with High Calcium Fly Ash and Cement. Cement and Concrete Composites, 27, 301-313. https://doi.org/10.1016/j.cemconcomp.2004.02.019
[16] Athanasopoulou, A. (2013) Addition of Lime and Fly Ash to Improve Highway
Subgrade Soils. Journal of Materials in Civil Engineering, 26, 773-775.
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000856
[17] Hossain, K.M., Lachemi, M. and Easa, S. (2006) Characteristics of Volcanic Ash and
Natural Lime Based Stabilized Clayey Soils. Canadian Journal of Civil Engineering,
33, 1455-1458. https://doi.org/10.1139/l06-099
[18] Haase, B. (2014) General Information about Petrit T. Internal Report. Höganäs
Sweden AB, Report No.: PM.
[19] Standard, A.S.T.M. (2011) D2487-11 Standard Practice for Classification of Soils for
Engineering Purposes (Unified Soil Classification System). ASTM International,
West Conshohocken, PA.
[20] Larsson, R. (2008) Jords Egenskaper. Statens Geotekniska Institut, Linköping. (In
Swedish)
[21] Standard, A.S.T.M. (2014) D2974-14 Standard Test Methods for Moisture, Ash, and
Organic Matter of Peat and Other Organic Soils. ASTM International, West Conshohocken, PA.
[22] Huang, P.T., Patel, M., Santagata, M.C. and Bobet, A. (2009) Classification of Organic Soils. Joint Transportation Research Program, Indiana Department of Transportation and Purdue University, West Lafayette, Indiana Publication FHWA/IN/
JTRP-2008/02.
[23] Karlsson, R. and Hansbo, S. (1989) Soil Classification and Identification, D8. Swedish Council for Building Research, Stockholm, 49.
[24] Janz, M. and Johansson, S.E. (2002) The Function Of Different Binding Agents in
Deep Stabilization. Swedish Deep Stabilization Research Centre, Report, 9, 1-35.
[25] Swedish Standard Commission (1990) Geotechnical Tests—Cone Liquid Limit.
Swedish Standards Commission, Stockholm, SS 027120. (In Swedish)
[26] Swedish Standard Commission (1990) Geotechnical Tests—Plastic Limit. Swedish
Standards Commission, Stockholm, SS 027120. (In Swedish)
[27] Standard, A.S.T.M. (2016) Standard Test Method for pH of Soils. ASTM International, West Conshohocken, PA.
[28] Eskisar, T. (2015) Influence of Cement Treatment on Unconfined Compressive
Strength and Compressibility of Lean Clay with Medium Plasticity. Arabian Journal
for Science & Engineering (Springer Science & Business Media BV), 40, 763-772.
https://doi.org/10.1007/s13369-015-1579-z
[29] Baran, B., Ertürk, T., Sarıkaya, Y. and Alemdaroğlu, T. (2001) Workability Test Method for Metals Applied to Examine a Workability Measure (Plastic Limit) for
Clays. Applied Clay Science, 20, 53-63.
https://doi.org/10.1016/S0169-1317(01)00042-4
[30] Mallela, J., Quintus, H.V. and Smith, K.L. (2004) Consideration of Lime-Stabilized
Layers in Mechanistic-Empirical Pavement Design. The National Lime Association,
200-208.
[31] Sariosseiri, F. and Muhunthan, B. (2009) Effect of Cement Treatment on Geotechnical Properties of Some Washington State Soils. Engineering Geology, 104, 119560

W. Al-Jabban et al.
125. https://doi.org/10.1016/j.enggeo.2008.09.003
[32] Sivapullaiah, P.V., Sridharan, A. and Bhaskar Raju, K.V. (2000) Role of Amount and
Type of Clay in the Lime Stabilization of Soils. Proceedings of the Institution of Civil Engineers-Ground Improvement, 4, 37-45.
https://doi.org/10.1680/grim.2000.4.1.37
[33] Kinuthia, J.M., Wild, S. and Jones, G.I. (1999) Effects of Monovalent and Divalent
Metal Sulphates on Consistency and Compaction of Lime-Stabilised Kaolinite. Applied Clay Science, 14, 27-45. https://doi.org/10.1016/S0169-1317(98)00046-5
[34] Åhnberg, H., Johansson, S.E., Pihl, H. and Carlsson, T. (2003) Stabilising Effects of
Different Binders in Some Swedish Soils. Proceedings of the Institution of Civil Engineers-Ground Improvement, 7, 9-23. https://doi.org/10.1680/grim.2003.7.1.9
[35] Horpibulsuk, S., Rachan, R. and Raksachon, Y. (2009) Role of Fly Ash on Strength
and Microstructure Development in Blended Cement Stabilized Silty Clay. Soils and
Foundations, 49, 85-98. https://doi.org/10.3208/sandf.49.85
[36] Locat, J., Trembaly, H. and Leroueil, S. (1996) Mechanical and Hydraulic Behaviour
of a Soft Inorganic Clay Treated with Lime. Canadian Geotechnical Journal, 33,
654-669. https://doi.org/10.1139/t96-090-311
[37] Chew, S.H., Kamruzzaman, A.H.M. and Lee, F.H. (2004) Physicochemical and Engineering Behavior of Cement Treated Clays. Journal of Geotechnical and Geoenvironmental Engineering, 130, 696-706.
https://doi.org/10.1061/(ASCE)1090-0241(2004)130:7(696)
[38] Bin-Shafique, S., Rahman, K., Yaykiran, M. and Azfar, I. (2010) The Long-Term
Performance of Two Fly Ash Stabilized Fine-Grained Soil Subbases. Resources,
Conservation and Recycling, 54, 666-672.
ttps://doi.org/10.1016/j.resconrec.2009.11.007
[39] Asgari, M.R., Dezfuli, A.B. and Bayat, M. (2015) Experimental Study on Stabilization of a Low Plasticity Clayey Soil with Cement/Lime. Arabian Journal of Geosciences, 8, 1439-1452. https://doi.org/10.1007/s12517-013-1173-1
[40] Sivapullaiah, P.V., Prashanth, J.P. and Sridharan, A. (1996) Effect of Fly Ash on the
Index Properties of Black Cotton Soil. Soils and Foundations, 36, 97-103.
https://doi.org/10.3208/sandf.36.97
[41] Maher, A., Bennert, T., Jafari, F., Douglas, W. and Gucunski, N. (2004) Geotechnical Properties of Stabilized Dredged Material from New York-New Jersey Harbor.
Transportation Research Record: Journal of the Transportation Research Board,
1874, 86-96. https://doi.org/10.3141/1874-10
[42] Al-Jabban, W., Knutsson, S., Al-Ansari, N. and Laue, J. (2017) Modification-Stabilization of Clayey Silt Soil Using Small Amounts of Cement. Earth Sciences and
Geotechnichal Engineering, 7, 77-96.
[43] Mackiewicz, S.M. and Ferguson, E.G. (2005) Stabilization of Soil with Self-Cementing Coal Ashes. World of Coal Ash (WOCA), 1-7.
[44] Misra, A. (2000) Utilization of Western Coal Fly Ash in Construction of Highways
in the Midwest (No. MATC UMC 96-2). University of Nebraska, Mid-America
Transportation Center.
[45] Jongpradist, P., Jumlongrach, N., Youwai, S. and Chucheepsakul, S. (2009) Influence of Fly Ash on Unconfined Compressive Strength of Cement-Admixed Clay at
High Water Content. Journal of Materials in Civil Engineering, 22, 49-58.
https://doi.org/10.1061/(ASCE)0899-1561(2010)22:1(49)
[46] Kang, X., Kang, G.C., Chang, K.T. and Ge, L. (2014) Chemically Stabilized Soft
Clays for Road-Base Construction. Journal of Materials in Civil Engineering, 27,
561

W. Al-Jabban et al.
Article ID: 04014199.
[47] Horpibulsuk, S., Rachan, R., Chinkulkijniwat, A., Raksachon, Y. and Suddeepong,
A. (2010) Analysis of Strength Development in Cement-Stabilized Silty Clay from
Microstructural Considerations. Construction and Building Materials, 24, 20112021. https://doi.org/10.1016/j.conbuildmat.2010.03.011
[48] Onitsuka, K. and Junan, S.H.E.N. (1998) Evaluation of Lime-Treated Ariake Clay
with Fly Ash as Road Materials. Journal of Pavement Engineering, 3, 157-164.
https://doi.org/10.2208/journalpe.3.157
[49] Feng, T.W. (2002) Effects of Small Cement Content on Consolidation Behavior of a
Lacustrine Clay. Geotechnical Testing Journal, 25, 5360.
[50] Saride, S., Puppala, A.J. and Chikyala, S.R. (2013) Swell-Shrink and Strength Behaviors of Lime and Cement Stabilized Expansive Organic Clays. Applied Clay Science,
85, 39-45. https://doi.org/10.1016/j.clay.2013.09.008
[51] Eades, J.L. and Grim, R.E. (1966) A Quick Test to Determine Lime Requirements
for Lime Stabilization. Highway Research Record (139).
[52] Keller, W.D. (1964) Processes of Origin and Alteration of Clay Minerals. Soil Clay
Mineralogy, 3-76.
[53] Hassan, M. (2009) Engineering Characterisitics of Cement Stabilized Soft Finnish
Clay—A Laboratory Study. Licentiate’s Thesis, Helsinki University of Technology,
Helsinki.
[54] Wang, D., Abriak, N.E., Zentar, R. and Chen, W. (2013) Effect of Lime Treatment
on Geotechnical Properties of Dunkirk Sediments in France. Road Materials and
Pavement Design, 14, 485-503. https://doi.org/10.1080/14680629.2012.755935
[55] Rashid, A.S.A., Kalatehjari, R., Noor, N.M., Yaacob, H., Moayedi, H. and Sing, L.K.
(2014) Relationship between Liquidity Index and Stabilized Strength of Local Subgrade Materials in a Tropical Area. Measurement, 55, 231-237.
https://doi.org/10.1016/j.measurement.2014.05.018
[56] Ignat, R. (2015) Field and Laboratory Tests of Laterally Loaded Rows of Lime-Cement Columns. Doctoral Dissertation, KTH Royal Institute of Technology, Stockholm.
[57] Wang, D., Abriak, N.E. and Zentar, R. (2013) Strength and Deformation Properties
of Dunkirk Marine Sediments Solidified with Cement, Lime and Fly Ash. Engineering Geology, 166, 90-99. https://doi.org/10.1016/j.enggeo.2013.09.007

Submit or recommend next manuscript to SCIRP and we will provide best
service for you:
Accepting pre-submission inquiries through Email, Facebook, LinkedIn, Twitter, etc.
A wide selection of journals (inclusive of 9 subjects, more than 200 journals)
Providing 24-hour high-quality service
User-friendly online submission system
Fair and swift peer-review system
Efficient typesetting and proofreading procedure
Display of the result of downloads and visits, as well as the number of cited articles
Maximum dissemination of your research work

Submit your manuscript at: http://papersubmission.scirp.org/
Or contact eng@scirp.org
562

Paper III

A comparative evaluation of cement and by- product Petrit T in
soil stabilization

Al-Jabban, W. Laue, J., Knutsson, S., and Al-Ansari, N. (2017). A comparative evaluation
of cement and by- product Petrit T in soil stabilization. Submitted to the journal of Applied
Sciences.

1

Type of the Paper (Article)

2
3

A comparative evaluation of cement and by‐product
Petrit T in soil stabilization

4

Wathiq Al‐Jabban 1, 2, Jan Laue 1 , Sven Knutsson 1 and Nadhir Al-Ansari 1*

5
6
7
8
9

Civil, Environmental and Natural Resources Engineering, Lulea University of Technology, Lulea, Sweden;
wathiq.al‐jabban@ltu.se , jan.laue@ltu.se, sven.Knutsson@ltu.se, , nadhir.alansari@ltu.se.
2 Civil Engineering Dept., Collage of Engineer, University of Babylon, Babylon, Iraq; wathikjasim@yahoo.com
* Correspondence: nadhir.alansari@ltu.se ; Tel.: (optional; include country code; if there are multiple
corresponding authors, add author initials) +xx‐xxxx‐xxx‐xxxx (F.L.)
1

10

Received: date; Accepted: date; Published: date

11
12
13
14
15
16
17
18
19
20
21
22
23

Abstract: This study presents a comparison between the effectiveness of adding low binder amounts
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consistency limits, laser particle size analysis, and pH tests were also conducted on the treated soil.
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the silt size fraction after treatment. The findings confirm that adding small binder contents improve
soil properties, which subsequently reduce the environmental threats and costs that associated with
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Soil improvement by adding stabilizing agents is the most common, effective and economical
technique to enhance the strength characteristics of soft soil [1]. A wide range of soils can be improved
by adding different types of hydraulic binders, but the cement has been the most popular and
successful stabilizer used [2]. Nowadays, the using of waste materials from the various industrial
process as a cementitious binder has increased to stabilize different types of soils. These by‐product
materials are considered to be easily available and cheap comparing to the traditional binders [3‐5]. In
addition, there is an environmental benefit from the reuse of these types of by‐products. It’s
contribution to decrease environmental impact posted by producing these material [6].
Generally, cement improves the physical and mechanical properties of soils by produce primary
and secondary cementitious materials [7]. After adding cement to wet soil, three types of primary
cementing components are produced as a result of the hydration reaction of cement: calcium‐silicate
hydrate (CSH), calcium‐aluminate‐hydrate CAH, and hydrated lime Ca(OH)2. Here, C (CaO), S (SiO2),
A (Al2O3), and H (H2O). A Pozzolanic reaction produces a secondary cementitious material due to the
reaction between the hydrated lime and silica and alumina from clay minerals and provides further
cementing components of CSH and CAH [8‐10].
The benefit of using cement in soil stabilization field has been extensively investigated [11‐18]. In
addition, the possibility of using industrial by‐product materials to improve soft soils has been
encouraged by many studies [6,19‐23]. Enhanced soil strengths, reduced soil plasticity and swelling
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potential are the most desirable outcomes from the treatment. For certain soil stabilization applications,
the cost of the binder itself could result in a considerable saving in the overall costs of the project [24]
Petrit T is a waste product from sponge iron production [18]. It is considered a cheap by‐product
material [25] . Therefore, in order to decrease the environmental impact and costs, finding new binders
as alternatives to Portland cement is important. Thus, there is a need to compare the effectiveness of
using cement and by‐product Petrit T as stabilizing agents.
This paper presents a comparative evaluation between using Portland cement and by product
Petrit T to enhance the physical and mechanical properties of sandy clayey silt soil. An extensive
experimental program was carried out in this study, including tests of unconfined compressive
strength, laser particle size, consistency limits, and pH tests, using various binder amounts and curing
periods.
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2. Materials and Methods
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The samples used in this study were prepared from a natural soil from Gothenburg, south west
coast of Sweden. The soil consists of 55% silt, 29% fine sand and 16% clay. The natural water content is
30%, the liquid limit 37% and the plastic limit 20%. The optimum moisture content is 12%, and the
proctor density is 1.97 t/m3. The ignition test showed that the soil has 4% organic content. Therefore,
according to the Swedish standard, the natural soil is classified as sandy clayey silt (saclSi) with low
organic content [26‐28].
The natural soil was firstly homogenized and then mixed with Petrit T as well as the cement in
various percentage from 1% to 7% as dry mass of soil and cured for 7,14,28,60 and 90 days before testing.
The unconfined compressive tests (UCS) were used as an indicator to predict the soil strength
enhancement before and after treatment. A series of consistency limits tests were performed on the
treated soil after various curing times to investigate the effect of binder types and amounts on the soil
plasticity index. Laser particle size analyzer tests were conducted to study the effects of binder types
on the particle size distribution (PSD) of the soil before and after treatment. It was measured by using
CILAS 1064 laser particle size analyzer in the liquid mode with a measurement range from 0.04 to 500
μm. The pH tests were used as an indicator of soil –binder reaction by measuring the pH value of the
soil after treated with a binder and cured for various curing periods.
The specimens for particle size distribution tests (PSD) were prepared and cured in an identical
way to the UCS specimens. Binder content was added as dry material with 4 and 7% by dry weight of
soil. After 28 days of curing time, the specimens were pressed out of the tubes with the help of a
mechanical jack directly before testing. Prior to PSD test, both stabilized and unstabilized soil
specimens were air‐dried and ground through 0.5‐0.063 mm sieves. Then, about 5 g of that passing
from 0.063 mm sieve was mixed with sufficient distilled water and subjected to the PSD analyzer
(CILAS 1064).
The soil and the binders as well as the specimen preparation and testing methodology are
described more detailed in [18,29,30].
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3. Results and Discussion
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3.1. Consistency Limits (Atterberg limits)
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Figure 1. Shows the immediate effect of adding various amounts of binder (cement or Petrit T) on
the soil consistency limits. The addition of low amounts of either type of binder (1% to 4%) had an
immediate effect on increases in both the liquid limit (LL) and the plastic limit (PL). The liquid limit
remained almost constant for further increases from 4% to 7%, although it dropped at higher
percentages of binder amount (10% and 15%). After treatment, the plastic limit significantly increased
at low binder contents (1% to 7%) compared to a slight increase when the amount of binder was
increased between 7% to 15%. Consequently at low amounts of binder (1‐4%), the plasticity index (PI)
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slightly increased and then decreased as the amount of binder was increased. From Figure 1, it can be
seen that the trends have generally been in the same direction, but with more marked effects for the
cement treatment on both liquid and plastic limits. Moreover, both binder types have approximately
the same behavior trend on reduced the plasticity index up to 10% binder content. In contrast, cement
has more effect on reducing the plasticity index at high binder content (15%).
The immediate increase in the liquid limit and plastic limit was attributed to the flocculation and
agglomeration of soil particles caused by the hydration reaction of binder. A similar trend is found in
previous studies. For cement treatment, [31] suggested that the presence of entrapped water within the
intra‐aggregate pores due to flocculation and agglomeration of soil particles was the main reason
behind increase the liquid limit after treatment. In contrast, increased amounts of binder produced an
increase in cementitious materials and this lead to decreased liquid limits. [32‐34] have reported about
increases in the liquid and plastic limit of soils after have been treated with various binder types.
Flocculation and agglomeration of the soil particles after treatment is the main reason behind the
immediate change in the liquid and plastic limit of soil, which leads to a reduction in the plasticity
index of soil with the increasing amount of binder. A similar trend is observed for a wide range of soil
treated with different binder types [35‐39].
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Figure 1. Consistency limits versus binder content of soil after one hour of treatment.
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Figure 2 shows the curing time effects on the plasticity index after treatment. It can be seen that
the trends are generally in the same direction (a decrease in the plasticity over time), but with more
marked effects for the cement treatment. The reduction in the plasticity index is increased as binder
content increased. Moreover, Figure 2 shows that a 2% of Petrit T has approximately the same effects
as adding 1% of cement. For both binder types, the decrease in the plasticity index is mainly due to
increases in plastic limits and decreases in liquid limits over time. A similar trend has been observed in
previous studies [22,31,32].
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Figure 2. Plasticity index versus curing time.

120

3.2. Water content and density
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Figure 3 shows the immediate effects of adding Petrit T and cement on the soil water content.
It is seen that the addition of both binders has the same trend of reducing the soil water content from
its initial value (30%), but the effect is more marked for the cement rather than the Petrit T. The
reduction in moisture content of soil is mainly related to introducing dry solid particles into the soil, as
well as hydration reaction between the binder and water. Cement has a greater effect on reducing the
initial water content compared to Petrit T, and this is particularly so when binder content levels exceed
7% (see Figure 3). This can be attributed to the variation in hydraulic properties between the two
binders, which relates to the ability of each binder type to react with water. Similar observation has
been found in previous studies [39‐41].
The curing time effects on the soil moisture content of the treated soil with various amounts of the
binder is presented in Figure 4. For both binder types, the soil moisture content is further decreased
with time, with more dominated effect for cement treatment during the first 28 days of curing. In
contrast, a gradual decrease in soil water content with curing time is observed for Petrit T treatment.
This can be attributed to the lower reactivity of the main component C2S (belite) in Petrit T (compared
to cement), which has four major components: C3S (alite) and C2S (belite) in addition to C3A (aluminate)
and C4AF (Ferrit). The further reduction in the soil moisture content is attributed to the hydration and
pozzolanic reactions of binders as the samples were cured in a semi‐sealed condition. Small leaks in the
plastic caps of the UCS samples can be the reason behind the increase in water content for treated soil
with 4% and 7% cement content as shown in Figure 4.
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Figure 3. Water content of soil versus binder amount after one hour of treatment.
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From Figures 1 to 4, it can be seen that change the soil consistency limits after treatment is
accompanied by a reduction in soil moisture content. Workable soil is a term used to explain how
the soil can be easily excavated, loaded, transported, compacted, etc. [18]. The Immediate
reduction in soil moisture content and plasticity index transfer the soil from being plastic to more
granular soil, which facilitates higher workability. As pointed out by [42‐44], the workability of
clay has been shown to improve with a reduction in the plasticity index. The majority of
researchers compared the improvement in workability of treated soil by reducing the plasticity
index after treatment e.g [17,39,45]. The immediate increase in the plasticity index combined with
the initial reduction in soil water content due to adding small amounts of binders doesn’t mean

(5)

154
155
156
157
158
159
160
161
162

that the workability of soil did not improve. For this reason, using the plasticity index as an
indicator to measure the improvement in workability of the treated soils is not reliable. Therefore,
the liquidity index (LI) ), as expressed in equation (1), can be used to explain the affinity between
the consistency limits and moisture content of treated soil with two binder types (cement or Petrit
T). For the immediate effect (one hour after treatment), Figure 5 shows the relation between the
liquidity index (LI) versus binder content. It is noticed that the liquidity index (LI) reduced from
0.6 (soil without binder) until it becomes very close to the plastic limit (LI=0) at 3% and 7% of
cement and Petrit T content respectively. As the binder amount is increased, further reduction in
the liquidity index is observed below the plastic limit.
,
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(1)

Where: LI: liquidity index, PI: plasticity index, PL: plastic limit and Wc: soil water content.
For further investigation of the curing time effect on the affinity between soil moisture content and
the liquidity index, it is observed that the increase in curing time cause a further decrease in the liquidity
index and the soil moisture content as illustrated in Figure 6. Thus, adding cementitious binder (cement
or Petrit T) results in a reduction in the water content towards the plastic limit of soil after treatment.
As mentioned by [32], an increase in soil strength is observed when the soil water content is reduced
from the liquid limit to the plastic limit. Consequently, the relationship between the consistency limits
and soil strength after treatment will present and discuss in more details later in this study.
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Figure 6. Liquidity index versus soil water content for all curing times.
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The effect of the added cement and Petrit T on the bulk density of the soil after being treated with
various percentage of binder is presented in Figure 7. For both binder types, the soil density increases
as the binder content and curing time is increased. The bulk density of the cement specimens is higher
than for the Petrit T specimens due to adding 1% to 4% binder content. In contrast, a slight increase in
the specimen density of Petrit T compared to cement is observed at 7% binder content and longer curing
period (see Figure 7). Consuming water content due to hydration and pozzolanic reactions produces a
large amount of solid particles in the soil, which consequently leads to an increase in the density of the
soil after treatment. The increase in specimen’s density is attributed to the production and deposition
CSH and CAH, which subsequently fill the pore voids. [13,31,32,46].
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Figure 7. Specimen density versus binder content.
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3.3. Particle Size Distribution (PSD)
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Table 1 present the results of the laser PSD analysis for natural soil and treated soil with cement
and Petrit T after 28 days of curing.
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Table 1. Percentage of clay and silt size fractions of untreated and treated soil measured by CILAS 1064.

Soil

Binder amounts %

Clay-sized particle %
(< 2 µ m)

Silt-sized particle %
(2 to63 µ m)

Soil without treatment

0

17

83

4

13

87

7

10

89

Cement treated soil

Petrit T treated soil

4

14

86

7

13.4

86.6
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For both binder types, the general tendency that the percentage of the clay size particles is reduced
while the percentage of silt‐sized particles is increased after treatment. Cement has more effect
compared to Petrit T by lowering PSD curves towards the granular side. The changes in the PSD after
treatment is attributed to flocculation and agglomeration of the fine particles during a short time after
treatment. In addition to the pozzolanic reactions as a long‐term effect [22].
Flocculation leads to agglomerate the fine particles during a short period. Whilst over time, the
pozzolanic reaction produces more cementitious materials of CSH and CSAH which coating the surface
of soil particles. Both reactions are contributed to increasing the fraction of coarse‐grained particles after
treatment. [47,48]. Similar trends in changing the PSD is consistent with previous studies [22,31,49].
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3.4. pH value
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Figure 8 shows the pH value of treated soil after one hour of adding cement or Petrit T. For both
binders, the soil pH value rose from 5 to about 12.35 as the binder content was increased up to about
7%. The pH of the soil slightly increases to 13 with an increase in the amount of binder to 15%. It is
observed that both binder types have the same initial effect on increasing pH after treatment. The
reaction of both binders with water leads to the release of calcium ions (Ca+2) on the surface of soil
particles and an increase in the pH value [31].
The curing time effects on the pH value of the soil is illustrated in Figure 9 for both cement and
Petrit T treatments. For both binder types, the general trends are that the pH value gradually decreases
as curing time is increased regardless of binder content. The major decreases in pH value for the cement
treatment occurred during the first 28 days. In contrast, Petrit T has a gradual decrease over time. The
consumption of (OH‐) is the reason behind the decrease in pH value [50]. The reduction in pH value for
cement treatment is higher than Petrit T. This can be attributed to the production of more CSH and
CAH components from hydration and pozzolanic reactions. A similar trend for decreasing the soil pH
value with curing time is investigated by [51].
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Figure 8. The pH value of soil after one hour of treatment versus binder content.
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Figure 9. The pH value of treated soil versus curing time and binder amount.
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3.5. Soil strength
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The unconfined compressive strength (qu) is used as an indicator to investigate the enhancement
in soil strength. These tests were conducted on the untreated and treated soil, both of which were
prepared in a similar way, for the same curing period and conditions. For the untreated soil, Figure 10
a shows almost no increases in the unconfined compressive strength (qu) over time. Figure 10 b, c and
d show the effects of adding the two binder types (cement and Petrit T) on the improvement in soil
strength.
Cement has four major clinker minerals, C3S (alite) , C2S (belite) , C3A (aluminate) and C4AF (Ferrit)
[50]. The reactions of C3S and C2S have been the main contributors to the gain in strength, whilst the
reactions of C3A and C4AF have made only a minor contribution. The reaction of C3S produced rapid
hardening of cement during short curing time. Whilst the reaction of C2S has a lower reactivity,
therefore the gain in the strength is observed after a long curing period.
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For the by‐product Petrit T, the x‐ray diffraction (XRD) (provided by the manufacturer) shows that
Petrit T consisted mainly from 57% dicalcium silicate (similar to the clinker mineral C2S in cement)
28.3% calcium silicon‐aluminate, 11.5% silicon dioxide and 3% portlandite. The mineral part represents
74% of the whole mass, the rest consists of amorph carbon (21%) and iron (5%). The major component
mainly of Petrit T is the dicalcium silicate and calcium‐silicon‐aluminate. Therefore, the improvement
in soil strength over time can be explained by the slower reaction of C2S.
An improvement in soil strength after treatment for both cement and Petrit T was observed with
increasing in the amount of binder and curing time. This gives an indication of generating new
components of CSH and CASH as a result of hydration and pozzolanic reactions.
At 1% and 2% binder content, the strength of soil increases to 50 kPa due to the addition of 2% of
Petrit T, and 52 and 97 kPa due to the addition of 1 and 2% of cement content, respectively. For both
binders, the main improvement in strength occurred during the first 28 days of curing. Whilst, the long
curing time at 60 and 90 days shows no further improvement in soil strength (see Figure 10 B). The lack
of soil strength improvement at the longer curing times can be explained by the pH value. The pH value
are 9.2 and 9 for the 60 and 90 days of curing respectively for both cement and Petrit T (see Figure 9).
As observed by several researchers [51‐53], a soil‐ binder mixture with a pH value higher than 10 is
enough to initiate the pozzolanic reaction by dissolving the silicates and aluminate and produce
additional cementitious materials of CSH and CAH. The pH value at 60 and 90 days is lower than 10,
therefore no additional effect for the long curing period on further improvement in soil strength.
A gradual increase in strength of the soil is observed with curing time when the binder content
was increased from 2% to 4% for cement and Petrit T (see Figure 10 c). Similar trends have been noticed
when the amount of binder is increased from 4% to 7%, with notable strength development for cement
during the first 28 days of curing compared to a gradual increase in soil strength over time for Petrit T
as shown in Figure 10 d. For the soil specimens treated with 4% cement content and cured for 60 and
90 days, the reduction in soil strength can be attributed to an increase in water content as discussed
earlier (see Figure 4). A similar trend of reduced soil strength for low cement content under saturation
conditions has been observed by [11,39].
The soil strength increases with the amount of binder and curing time due to hydration and
pozzolanic reactions. For cement treatment, the soil strength improvement is noticeable during the first
28 days of curing, while it is more pronounced for Petrit T at longer curing periods (90 days). This trend
is consistent with previous studies [14,15,22,23,35].
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3.6. Consistency limit –UCS Relationship
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Figure 11 shows the relationship between the liquidity index (LI) and the unconfined compressive
strength. It can be seen that there is a linear relationship between the increases in the unconfined
compressive strength and decreases in the liquidity index. The treated soil is within the plastic range
(LI<0) when the soil strength is less than 100 kPa.
As discussed earlier, the addition of binders has the effect of reducing the water content towered
the plastic limit of soil (see Figures 5 and 6). For further investigation about the relations between
consistency limits and the UCS, a water content to the plastic limit ratio ω PL can have a major effect
as presented in Figure 12. As the water to plastic limit ratio decrease, an increase in the unconfined
compressive strength is observed. Moreover, a more scattered pattern is noticed at the water/plastic
limit ratio lower than 1 (see Figure 12), and the scattering is decreased with increasing the ratio to more
than 1. This can be attributed to more difficulties to find the plastic limit of treated soil at these level of
soil strength. The treated soil occurs within the plastic range when the soil strength is less than 100 kPa.
A similar trend is consistent with [32] for soil treated with various binder types.
From the above, it can be concluded that the liquidity index (LI) and ω PL ratio can be used to
explain the relationships between various soil properties and the workability of soil after treatment.
The workability improved immediately after treatment with the reduction in the liquidity index.
Continuous improvement in soil workability is observed over time due to further reduction in the
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liquidity index within the plastic range when the LI > 0 or when the water/plastic limit ratio is greater
than 1.
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Figure 10. UCS versus curing time for (a) Untreated soil; (b) Treated soil with 1and 2% cement and 2% Petrit T;
(c) Treated soil with 4 % of cement and Petrit T; and (d) Treated soil with 7% of cement and Petrit T.
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Figure 11. UCS versus liquidity index for all tests
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Figure 12. UCS versus water/plastic limit ratio for all tests
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3.7. Stress‐strain behaviors
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For two binder types, Figure 13 shows typical stress‐strain curves at different binder content and
curing times. Figure 13 shows that the soil without any treatment has a 24% failure strain in addition
to the low peak stress of 23 kPa. For the treated soil with cement or Petrit T, the general trends are that
the peak strength of treated soil increases with an increase in binder content. Whilst, failure strain,
corresponding to the peak stress, decrease as the amount of binder is increased. During the UCS tests,
small cracks clearly observed on the surface of the samples when the stress reaches the peak point.
For the cement treatment, a significant improve in the stress‐strain behaviors is observed during
the first 28 days of curing, with small changes at longer curing times. In contrast, for Petrit T, the most
important change occurs with the long curing period (90 days) (Figure 13 b, c and d). It can be seen that
the stress‐strain curve for 4% Petrit T is improved with a curing time from 14 days (Figure 13 a) until it
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is almost similar to the stress‐strain curves of 2% cement at 90 days curing time (see Figure 13 d). A
similar observation is valid for the addition of 2% of Petrit T compared to 1% of cement. The soil
specimens treated with 7% cement content exhibit a more brittle failure compared to the lower cement
content and Petrit T specimens, which showed more ductile behaviors (Figure 13 d). Thus the failure
mode gradually changed from plastic to brittle failure with an increase in the binder content.
A similar trend for a change in the behavior of the stress–strain curves has been observed by other
researchers for various binder types [14,15,31,39].
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Figure 13. Stress–strain curves for the untreated and treated soil with different binder content after (a) 14 days
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curing time; (b) 28 days curing time; (c) 60 days curing time; and (d) 90 days curing time.
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3.8. Strain at failure
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Figure 14 shows the axial failure strain versus curing time for untreated and treated soil. For the
soil without any treatment, high failure strain is observed (Figure 14 a). In contrast, due to the addition
of different binder content of cement or Petrit T, failure strain is significantly reduced with more effect
from the cement treatment, as shown in Figure 14 b, c and d. For Petrit T, compared to cement, which
exhibits major decreases in failure strain during the first 28 days. This can be attributed to produce
more cementing components from the cement than Petrit T. Generally; the average failure strain for the
long curing period (90 days) and 7% binder content is less than for shorter curing times (seven days).
Figure 15 shows the axial failure strain versus the UCS for both cement and Petrit treatment and
all curing times. It is observed that the strength of soil increased, whilst failure strain decreased as the
amount of binder is increased. A significant reduction in the axial failure strain is noticed regarding
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different cement and Petrit T treatments, which led to an increase in strength of treated soil to about
150 to 200 kPa. Further increases in soil strength prove less significant on decreasing failure strain. The
result is consisted with [15,32,54].
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Figure 14. Strain at failure versus curing time for (a) Untreated soil; (b) Treated soil with 1and 2% cement and 2%
Petrit T; (c) Treated soil with 4 % of cement and Petrit T and (d) Treated soil with 7% of cement and Petrit T.
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Figure 15. Axail failure strain versus UCS strength for all tests
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3.9. Soil stiffness

333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360

The effects of the two binder types (cement and Petrit T) on the stiffness of treated soil with various
binder content and curing times is presented in Figure 16. The stiffness in terms of E50 was determined
as a secant modulus of elasticity from the stress‐strain curves at 50% of the maximum unconfined
compressive strength (qu). It can be seen that the stiffness of the treated soil is increased as the binder
content and curing time is increased (see Figure 16).
The development characteristic curve of the modulus of elasticity (E50) over time has very similar
trends to the development of unconfined compressive strength as presented in Figure 10. This can be
attributed to generating new cementing components of CSH and CAH as a results of hydration and
pozzolanic reactions. A higher binder content produce more cementitious materials of CSH and CAH
and vice versa. As mentioned earlier, the production and deposition of cementitious material are
further increased with an increase in curing time and binder content and fill the pore between voids.
Thus producing a dense structure with a corresponding increase in the stiffness of the soil. The trend
of increase the soil stiffness is consisted with [14,15,23,39].
Figure 17 shows the relationship between modulus of elasticity, E50, and the unconfined
compressive strength. For cement and Petrit T treatments (Figure 17), it is noticed that an increase in
soil stiffness is accompanied by an increase in soil strength. The modulus of elasticity can be taken as
being between 14 to 24 qu for Petrit T, and between 16 to 85 qu for the cement treatment.
For a comparison between the effectiveness of cement and Petrit T as binders, an improve in soil
stiffness or strength after treatment can be clarified by the ratio between the stiffness or strength of the
treated specimens to the stiffness or strength of the soil specimens without treatment. Table 1 presents
the improvement in soil stiffness and strength, values of failure strain and the relation between E50 ‐ qu
after treatment with cement or Petrit T. Table 2 shows that a comparable increase in soil stiffness and
strength using cement as a binder can be achieved by adding double the amount of Petrit T and using
long curing periods. A similar observation is also valid for the reduction in failure strain and the
relationship between soil stiffness and UCS.
In terms of the relationship between E50 and qu, many authors [14,15,18,29,53,55‐59] have reached
varying conclusions about this relationship. Table 3 presents a comparison between the previous
studies and the present study. The results obtained are consistent in general with previous studies.
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Figure 16. Modulus of elasticity versus curing time and binder content for (a) Untreated soil; (b) Treated soil
with 1and 2% cement and 2% Petrit T; (c) Treated soil with 4 % of cement and Petrit T and (d) Treated soil with
7% of cement and Petrit T.

(16)

100

18000

2% cement
2% Petrit T
1% cement

2500

2000

1500

1000

E

q
20
s=

1
Es =

500

0

u

5 qu

14000
12000
10000
8000

20

40

60

80

100

=
Es

6000

Es

4000

q
54

u

Es =

qu
= 35

u
24 q

u
18 q
Es =

2000
0

0

4% cement
Cement lower limit (Es=35 qu)
Cement upper limit (Es=54 qu)
4% Petrit T
Petrit T lower limit (Es=18 qu)
Petrit T upper limit (Es=24 qu)

16000

Modulus of Elasticity , E50 (kPa)

Modulus of Elasticity , E50 (kPa)

3000

120

0

50

100

150

200

250

Unconfined compressive strength, qu (kPa)

Unconfined compressive strength, qu (kPa)

(a)

(b)

Modulus of Elasticity , E50 (kPa)

60000
7% cement
Cement lower limit (Es=55 qu)
Cement upper limit (Es=80 qu)
7% Petrit T
Petrit T lower limit (Es=15 qu)
Petrit T upper limit (Es=22 qu)

50000

40000

30000
Es

=8

u
0q

20000
5
Es =

10000

5 qu
Es =

u
22 q

Es = 15 qu
0
0

200

400

600

Unconfined compressive strength, qu (kPa)

(c)

365
366
367
368

Figure 17. Modulus of elasticity versus UCS strength (qu) and binder content for (a) Treated soil with 1and 2%
cement and 2% Petrit T; (b) Treated soil with 4 % of cement and Petrit T and (c) Treated soil with 7% of cement
and Petrit T.
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Table 2. Enhancement in soil strength and stiffness, failure strain and the relation between E50 ‐ qu after
treatment with two binder types.
Binder content
%

Enhancing in soil
Strength , qu

Enhancing in soil
stiffness, E50

Failure strain %

Cement

Petrit T

Cement

Petrit T

Cement

Petrit T

0

1

1

1

1

24

1

2

-

4

-

2

4

2

9

4

9

4

7

27

6.5

E 50= qu
(upper and lower range)
Cement

Petrit T

24

6

10

6

10

15

-

15

18

-

-

4

9

14

15

20

15

20

45

10

5

8.5

35

54

18

24

180

15

3

7.5

55

80

15

22
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Table 3. Comparison between the relationship of elastic modulus (E50) and UCS (qu)

Upper and lower range of soil
stiffness times qu

Material
Three type of soil in (silt, silty clay and laterite) treated
with cement (7% - 13% ) in Malaysia

Reference

E50=(100−326)qu

[15]

Swedish clay treated with cement and lime (200 kg/m
(18%- 24%))

E50=(53−92)qu

[59]

Clay treated with Cement (3% to 37%) in Finland

E50=(100−200)qu

[53]

Bangkok clay treated with cement (5% to 20%)

E50=(115−150)qu

[58]

E50=(99−159)qu

[60]

E50=(96−129)qu

[57]

E50=(150−275)qu

[14]

E50=(30−200)qu

[55]

E50=(60−170)qu

[56]

3

Soft Bangkok clay treated with (10% to 13%) of cement
and cement kiln dust with partial replacement of 10 to
20% fly ash
Bangkok soft clay at high water content treated with
cement (5%−35%) and
fly ash (5%−30%)
Chinese marine clay at high salt concentration treated with
cement (10% to 20%)
Chinese Silt soil carbonated with reactive MgO
(5%−30%)
Marine sediments in France treated with cement, lime and
fly ash (3%-9%)
Swedish sandy clayey silt soil treated with two binder
types cement CEM II (1%-7%) and by-product Petrtit T
(2%-7%)

E50=(16−85)qu ,
E50=(14−24)qu

Present study
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5. Conclusions
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The present study presents a comparative evaluation of the effect of two different binders on
the physical and engineering properties of soil after treatment. The study cover both short and long
terms effects and the following conclusions can be drawn:
Cement is more effective on improving the physical and engineering properties of treated soil. The
same effect can be achieved by using the double amount of Petrit T and long curing periods.
Adding small percentages of the two binder types (up to 10%) has approximately the same trend of
behaviors in terms of the decrease the plasticity index. Cement has more effect with further increases
in binder content.
The addition of dry binders of cement and Petrit T have immediate effect on decreasing the initial
water content. In addition, further reduction in soil water content can be observed over time. The
reduction in soil water content has a more dominant effect from cement during the first 28 days of
curing, compared to Petrit T, which shows gradual decreases in water content over time.
The density of treated soil with cement and Petrit T is increased with increasing binder content and
curing time.
Liquidity index and the water content to plastic limit ratio are introduced as new indices to define the
improvement in the workability of treated soil directly after treatment and over time. The workability
improved immediately after treatment with the reduction in the liquidity index. Continuous
improving in soil workability is observed over time due to a further reduction in the liquidity index
within the plastic range when the LI > 0 or when the water/plastic limit ratio is more than 1.
Axial failure strain was decreased as the binder content and curing time is increased with more effects
for cement treatment. Treated soil with 7% cement exhibits a more brittle failure compared to the
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lower cement content and Petrit T, which shows a more ductile behavior. The failure mode is
gradually changed from ductile to brittle failure compared to soil without treatment.
The pH value of treated soil can provide a useful assessment of soil‐ binder reaction. A pH value
below 10 is not enough to initialize the pozzolanic reaction and subsequently provides further
cementing components over time.
The particle size distribution curves change towards the granular side by reducing the clay size
fraction and increase the silty size fraction after treatment with a more pronounced effect for cement
treatment. This effect is increased with an increase in binder content.
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Low dosages of Multicem to improve soft soil

Abstract This paper presents results of an experimental program to evaluate the effects of adding low dosages of
Multicem to improve fine-grained soil in short and long term perspective. Multicem was added by soil dry weight
at 2, 4 and 7%. The unconfined compressive strength (UCS) was used as an indicator of soil strength. In addition,
the consistency limits, laser particle size analysis, and pH tests were also conducted on the treated soil. The
samples were cured at 20C° for different periods from 7 to 90 days before testing. Results showed that the soil
plasticity index decreases after treatment and with time. The soil strength increased as binder content and curing
time was increased. Failure strain decreased as binder content and curing time is increased. Liquidity index and
the water content to plastic limit ratio are introduced as new indices to define the improvement in the workability
of treated soil. Soil particle size distribution is changed by reducing the clay size fraction and increase the silt size
fraction after treatment. The treated exhibits a more brittle failure compared to untreated soil where a more ductile
behavior is observed. Soil density increased, whilst water content decreased, with increasing binder content and
curing time. The findings confirm that adding small binder contents improve soil properties, which subsequently
reduce the environmental threats and costs that associated with using a high amount of binder.
Keywords: Multicem, Stiffness, workability, soil strength, pH.
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1. Introduction
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Multicem is a new product in Sweden to reduce environmental effects. It produced by
Cementa AB in 2015 for soil stabilization and solidification processing. Multicem is a mixture
of 50% cement kiln dust (CKD) and 50% cement. During the production process, the using of
raw material such as limestone in the production of cement is replaced with cement kiln dust
according to specific calculation at the plant site.
Cement kiln dust (CKD) is a waste by-product generated during the manufacture of
Portland cement. The increases demeaned on Portland cement generate tremendous amounts
of waste and it becomes a source of potential pollution. Moreover, there are some
environmental issues related to the production of Portland cement such as release high CO2
emission, energy consumption and lack of resources (Yi et al. 2015). According to the
European Commission (2010), the production of cement contributes an average worldwide
carbon emission of about 0.83 kg CO2 per kg cement. This value is expected to increase due to
increased demand on cement production. Multicam is considered a more environmentally
friendly product comparing to cement due to a reduction in CO2 emissions to about 500 kg per
ton, less raw materials for production and recycling the wastes when the lime is replaced by
CKD (Multicem 2014). Therefore, in order to overcome these effects, using a new alternative
binder with more environmental benefits is highly important.
The benefit of using CKD in soil stabilization field has been wildly studied as the binder
material is considered to be cheap and easily available (Collins and Emery 1982; Miller and
Azad 2000; Santagata and Bobet 2002; Solanki et al. 2007; Bassani et al. 2017. In addition it
help to reduce the environmental impact posed by the production of these materials (Baghdadi
et al. 1995).
Extensive studies have been conducted on using cement kiln dust with higher amounts
(>7% of soil dry weight) to stabilized various soils type (Baghdadi et al. 1995; Miller and Azad
2000; Miller and Zaman 2000; Peethamparan et al. 2008; Adaska and Taubert 2008; Solanki
et al. 2009; Ebrahimi et al 2012; Ismail and Belal 2016). Moreover, many studies have
(1)
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investigated the effect of addition cement kiln dust with partial replacement of Portland cement
and various by product materials such as fly ashes either to modify and improve engineering
properties or to modify cement properties (Yoon et al. 2010; Tariq 2012; Iwański et al. 2016;
Yoobanpot et al. 2017; Bhatty 1983; Bhatty 1984; Daous 2004; Peyronnard and Benzaazoua
2011).
In contrast, few studies have been conducted of the benefits of using cement kiln dust
with various partial replacement of Portland cement in smaller percentages (less than 7%) to
modify and improve soils and decrease the environmental impact and costs that associated with
using high binder amounts (Baghdadi 1990; Parsons and Kneebone 2004; Sariosseiri and
Muhunthan 2008). In addition, the recent study by (Rothhämel 2018) shows the possibility of
adding Multicem to reduce the frost susceptibility of fine grained soil. Therefore, there is a
need to investigate the influence of addition low doses of Multicem on the physical and
mechanical properties of soft soil. This paper presents an laboratory investigation to evaluate
the effect of using low dosages of Multicem to improve the engineering properties of sandy
clayey silt soil. The experimental program was carried out in this study, including tests of UCS,
laser particle size, consistency limits, and pH, using various binder amounts and curing periods.
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2. Materials and Methods
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The samples used in this study were prepared from a natural soil from Gothenburg,
south west coast of Sweden. The soil consists of 55% silt, 29% fine sand and 16% clay. The
natural water content ranged between 28-29%, the liquid limit 37% and the plastic limit 20%.
The optimum moisture content is 12%, and the proctor density is 1.97 t/m3. The natural soil is
classified as sandy clayey silt (saclSi) according to the Swedish standard (Karlsson and Hansbo,
1981). Organic content, assessed by ignition test showed that organic content was 4%, and the
soil was classified as a low organic soil (Huang et al, 2009)
The natural soil was mixed with Multicem in various percentage from 1% to 7% of soil
dry weight and cured for 7,14,28,60 and 90 days before testing. The cementing potential ratio
is expressed as a CaO/SiO2 ratio (Janz and Johansson 2002). Hydration modulus was defined
as the ratio between the amount of CaO as a percentage to the sum of amounts of SiO2, Al2O3,
and Fe2O3. According to (Kamon and Nontananandh 1991), the cementinous binder should
have a hydration modulus within a range of 1.7 to 2.67 in order for reactions to take place.
Table 1 shows the chemical compositions of Multicem (provide by the manufacturer) in
addition to the elite and belite of cement component that was developed by (Kamon
Nontananandh (1991) to produce a cement stabilizer form various industrial wastes. In this
study, the hydration modulus was used to obtain the reactivity of the Multicem. From Table 1,
it can be observed that Multicem has a CaO/SiO2 ratio of approximately 2.58, and a hydration
modulus about 1.85. The loss of ignition is 4.9 which gives an indication about Multicem
contain more reactive free lime and is more suitable for soil stabilization (Miller and Zaman
2000; Parsons et al. 2004; Peethamparan et al. 2008). Based on this, Multicem can be
considered as a binder with self-cementing characteristics which can react with water in a
similar way as Portland cement.
A series of unconfined compressive tests (UCS) were performed as an indicator to
predict the soil strength enhancement before and after treatment. A series of consistency limits
tests were performed on the treated soil after various curing times to investigate the effect of
(2)
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binder types and amounts on the soil plasticity index. Laser particle size analyzer tests were
conducted to investigate the effects of binder types on the particle size distribution (PSD) of
the soil before and after treatment. It was measured by using CILAS 1064 laser particle size
analyzer in the liquid mode with a measurement range from 0.04 to 500 μm. The pH tests were
used as an indicator of soil –binder reaction by measuring the pH value of the soil after treated
with a binder and cured for various curing periods.
The specimens for particle size distribution tests (PSD) were prepared and cured in an
identical way to the UCS specimens. Binder content was added as dry material with 4 and 7%
by dry weight of soil. After 28 days of curing time, the specimens were pressed out of the tubes
with the help of a mechanical jack directly before testing. Prior to PSD test, both stabilized and
unstabilized soil specimens were air-dried and ground through 0.5-0.063 mm sieves. Then,
about 5 g of that passing from 0.063 mm sieve was mixed with sufficient distilled water and
subjected to the PSD analyzer (CILAS 1064).
The soil and as well as the specimen preparation and testing methodology are described
more detailed in (Al-Jabban et al., 2017a, Al-Jabban et al., 2017b, Al-Jabban, 2017).
Table 1. Chemical composition of soil, Multicem , alite and belite
Parameter
Chemical properties
Silicon oxide (SiO2) %
Aluminum oxide (Al2O3) %
Iron oxide (Fe2O3)
Sulfur trioxide (SO3) %
Magnesium oxide (MgO) %
Calcium oxide (CaO) %
Potassium oxide (K2O) %
Sodium oxide (Na2O) %
Hydration modulus***
Hydraulic properties****
Loss of Ignition %
Moisture content %

Soil

Multicem*

Alite**

Belite**

65.7
12,3
3,42

19.0
4.5
2.8
5.1
2.1
49.0
7.5

24,83
1,24
0,94
0,98
72.23
0,14
0,09
2,67
2.91
-

32,5
2,13
1,03
0,52
62.83
0,3
0,2
1,76
1.93
-

1,31
2,4
2,84
0,0556

1,86
2,58
4.9
0

* From (Anna Brinkhagen, Cementa AB, Sweden, personal communication, 22 March 2017 )
** From (Kamon and Nontananandh, 1991)
*** Hydration modulus= CaO % ⁄ SiO %
Al O %
Fe O %
**** Hydraulic properties= CaO % ⁄ SiO %
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3. Results and Discussions

114

3.1 Consistency Limits
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Figure 1. Shows the immediate effect of adding various amounts of Multicem on the soil
consistency limits. The addition of low amounts of binder (1% to 4%) had an immediate effect
on increases in both the liquid limit (LL) and the plastic limit (PL). The liquid limit (LL)
increases to 45% due to the addition of 1% to 7% of Multicem content before it slightly drops
to 41% at 15% binder amount. The plastic limit significantly increased at low binder contents
(1% to 7%) compared to a slight increase when the amount of binder was increased between
7% to 15%. Consequently at low amounts of binder (1-4%), the plasticity index (PI) slightly
increased and then decreased as the amount of binder was increased.
(3)
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The immediate increase in the liquid limit and plastic limit was attributed to the
flocculation and agglomeration of soil particles caused by the hydration reaction of binder. A
similar trend is found in previous studies. For cement treatment, (Chew et al., 2004) suggested
that the presence of entrapped water within the intra-aggregate pores due to flocculation and
agglomeration of soil particles was the main reason behind increase the liquid limit after
treatment. In contrast, increased amounts of binder produced an increase in cementitious
materials and this lead to decreased liquid limits. (Åhnberg et al., 2003, Athanasopoulou, 2013,
Horpibulsuk et al., 2009) have reported about increases in the liquid and plastic limit of soils
after have been treated with various binder types.
Flocculation and agglomeration of the soil particles after treatment is the main reason
behind the immediate change in the liquid and plastic limit of soil, which leads to a reduction
in the plasticity index of soil with the increasing amount of binder. A similar trend was
observed for a wide range of soil treated with cement kiln dust (Miller and Zaman 2000;
Sariosseiri and Muhunthan 2008; Sariosseiri et al 2011; Baghdadi 1990; Parsons and Kneebone
2004; Ismail and Belal 2016).
Figure 2 shows the curing time effects on the plasticity index after treatment. The
plasticity index is further decreased as curing time was increased. The reduction in the plasticity
index is increased as binder content increased. The decrease in the plasticity index is mainly
due to increases in plastic limits and decreases in liquid limits over time. A similar trend has
been observed in previous studies (Parsons et al. 2004; Bhatty et al. 1996) for CKD treated
soil.
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Figure 1. Consistency limits versus Multicem content of soil after one hour of treatment.
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Figure 2. Plasticity index versus curing time.

150

3.2. Water content and density
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Figure 3 shows the immediate effects of adding Multicem on the soil water content. It is
seen that soil water content gradually decreased from its initial value (30%) due to the addition
of various amounts Multicem and the reduction increased as Multicem content increased. The
reduction in water content of soil is mainly related to introducing dry solid particles into the
soil, as well as hydration reaction between the binder and water. Similar observation has been
found in previous study for various soil types treated with cement (Sariosseiri and Muhunthan,
2009).
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Figure 3. Water content of soil versus binder amount after one hour of treatment.
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The curing time effects on the soil moisture content of the treated soil with various amounts
of the Multicem is presented in Figure 4. Further reduction in the soil moisture content is
observed over time. This reduction is attributed to the hydration and pozzolanic reactions of
binders as the samples were cured in sealed condition. Small leaks in the plastic caps of the
UCS samples can be the reason behind the increase in water content for treated soil with 4%
and 7% Multicem content as shown in Figure 4.
(5)
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Figure 4. Soil water content versus curing time and binder type and content.
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From Figures 1 to 4, it can be seen that change the soil consistency limits after treatment
is accompanied by a reduction in soil moisture content. Workable soil is a term used to explain
how the soil can be easily excavated, loaded, transported, compacted, etc. (Al-Jabban et al.,
2017b). The Immediate reduction in soil moisture content and plasticity index transfer the soil
from being plastic to more granular soil, which facilitates higher workability. As pointed out
by (Baran et al., 2001, Barnes, 2013, Barnes, 2018), the workability of clay has been shown to
improve with a reduction in the plasticity index. The majority of researchers compared the
improvement in workability of treated soil by reducing the plasticity index after treatment e.g
(Sariosseiri and Muhunthan, 2009, Eskisar, 2015, Mallela et al., 2004). The immediate increase
in the plasticity index combined with the initial reduction in soil water content due to adding
small amounts of binders doesn’t mean that the workability of soil did not improve. For this
reason, using the plasticity index as an indicator to measure the improvement in workability of
the treated soils is not reliable. Therefore, the liquidity index (LI) ), as expressed in equation
(1), can be used to explain the relationship between the consistency limits and moisture content
of treated soil. For the immediate effect (one hour after treatment), Figure 5 shows the relation
between the liquidity index (LI) versus Multicem content. It is noticed that the liquidity index
(LI) reduced from 0.6 (soil without binder) until it becomes very close to the plastic limit (LI=0)
at 5% Multicem content. As the binder amount is increased, further reduction in the liquidity
index is observed below the plastic limit.
,

(1)
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For further investigation of the curing time effect on the affinity between soil moisture

191

content and the liquidity index, it is observed that the increase in curing time cause a further

192

decrease in the liquidity index and the soil moisture content as illustrated in Figure 6. Thus,

193

adding Multicem results in a reduction in the water content towards the plastic limit of soil

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

(6)
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after treatment. As mentioned by(Åhnberg et al., 2003), an increase in soil strength is observed

195

when the soil water content is reduced from the liquid limit to the plastic limit. Consequently,

196

the relationship between the consistency limits and soil strength after treatment will present

197

and discuss in more details later in this study.
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Figure 5. Multicem content versus liquidity index of soil after one hour of treatment.
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Figure 6. Liquidity index versus water content for all curing times.
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The effect of the addition Multicem on the bulk density of the soil after being treated

206

with various percentage of binder is presented in Figure 7. It can be seen, the soil density

207

increases as the binder content is increased. Consuming water content due to hydration and

208

pozzolanic reactions produces a large amount of solid particles in the soil, which

209

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

210

specimen’s density is attributed to the production and deposition CSH and CAH, which

(7)
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subsequently fill the pore voids (Chew et al., 2004, Horpibulsuk et al., 2010, Åhnberg et

212

al., 2003, Onitsuka and Junan, 1998).
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Figure 7. Specimen density versus Multicem content.
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3.3. Particle Size Distribution (PSD)
Table 2 present the results of the laser PSD analysis for natural soil and treated soil with 4 and

219

7% of Multicem content after 28 days of curing. The general tendency that the percentage of the clay

220

size particles is reduced while the percentage of silt-sized particles is increased after treatment. The

221

PSD of soil after treatment is changed by lowering PSD curves towards the granular side. This changes

222

is attributed to flocculation and agglomeration of the fine particles during a short time after treatment.

223

In addition to the pozzolanic reactions as a long-term effect (Jiang et al., 2015)..

224

Flocculation leads to agglomerate the fine particles during a short period. Whilst over time, the

225

pozzolanic reaction produces more cementitious materials of CSH and CSAH which coating the surface

226

of soil particles. Both reactions are contributed to increasing the fraction of coarse-grained particles

227

after treatment. (Kampala and Horpibulsuk, 2013, Tran et al., 2014). Similar trends in changing the

228

PSD is consistent with previous studies (Chew et al., 2004, Osula, 1996, Jiang et al., 2015) for a wide

229

range of soils treated with different binder types.

230

Table 2. Percentage of clay and silt size fractions of untreated and treated soil measured by CILAS 1064.
Soil
Untreated soil
Multicem treated soil

Binder amounts %

Clay-sized particle % (< 2
µ m)

Silt-sized particle % (2
to63 µ m)

0

17

83

4

12.7

87

7

10

90

231
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3.4. pH value
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Figure 8 shows the pH of treated soil after one hour of adding different amounts of
Multicem. The pH value rose from 5 to about 12.2 as the binder content was increased up to
about 7%. The pH of the soil slightly increases to 12.7 with an increase in the amount of binder
to 15. The reaction of Multicem with water leads form calcium hydroxide, Ca(OH)2 and release
of calcium ions (Ca+2) on the surface of soil particles and an increase in the pH value (Miller
and Azad 2000).
The curing time effects on the pH value of the soil is illustrated in Figure 9. The general
trends are that the pH value gradually decreases as curing time was increased regardless of
binder content. The major decreases in pH value for occurred during the first 28 days. The
consumption of (OH-) is the reason behind the decrease in pH value (Janz and Johansson,
2002).
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Figure 8. The pH value of soil after one hour of treatment versus binder content.
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Figure 9. The pH value of treated soil versus curing time and binder content.
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3.5. Soil strength
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The unconfined compressive strength (qu) is used as an indicator to investigate the
enhancement in soil strength. These tests were conducted on the untreated and treated soil, both
(9)

of which were prepared in a similar way, for the same curing period and conditions. For the
untreated soil, Figure 10 shows almost no increases in the unconfined compressive strength
(qu) over time.
An improvement in soil strength after Multicem treatment was observed with
increasing in the amount of binder and curing time. This gives an indication of generating new
components of CSH and CASH as a result of hydration and pozzolanic reactions.
At 2% Multicem content, the strength of soil increases to 85 kPa after 28 days of curing
time. Whilst, the long curing time at 60 and 90 days shows no further improvement in soil
strength. The lack of soil strength improvement at the longer curing times can be explained by
the pH value. The pH value is 9 for the 60 and 90 days of curing. As observed by several
researchers (Keller, 1964, Hassan, 2009, Saride et al., 2013), a soil- binder mixture with a pH
value higher than 10 is enough to initiate the pozzolanic reaction by dissolving the silicates and
aluminate and produce additional cementitious materials of CSH and CAH. The pH value at
60 and 90 days is lower than 10, therefore no additional effect for the long curing period on
further improvement in soil strength.
A gradual increase in strength of the soil is observed with curing time when the
Multicem content was increased from 2% to 4. Similar trends have been noticed when the
amount of binder is increased from 4% to 7%. The main improvement in strength occurred
during the first 28 days of curing. This trend is consistent with previous studies when CKD
used as binder to stabilized wide range of soils (Baghdadi 1990; Baghdadi et al. 1995; Bhatty
et al.1996; Parsons and Kneebone 2004; Solanki et al. 2007; Sariosseiri et al. 2011;Yoobanpot
et al. 2017).
Unconfined compressive strength, qu (kPa)
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Figure 10. UCS versus curing time and Multicem content.
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3.6. Strain at failure
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The axial failure strain versus curing time for untreated and treated soil is shown in Figure
11. For the soil without any treatment, a scatter pattern in failure strain is observed. In contrast,
the failure strain significantly reduced from 24% (untreated soil) to 11, 5 and 4.5 % due to the
addition of 2, 4 and 7% Multicem content respectively. The curing time has effect on reducing
(10)
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failure strain. Generally; the average failure strain for the long curing period (90 days) is less
than for shorter curing times (seven days). The reduction in failure strain with time can be
attributed to produce more cementing components from hydration and pozzolanic reactions.
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Figure 11. Strain at failure versus curing time and Multicem content for all tests
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3.7. Relationships between UCS - Consistency limit and Failure strain

288
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Figures 12 and 13 shows the relationship between the liquidity index (LI) and ratio of
water content to the plastic limit versus the unconfined compressive strength respectively. It
can be seen that there is a linear relationship between the increases in the unconfined
compressive strength and decreases in the liquidity index. The treated soil is within the
plastic range (LI<0) when the soil strength is less than 100 kPa.

293
294
295

As discussed earlier, the addition of Multicem has the effect of reducing the water
content towered the plastic limit of soil (see Figures 5 and 6). For further investigation about
the relationship between consistency limits and the unconfined compressive strength of soil, a
water content to the plastic limit ratio
can have a major effect as presented in Figure
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300
301
302
303
304
305
306
307
308
309
310

13. As the water to plastic limit ratio decrease, an increase in the unconfined compressive
strength is observed. Moreover, a scattered pattern is noticed when the water/plastic limit ratio
approaches 1 (see Figure 13). This can be attributed to more difficulties to find the plastic limit
of soil at these level of soil strength. The treated soil occurs within the plastic range when the
soil strength is less than 100 kPa. A similar trend is consistent with (Åhnberg et al., 2003) for
soil treated with various binder types.
From the above, it can be concluded that the liquidity index (LI) and ω PL ratio can be
used to explain the relationships between various soil properties and the workability of soil
after treatment. The workability improved immediately after treatment with the reduction in
the liquidity index. Continuous improvement in soil workability is observed over time due to
further reduction in the liquidity index within the plastic range when the LI > 0 or when the
water/plastic limit ratio is greater than 1.
Figure 14 shows the axial failure strain versus the UCS for for Multicem treatment and all
curing times. It is observed that the strength of soil increased, whilst failure strain decreased as
(11)

311
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313
314
315
316
317

the amount of binder is increased. A significant reduction in the axial failure strain is noticed
regarding different Multicemn treatments, which led to an increase in strength of treated soil
to about 100 to 200 kPa. Further increases in soil strength prove less significant on decreasing
failure strain. The result is consisted with (Åhnberg et al., 2003, Rashid et al., 2014, Wang et
al., 2013)..
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Figure 12. UCS versus liquidity index for all tests
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Figure 14. Axail failure strain versus UCS strength for all tests
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3.8. Soil stiffness
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The effects of addtion Multicem on the stiffness of treated soil with various binder
content and curing times is presented in Figure 15. The stiffness in terms of E50 was determined
as a secant modulus of elasticity from the stress-strain curves at 50% of the maximum
unconfined compressive strength (qu). It can be seen that the stiffness of the treated soil is
increased as the binder content and curing time is increased (see Figure 15).
The development characteristic curve of the modulus of elasticity (E50) over time has
very similar trends to the development of unconfined compressive strength as presented in
Figure 10. This can be attributed to generating new cementing components of CSH and CAH
as a results of hydration and pozzolanic reactions. A higher binder content produce more
cementitious materials of CSH and CAH and vice versa. As mentioned earlier, the production
and deposition of cementitious material are further increased with an increase in curing time
and binder content and fill the pore between voids. Thus producing a dense structure with a
corresponding increase in the stiffness of the soil. The trend of increase the soil stiffness is
consisted with (Rashid et al., 2014, Sariosseiri and Muhunthan, 2009).
Figure 16 shows the relationship between modulus of elasticity, E50, and the unconfined
compressive strength. From Figure 16, it is noticed that an increase in soil stiffness is
accompanied by an increase in soil strength. The modulus of elasticity can be taken as being
between 17 to 130 qu.
In terms of the relationship between E50 and qu, many authors (Al-Jabban et al., 2017a,
Al-Jabban et al., 2017b, Rashid et al., 2014, Dingwen et al., 2013, Cai et al., 2015, Wang et al.,
2013b, Jongpradist et al., 2009, Lorenzo and Bergado, 2006, Ignat, 2015, Hassan, 2009) have
reached varying conclusions about this relationship. Table 3 presents a comparison between
the previous studies and the present study. The results obtained are consistent in general with
previous studies.
(13)
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Figure 15. Modulus of elasticity versus curing time and binder content
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Figure 16. Modulus of elasticity versus UCS strength and binder content.
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Table 3. Comparison between the relationship of elastic modulus (E50) and UCS (qu)
Material

Upper and lower range of soil
stiffness times qu

Reference

Three type of soil in (silt, silty clay and laterite) treated
with cement (7% - 13% ) in Malaysia

E50=(100−326)qu

Swedish clay treated with cement and lime (200 kg/m3
(18%- 24%))

E50=(53−92)qu

Clay treated with Cement (3% to 37%) in Finland

E50=(100−200)qu

(Hassan, 2009)

E50=(115−150)qu

(Lorenzo and Bergado,
2006)

E50=(99−159)qu

(Yoobanpot et al., 2017)

E50=(96−129)qu

(Jongpradist et al., 2009)

E50=(150−275)qu

(Dingwen et al., 2013)

E50=(30−200)qu

(Cai et al., 2015)

E50=(60−170)qu

(Wang et al., 2013)

E50=(16−85)qu ,
E50=(14−24)qu

Present study

Bangkok clay treated with cement (5% to 20%)
Soft Bangkok clay treated with (10% to 13%) of cement
and cement kiln dust with partial replacement of 10
to 20% fly ash
Bangkok soft clay at high water content treated with
cement (5%−35%) and
fly ash (5%−30%)
Chinese marine clay at high salt concentration treated with
cement (10% to 20%)
Chinese Silt soil carbonated with reactive MgO
(5%−30%)
Marine sediments in France treated with cement, lime and
fly ash (3%-9%)
Swedish sandy clayey silt soil treated with two binder
types cement CEM II (1%-7%) and by-product
Petrtit T (2%-7%)

(Rashid et al., 2014)
(Ignat, 2015)
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Conclusion
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The present study cover the short and long terms effect of Multicem treatment and the
following conclusions can be drawn.

The addition of Multicem improve the physical and engineering properties of soil in
both short-term and long-term perspectives. The gain in soil strength is noticed during the
first 28 days of curing time.
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Adding Multicem has effects on decrease the plasticity index of soil after treatment
and over time. The density of treated soil with cement and Petrit T is increased with increasing
binder content and curing time.

Liquidity index and the water content to plastic limit ratio are introduced as new indices
to define the improvement in the workability of treated soil directly after treatment and over
time. The workability improved immediately after treatment with the reduction in the liquidity
index. Continuous improving in soil workability is observed over time due to a further
reduction in the liquidity index within the plastic range when the LI > 0 or when the
water/plastic limit ratio is more than 1

The particle size distribution curves change towards the granular side by reducing the
clay size fraction and increase the silty size fraction after treatment with a more pronounced
effect for cement treatment. This effect is increased with an increase in binder content.

The addition of Multicem has immediate effect on decreasing the initial water content.
In addition, further reduction in soil water content can be observed over time. The reduction
in soil water content has a more dominant effect from cement during the first 28 days of
curing.

Axial failure strain was decreased as the binder content and curing time is increased.
The failure mode is gradually changed from plastic to brittle failure when compared to
untreated soil

The pH value of treated soil can provide a useful assessment of soil- binder reaction.
A pH value lower than 10 is not sufficient to initialize the pozzolanic reaction and
subsequently provides further cementing components over time.
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Abstract
This paper presents an experimental study to investigate the effect of various disaggregation times on the
homogeneity of pre-treated natural soil before mixed with cementitious binders. Various dispersion times were
applied, ranging from 10 seconds to 120 seconds. Four different soils were used with different characteristics from
high, medium and low plasticity properties. Visual and sieving assessment were used to evaluate the best
disintegration times to allow for a uniform distribution of water content and small-sized particles that would
produce a uniform distribution of the binder around the soil particles. Results showed that a proper mixing time to
homogenize and disintegrate the soil prior to treatment depends on several factors: soil type, water content and
plasticity properties. For high plasticity soil, the disintegration time should be kept as short as possible. Increasing
the disintegration time has negative effects on the uniformity of distribution of the binder around soil particles.
The homogenizing and disintegration time is less important for low plasticity soils with low water content than for
medium to high plasticity soils. The findings can assist various construction projects that deal with soil
improvement through preparation of soil before adding a cementitious binder to ensure uniformity of distribution
of the binder around soil particles and obtain uniform soil –binder mixtures.
Keywords: Soil, homogenize, disaggregate, prior- treatment, time, binder

1. Introduction
For soil stabilization application, the specimens of the soil-binder mixture are prepared
in a laboratory according to a standard procedure, which in principle should simulate field
conditions. For instance, in ground improvement by deep soil mixing, there are different
laboratory procedures involved in preparing specimens with a uniform soil -binder mixture, and
the procedures can vary between different countries [2,3]. In Sweden, specimens of soil-binder
mixture are prepared according to a common procedure set out by the Swedish geotechnical
society report and the design guide for soft soil stabilisation [4,5]. In contrast, in Japan,
specimens are prepared according to the Japanese Geotechnical Society standards [6,7]. The
uniform distribution of binder around soil particles was represented as the most common
concern for obtaining a uniform soil binder mixture. Disaggregating the natural soil prior to
treatment has many effects such as homogenizing the soil, reducing the variation in water
content and obtaining smaller chunks by separating the agglomerated particles. This process
could assist in obtaining a uniform distribution for the cementitious binder's around soil
particles. Table 1 summarizes the most common procedures used to homogenize natural soil
prior to treatment. The most common step in all procedures is that the natural soil has to be
disaggregated and homogenized before adding the stabilizer. However, it is noticeable that most
of the standards do not specify the required time for the disintegration and homogenization
process [2,4,5,8,9]. Consequently, there is little knowledge regarding the time required to
(1)

disaggregate and homogenize soil before treatment with a cementitious binder. For these
reasons, an experimental program was initiated in this study to determine the effects of various
disaggregation times on the uniformity and homogeneity of soil.
Table 1 Most common procedures for homogenizing natural soil prior to treatment
Preparation standards and
reference
Tokyo Institute of Technology, Japan
[3]
Sapienza University of Rome, Italy
[10]
University of Coimbra, Portugal [11]
Swedish Geotechnical Institute (SGI)
[5,12]
Japanese Geotechnical Society, JGS
[6,7]
[4]
[13]
[14,15]
ASTM [16-18]

Federal Highway Administration [8]

European standard [19]
French standard [20,21]

Natural soil homogenization method

Mixer type

Soil was homogenized by mixing with its initial
water content.
The soil was homogenized by remixing alone.
Water was added at this stage to adjust the soil
water content.
The soil was homogenized by re- mixed with a
mixing speed 136 rpm. To readjust the soil water
content, water was added to the soil as a slurry of
water and binder mixture.
The soil was first homogenized thoroughly by
mixing the soil alone.
The soil was homogenized by stirred it using a
mixer. The soil water content was adjusted by
adding water.
The soil was mixed until becoming visually
homogenous

Domestic dough mixer with a 5000 to
30000 cm3 mixing bowl

Mix the conglomerate of soil thoroughly for
three to four minutes
Homogenizing the soil by mixing it alone for two
to six minutes. It normally takes place the day
before the stabilizer was added.
Soil was air dried for 24 hours and mixed with
dry binder for one minute or until the mixture
homogenized visually
Mixing the soil for approximately three minutes
at the lowest setting of the mixer (approximate
rotation of the mixing tool of 100 to 175
cycles/min). Water was added to adjust the soil
water content
The soil in the field corrected to the particle size
distribution before adding the binder by blending
the soil alone to break up large blocks or
boulders.
The sample was disintegrated or homogenized
for several minutes

Hobart mixer

Hobart mixer (model N50)
Dough mixer or kitchen mixer with
sufficient capacity and rpm
Domestic dough mixer with a 5,000
to 30,000 cm3 mixing bowl
Dough mixer or kitchen mixer with
sufficient capacity and rpm
Kitchen Aid® dough mixer with
dough hook. Outer spindle rotating at
155 rpm and inner spindle at 68 rpm.
Kitchen mixer or concrete mixer
Mechanical mixer, capable of
producing uniform and homogeneous
mixtures
Kitchen mixer with sufficient
capacity

Dough mixer or kitchen mixer with
sufficient capacity and rpm
Mixer with enough capacity

2. Material
2.1 Soils
Four different types of soil were used in this study. The soils were chosen to be of
different character and locations. Soil 1 was excavated from Gothenburg, south west coast of
Sweden. Soil 2 and 3 were excavated from different depths in Sunderbyn area in Luleå,
northernmost part of Sweden. The soil 4 was excavated from Umeå, in north east part of
Sweden. The particle size distribution of the tested soil is shown in Figure 1. The soils were
classified by tests of particle size distribution, consistency limits, loss of ignition, chemical
composition, pH and specific gravity. The physical and mechanical properties are presented in
Table 2. The chemical composition of the tested soils was obtained in a certified laboratory as
(2)

listed in Table 3. The particle size distribution of the testes soil is shown in Figure 1. The soils
were classified according to the Swedish standard. Organic content showed that organic content
ranged between 2.7 to 6.8%. The soils were classified as having low to medium organic content
[22,23].
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Figure 1. Particle size distribution of four soils type
Table 2. Engineering properties of the four soil types
Parameters
Soil location
Soil conditions
Depth, m

Soil 1

Soil 2

Gothenburg

Soil 3

Sunderbyn, Luleå

Soil 4
Umeå

Aerobic

Anaerobic (N)

Aerobic

Anaerobic

1-2

1.8-2

0.3 -0.4

2.7-4

Particle-size distribution (%)****
Fine sand (%) (1-0.63mm)

29

4

15

10

Silt (%) (0.063 – 0.002 mm)

55

67

64

80

Clay (%) (< 0.002 mm)

16

29

21

10

37
20
18

95

48

45

37

32

35

58

16

10

27-30

50

43-45

40-50

Particle density

2.69

2.69

2.67

2.71

Loss of ignition %***

4.1

7

4.8

2.8

1.51

1.73

1.76

4.6

6.4

siCl, Silty Clay

Si , Silt

Medium plasticity

Low -Medium plasticity

Consistency limits (%)
Liquid limit (%) *
Plasticity limit (%)**
Plasticity index (%)
Natural water content (%)

Bulk density (g/cm3)
pH

5
7
saclSi sandy
siCl, Silty Clay
clayey Silt
Soil Classification
Medium plasticity Very high plasticity
* Determined by the fall cone test according to Swedish standards [24].
** Determined according to according to Swedish standards [25].
*** Determined according to according to Swedish standards [26].
**** Determined according to according to Swedish standards [27,28].
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Table 3. Chemical composition of tested soils.
Soil
Soil location

Soil 1

Soil 2

Gothenburg

Soil conditions

Silicon oxide (SiO2) %
Aluminum oxide (Al2O3) %
Calcium oxide (CaO) %
Iron oxide (Fe2O3)
Potassium oxide (K2O) %
Magnesium oxide (MgO) %
MnO %
Sodium oxide (Na2O) %
P2O5 %
TiO2 %

Soil 3

Sunderbyn, Luleå

Soil 4
Umeå

Aerobic

Anaerobic (N)

Aerobic

Anaerobic

65.7
12.3
2.4
3.42
2.84
1.31
0.15
0.55
0.15
0.55

54.7
12.8
2.11
4.33
2.77
2.25
0.217
2.56
0.182
0.677

54.1
11.3
1.88
4.93
2.67
1.4
0.0482
2.68
0.16
0.615

63.3
10.8
1.9
3.7
2.29
1.29
0.0644
2.47
0.176
0.603

24800

3400

2800

Sulfate content, mg/kg TS

3. Experimental Program
Disaggregation of the soils was done by using a laboratory mixer as shown in Figure 2.
Disintegration time (T) is defined as the time required to homogenize and separate the
agglomerated soil particles into smaller sizes, which represents the mixing duration in seconds.

Figure 2. Laboratory mixer and sieving test for wet soil specimen

3.1 Specimen preparation and testing methodology
Two types of specimens, wet and air dried, were prepared by mixing the soil with its
natural water content using various disintegration times as illustrated in Table 4. The wet
specimen was prepared directly after mixing the soil at a specified disintegration time. The airdried specimen was prepared after allowing the wet specimens to dry at a controlled room
temperature of about 20 C° for two days. The air-dried specimen was prepared in order to avoid
any concerns about clogging the sieve openings due to the wet specimen’s moisture content.

(4)

A visual observation and standard dry sieving tests were used to optimize the ideal
(proper) disintegration time for wet and air-dried specimens based on obtaining a smaller size
of soil particles. The sieves used ranged in size from 16 mm to 63 micro millimeters. To find a
suitable sieving time, six wet soil specimens from soil 3 were prepared and sieved at different
sieving times from 10 to 60 minutes.
Table 4 summarizes the test program for homogenized and disintegrated the natural soil.
Soil types
Soil 1 (Silty
clay, PI=18%)
Soil 2 (Silty
clay, PI=58%)
Soil 3 (Silty
clay, PI=16%)
Soil 4 (Silt,
PI=11%)

Water
content
%
27-30
50
47
40-50

Specimen
type
Wet

Disintegration time (T), (Second)
0

Air dry
Wet

0

Air dry
Wet

0

Air dry
Wet
Air dry

0

10

16

30

17

30

60

4

10

13

16

8

10

13

6

12

6

13

7

17

15

30

45

22

60

75

90

120

Number
of
samples
15

Sieving time (Minutes)
10

15

30

50

8
4

30

10
4

4. Results
4.1 Visual Evaluation
Figure 3 shows the visual evaluation of soil 1 (sandy clayey silt, ߱=27-30%, PI=18%) before
and after disintegration at various times. Figure 3a shows that the soil specimen consisted of
different sizes of agglomerated particles, ranging from a few millimeters to 8 centimeters. After
homogenizing the soil specimen at 16 and 17 second disintegration times, it was found that the
soil started to develop small-sized particles due to the breaking up of the agglomerated particles,
as shown in Figures 3b and c for wet and air-dried specimens, respectively. When the
disintegration time was increased to 30 seconds, it was seen that soil particles started to
agglomerate and adhere to each other, forming larger agglomerated particles, as shown in
Figures 3d and e for both wet and air-dried specimens. A similar observation was made
regarding the formation of larger sizes of agglomerated particles when the disintegration time
was increased to 60 seconds (Figures 3f and g) until the soil became almost one piece at a 120
second disintegration time.
Figure 4 shows the visual assessment of soil 2 (silty clay, ߱=50%, PI=58%) before and after
disintegration at various times. It can be seen in Figure 4a that the soil specimen contained a
wide range of agglomerated particles from 1 to 9 centimeters in size. After homogenizing the
soil specimen at disintegration times of 10 and 13 seconds, it was found that the agglomerated
particles in the soil started to break up into small-sized particles, as shown in Figures 4b and c.
(5)

60

However, when the disintegration time was increased to 16 seconds, the soil particles started to
agglomerate and adhere to each other and became stickier, as shown in Figure 4d.
Figure 5 shows the visual evaluation of soil 3 (silty clay, ߱=43-45%, PI=16%) before and
after disintegration at various time periods. Figure 5a shows that the original soil specimen
consisted of a wide range of agglomerated particles ranging from a few millimeters to about
seven centimeters. After homogenizing the soil at 6 and 13 second disintegration times, the
agglomerated soil particles started to break into small-sized particles, as shown in Figures 5b,
c, and d for both wet and air-dried specimens. Subsequently, when the disintegration time was
increased up to 25 seconds, the soil particles started to agglomerate and adhere to each other
until they became almost one piece of soil, as shown in Figure 5e.
Figure 6 shows the visual evaluation of soil 4 (silt, ߱=40-50%, PI=11%) before and
after disintegration at various times. Figure 6 a show that the specimen consisted of a wide
range of agglomerated particles, ranging from a few millimeters to 8 centimeters. After
homogenizing the soil specimen with a 15-second disintegration time, it was found that the
agglomerated soil particles started to break up into small-sized particles, as shown in Figures 6
b and c for both wet and air-dried specimens, respectively. When the disintegration time was
increased to 30 seconds, the soil particles started to agglomerate and adhere to each other until
they became almost one piece, as shown in Figures 6 d and e respectively.
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(a) Non homogenized soil specimen

(b) Wet soil specimen prepared at 16 seconds

(c) Air dried soil specimen prepared at 17 seconds

(e) Air dried soil specimen prepared at 30 seconds

(d) Wet soil specimen prepared at 30 seconds

(f) Wet soil specimen prepared at 60 seconds

(g) Air dried soil specimen prepared at 60 seconds

Figure 3 Visual evaluation of soil 1 before and after disintegrated at various times
(7)

(b) Wet soil specimen prepared at 10 seconds

(a) Non homogenized soil specimen

(c) Wet soil specimen prepared at 13 seconds

(d) Wet soil specimen prepared at 16 seconds

Figure 4 Visual evaluation of soil 2 before and after disintegration at various times
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(b) Wet soil specimen prepared at 13 seconds

(a) Non homogenized soil specimen

(d) Wet soil specimen prepared at 13 seconds

(c) Air dried soil specimen prepared at 6 seconds

(e) Wet soil specimen prepared at 25 seconds

Figure 5 Visual evaluation of soil 3 before and after disintegration at various times.
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(a) Non homogenized soil specimen

(b) Wet soil specimen prepared at 15 seconds

(c) Air dried soil specimen prepared at 15 seconds

(d) Wet soil specimen prepared at 30 seconds

(e) Air dried soil specimen prepared at 30 seconds

Figure 6 Visual evaluation of soil 4 before and after disintegration at various times

4.2 Dry sieve tests
4.2.1 Sieving time
Figure 7 shows the effect of various sieving times on the percentage passing through
the sieve for six wet specimens from soil 1 (sandy clayey Silt) prepared at 20 seconds
disintegration time. It can be seen there is no additional effect after 15 minutes of sieving.
Therefore, 15 minutes sieving time was used for all the soil specimens

(10)
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Soil 1 (sandy clayey silt, ߱=27-30%)
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80
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Figure. 7 Percentage passing through versus sieve size for wet soil 1 specimen sieved at various times

4.2.2 Proper (Ideal) disintegration time
For soil 1 (sandy clayey silt, ߱=27-30%, PI=18%), Figures 8 and 9 present the
percentage passing through versus sieve sizes for wet and air-dried specimens respectively
prepared at different disintegration times. From Figure 8, the passing percentage for the original
soil specimen (without any mixing) is 63% with a 16 mm sieve size. After homogenizing the
soil specimen at 16 and 17 seconds disintegration times, it is found that the soil starts to have
smaller-sized particles, through the breakup of agglomerate particles. The percentage passing
through a 16 mm sieve size is significantly increased up to 93% and 100% respectively (Figure
8). This also applies to other sizes of sieve. When the disintegration time increases up to 30
seconds, it is seen that soil particles start to agglomerate and adhere to each other to form bigger
sizes of agglomerated particles. The percentage passing through decreases compared to 10 and
16 seconds for all sizes of sieve. The percentage passing through was higher compared to the
original soil specimen. A similar observation is made with larger sizes of agglomerated particles
found when the disintegration time was increased up to 60 seconds until it becomes almost like
one piece of soil at 120 seconds disintegration time. The percentage passing through decreases
compared to the original soil specimen for all sizes of sieve.
For the air-dried specimens, Figure 9 shows that the percentages passing through a 16
mm sieve are 98, 20 and 10% after 17,30 and 60 seconds of disintegration time respectively.
For soil 2 (silty clay, ߱=50%, PI=58%), Figure 10 shows the percentage passing through
versus sieve sizes for wet and air- dried specimens prepared at different disintegration times.
For the original soil specimen (without any mixing), it is seen that the pass percentage is 5% at
16 mm sieve size. After homogenizing the soil is at 10 seconds disintegration time, the passing
through a 16 mm sieve size significantly increases up to 88% and 60% for air dried and wet
specimens respectively. The pass percentage is also significantly increased for the other sizes
of sieve. Then, when the disintegration time increases to 13 seconds, the passing percentage
through a 16 mm sieve size is 75 and 33% for air dried and wet specimens respectively. With a
(11)

further increase in disintegration time of up to 16 seconds, the pass percentage decreases for all
sieve sizes to the same percentage as the original soil specimen without any preparation or
mixing.
100
Soil 1 (sandy clayey silt, ߱=27-30%, PI=18%)
Wet specimens
Sieving time= 15 minutes
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T: Disintegration time
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Figure.8 Percentage passing through versus sieve size for wet soil 1 specimens prepared at different
disintegration times
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Figure 9. Percentage passing through versus sieve size for air dried specimens of soil 1.
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Figure 10. Pass percentage versus sieve size for wet and air dried specimens prepared at
different disintegration time for soil 2 .

For soil 3 (silty clay, ߱=43-45%, PI=16%), Figure 11 presents the pass percentage
versus sieve sizes for wet and air-dried specimens prepared at different disintegration times.
For the original soil specimen (without any mixing), it is seen that the specimen consists of
wide range of agglomerated particles from a few millimeters to about seven centimeters and
the passing through a 16 mm sieve size is 50%. After homogenizing the soil at 6 seconds
disintegration time, the passing through percentage at 16 mm sieve size increasing up to 57%
and 85% for wet and air-dried specimens respectively. Then, when the disintegration time
increases to 12-13 seconds, the percentage of passing through a 16 mm sieve size increases to
80% and 73% for wet and air-dried specimens respectively. The pass percentage also increases
for the other sieve sizes. With further increasing in the disintegration time up to 22 seconds, the
passing through percentage decreases for all sizes of sieve compared to the original soil
specimen.
For soil 4 (Silty clay, ߱=43-45%, PI=16%), Figures 12 and 13 shows the passing
through percentage versus the size of the sieve for wet and air-dried specimens respectively
prepared at different disintegration times and initial water content. For the original soil
specimen with 40% water content, it is seen that the passing through percentage is 75 % at 16
mm sieve size. When the soil is disintegrated at 10-20 seconds, the passing through percentage
increased in all sizes of sieve and became 90% and 86% respectively at 16 mm sieve size.
For soil 4 with 50 % water content, it is seen that the soil starts to disintegrate into small
particles at 7 seconds, and the passing through percentage is 57 % 16 mm sieve. When the
disintegration time was increased between 15 and 30 seconds, the passing through percentage
at16 mm sieve size decreased to 44% and 40% respectively for wet specimens. This also applied
to other sizes of sieve. On the other hand, when the wet specimen was left to be air dried, it was
(13)

found that the percentage passing through at 16 mm sieve size significantly increased to 100
and 90% for 15 and 30 seconds disintegration time respectively as shown in Figure 13.
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Figure 11. Percentage passing through versus sieve size for wet specimens prepared at different
disintegration times for soil 3.
100
Soil 4 (Silt, ߱=40-50%,
90

PI=11%)

Percent passing (%)

80
70
T: Disintegration time

60

T = 0 Second (wet specimen), 40% Wc

50

T = 10 Second (wet specimen), 40% Wc
40

T= 20 Second (wet specimen), 40% WC
T= 7 Second (wet specimen), 50% Wc

30

T= 17 Second (wet specimen), 50% WC
20

T= 30 Second (wet specimen), 50% WC

10
0
0,0

0,1

1,0

10,0

Sieve size (mm)

Figure 12. Pass percentage versus sieve size for wet specimens of soil 4 prepared at different
disintegration time with different initial water content.
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Figure 13. Pass percentage versus sieve size for air- dried specimens of soil 4 prepared at different
disintegrated time.

5. Discussion
The preparation or mobilization of natural soil in order to mix it with a stabilizer can play
an important role in obtaining a uniform soil-binder mixture. The methodology adopted to
optimize a suitable disintegration time is based on two types of assessment. The first is a visual
assessment, as noted above. The second assessment is based on improving the grain size
distribution curves and obtaining smaller sized particles after the disintegration process. The
median diameter (D50) is considered in the evaluation.
Soil 1 was classified as sandy clayey silt with medium plasticity (PI=18). The soil water
content was below the liquid limit. The non-homogenized soil specimen had a wide range of
agglomerated particles with a 13 mm mean diameter (Figures 8). After homogenizing the
natural soil at various disintegration times, the agglomerated particles broke up into small-sized
particles. The mean particle diameters were 5.5, 4 and 9.5 mm after the wet specimens were
homogenized at 10, 16 and 30 seconds respectively. The passing percentage increased for all
sieve sizes. When the disintegration time was increased in several steps to 120 seconds, the
particle size distribution changed to a poor shape, and there was a decrease in the passing
percentage for all sieve sizes. This was due to the soil particles starting to agglomerate and
adhere together to form big soil clumps (Figure 3) until it became almost one mass of soil at
120 second’s disintegration time. For the air-dried specimens, the mean particle diameter was
about 3 mm after homogenizing the soil for a 17 second disintegration time (Figure 9). The
passing percentage was almost the same for the wet and air-dried specimens at a low
disintegration time (less than 17 seconds) and high for wet specimens compared to the air-dried
(15)

specimens when the disintegration time was increased to 30 seconds. This can be related to the
medium plasticity properties of the soil in addition to the water content being below the liquid
limit of the soil. When the soil particles agglomerated and adhered together at a high
disintegration time, it became difficult to break them up again during the sieving process and
they tended to stick in the opening of the sieve. The ideal disintegration time for soil 1 ranged
between 10 and 20 seconds and should not exceed 30 seconds.
Soil 2 was classified as silty clay with high plasticity (PI=58). The soil water content was
almost half of the liquid limit. The non-homogenized soil specimen had a wide range of
agglomerated particles with an average of five to six centimeters in diameter and only 8% of
the sample passed through the 16 mm sieve size (Figure 10). After homogenizing the natural
soil at various disintegration times, the agglomerated particles broke up into small-sized
particles. At 10 seconds, the mean particle diameter ranged between 11 and 7.5 mm for wet and
air-dried specimens, respectively. The passing percentage increased for all sieve sizes. When
the disintegration time was increased to 13 seconds, the passing percentage decreased for all
sieve sizes when compared to a 10 second disintegration time, and the mean diameter was 10.5
mm for the air-dried specimens. When the disintegration time was increased to 16 seconds, the
particle size distribution changed to a poor shape, and the soil particles started to agglomerate
and adhere together to form large soil clumps (almost one mass of soil) as shown in Figure 4D.
The passing percentage for air-dried specimens was higher compared to the wet specimens at
10 and 13 second disintegration times. This can be ascribed to the high plasticity properties of
the soil, which make the wet soil particles adhere to each other and stick in the sieve openings.
The proper disintegration time for soil 2 ranges between 10 and 13 seconds and should not
exceed 16 seconds.
Soil 3 was classified as silty clay with medium plasticity (PI=16). The soil water content
was at the liquid limit of the soil. The non-homogenized soil specimen was composed of a wide
range of agglomerated particles with a mean diameter of 16 mm and only half of the sample
passed through the 16 mm sieve (Figure 11). After homogenizing the natural soil at various
disintegration times, the agglomerated particles broke up into small-sized particles. At 6
seconds, the mean particle diameter ranged between 10 and 14 mm for the air-dried and wet
soil specimens, respectively. When the disintegration time was increased to 12 - 13 seconds,
the mean particle diameter ranged between 10 and 11 mm for the wet and air-dried soil
specimens, respectively. The passing percentage increased for all sieve sizes. When the
disintegration time was increased to 22-25 seconds, the particle size distribution changed to a
poor shape, and the soil particles started to agglomerate and adhere to each other to form big
clumps with an average mean diameter of 16 mm (Figure 5 e). At 6 second’s disintegration
time, the passing percentage for the air-dried specimens was higher compared to the wet
specimens. This can be explained by the wet soil sample becoming stuck in the sieve openings
(and thus not passing to the next sieve) due to the high moisture content and medium plasticity
properties of soil 3. The proper disintegration time for soil 3 ranges from 6 to 13 seconds and
should not exceed 22 seconds.
Soil 4 was classified as silt with low plasticity (PI=11). The initial water contents of soil
were chosen to be below (߱=40%) and above (߱=50%,) the liquid limit of the soil in order to
(16)

investigate the effect of different water contents on low plasticity soil after homogenization and
with various disintegration times. The non-homogenized soil specimen with 40% water content
(below the liquid limit of the soil) had a wide range of agglomerated particles with a 9 mm
mean diameter. 75% of the sample passed through a 16 mm sieve size (Figure 12). After
homogenizing the soil for 10 to 20 second disintegration time, the agglomerated particles started
to break up into small-sized particles with a mean particle diameter size of 6 mm. The passing
percentage increased for all sieve sizes. Conversely, for the wet soil specimens with an initial
soil water content above the liquid limit (50%), it was noticed that the agglomerated particles
started to separate from each other at a 7 second disintegration time. When the disintegration
times were increased to 17 and 30 seconds, the soil started to agglomerate and adhere together
to form big clumps. The particle size distribution changed to a poor shape and there was a
decrease in the passing percentage with all sieve sizes.
In contrast, for the air-dried specimens prepared at 15 and 30 second disintegration times
and with an initial water content above the liquid limit, the mean particle diameter ranged
between 6 and 7 mm. The passing percentage for the air-dried specimens was significantly
higher compared to the wet specimens prepared with the same disintegration time and initial
water content (50%), as shown in Figures 12 and 13. Due to the low plasticity properties of soil
4, the variation between the wet and air-dried specimens was related to the high-water content
of the soil, which made the wet soil particles adhere to each other after disintegration and stick
to the sieve openings. This clearly shows the effect of water content in low plasticity soil.
Therefore, the proper disintegration time for soil 4 is mainly affected by the variation in
the initial water content. When the water content is below the liquid limit of the soil, the
appropriate disintegration time ranges between 15 seconds and a maximum of 30 seconds, while
for soil with a high-water content (above the liquid limit) the disintegration time should be as
low as possible and should not exceed 17 seconds.
The agglomeration of particles after the homogenizing process was explained by the
increased interaction forces between particles, leading to the formation of clusters as a result of
how the particles adhere to each other [29]. As stated by [30], the following mechanisms can
lead to a rise in the agglomeration of particles for various material types:
1. Mechanical interlocking: this mainly occurs if the material’s particles are long and thin in
shape, leading to large masses becoming completely interlocked.
2. Surface attraction: surface forces such as Van der Waal’s forces can increase the substantial
bonds between particles. This effect is more pronounced in very fine particles (with less
than 10-micrometre diameter) due to a high ratio of specific surface to unit volume.
3. Plastic welding: this occurs due to the development of very high pressures on an extremely
small surface area between irregular particles.
4. Electrostatic attraction: the movement of fine particles can lead the particles to be
electrostatically charged.
5. Effect of moisture. Moisture has the effect of raising the surface tension effects by collecting
near points of contact between particles. It may also dissolve small sections of the particles
and act as a bonding agent on subsequent evaporation.
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6. Temperature fluctuation can change the particle structure and increase the cohesiveness.
Visual and sieve analysis results indicate that, at a specified disintegration time, the soil
started to have a good particle size distribution when the agglomerated particles break into
small-sized particles. Subsequently, when the disintegration time was increased, the soil
particles started to adhere to each other and form clusters. This process continued until almost
all the soil had accumulated into a single mass when the disintegration time was significantly
increased. Table 5 summarizes the proper disintegration time to homogenize various soil types.
Table 5 summarizes the proper disintegration time for homogenizing different soil types
Proper disintegration time (T), (Second)

Plasticity
index, PI%

Water content %

Soil 1 (sandy clayey Silt)

18

Soil 2 (Silty clay)

Soil types

Mean particle
diameter, mm

Between

Not exceed

27-30

10-20

30

4-5

58

50

10-13

16

10.5

Soil 3 (Silty clay)

16

47

6-13

25

10-11

40

15-20

30

6.5

Soil 4 (Silt)

11
50

7

17

10.5

Conclusions
The findings of this study demonstrate that the ideal time for the homogenization and
disintegration of soil depends on several factors, such as soil type, water content and plasticity
index. For high plasticity soil, the disintegration time should be kept as low as possible. The
disintegration time for medium and low plasticity soils is mainly affected by the soil’s initial
soil water content. Obviously, increasing the disintegration time has negative effects on the
uniformity of distribution of the binder around soil particles. The homogenizing and
disintegration time is less important for low plasticity soils with low water content than for
medium to high plasticity soils.
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Influence of low temperature curing and
freeze-thaw-cycles on the stiffness of silt
stabilised with hydraulic binder
Dipl.-Ing. Mirja Rothhämel 1 , Wathiq Jasim Al-Jabban 1 , Prof. Dr.-Ing. Jan Laue 1 ,
1
Technische Universität Luleå, Schweden
Abstract: Silt is a high frost susceptible soil that requires actions in construction works in regions with frost. To improve the engineering conditions of silt and other fine-grained soils with
hydraulic binder is common in regions with moderate climate, but seldom in cold climate. This
publication presents a laboratory study of a Swedish clayey silt stabilised with Petrit T, a byproduct from sponge iron production. The samples were cured at +4°C, similar to conditions in
northern Sweden, for 14, 28 and 90 days. The stress-strain-curves were plotted while testing the
unconfined compression strength (UCS). The study contains also samples that were exposed to
12 freeze-thaw-cycles as well as subsequent curing time. One third of the samples were always
conducted to a surcharge, one third during the freeze-thaw-cycles and the subsequent curing
time, the rest had no surcharge.
The results show differences in both stiffness and strength, with lower values of both for the
samples that had endured freeze-thaw-cycles. The results of the samples with surcharge show
higher stiffness and strength than those without surcharge at the same testing time
Kurzfassung: Die Steifigkeit eines Bodens beschreibt dessen Verformungsverhalten unter Belastung und beeinflusst z.B. das Setzungsverhalten unter äußerer Belastung. Feinkörnige weiche Böden werden in Ländern mit gemäßigtem Klima häufig mit hydraulischen Bindemitteln behandelt, um z.B. die Tragfähigkeit zu erhöhen oder die Frostempfindlichkeit zu verringern. Frost
während der Erhärtungszeit beeinflusst die Erhärtungsreaktion hydraulischer Bindemittel und
kann das Ergebnis beeinflussen. Um den Einfluss einer niedrigen Lagerungstemperatur und
Frost-Tau-Wechseln während der Erhärtung auf die Steifigkeit von stabilisiertem Schluff zu untersuchen, wurde eine Laborstudie durchgeführt.
In der vorliegenden Studie wurden Probekörper aus einem schwedischen Schluff hergestellt, der
mit einem Recyclingbindemittel, Petrit T, stabilisiert wurde (Bindemittelgehalt 4% bezogen auf
die Trockenmasse). Die Erhärtung fand bei +4°C statt und dauerte 14, 28 bzw. 90 Tage. Nach
der jeweiligen Erhärtungszeit wurden einaxiale Druckversuche zur Aufzeichnung der SpannungsDehnungs-Kurve und zur Ermittlung der Druckfestigkeit durchgeführt. Die Laborstudie umfasste
auch Proben, die nach der Erhärtungszeit zwölf Frost-Tau-Wechsel ausgesetzt wurden, und an
denen anschließend die Spannungs-Dehnungs-Kurve aufgezeichnet wurde. Desweiteren wurden
Proben untersucht, die den verschiedenen Erhärtungszeiten, zwölf Frost-Tau-Wechseln und einer weiteren Erhärtungszeit von 28 Tagen nach den Frost-Tau-Wechseln ausgesetzt worden waren. Ein Drittel der Proben hatte eine Auflast während der gesamten Zeit, ein Drittel für die
Dauer der Frost-Tau-Wechsel und der Nacherhärtungszeit, das weitere Drittel hatte keine Auflast.
Die Ergebnisse zeigen wie erwartet Unterschiede in der Steifigkeit wie auch in der Festigkeit.
Proben ohne Frost-Tau-Wechsel erreichen die höchsten Festigkeiten und haben eine höhere
Steifigkeit bei niedrigen Spannungen. Proben, die Frost-Tau-Wechseln ausgesetzt waren, erzielen geringere Festigkeiten und haben eine geringere Steifigkeit bei niedrigen Spannungen. Die
Auflast hat einen deutlichen Einfluss auf die Festigkeit und Steifigkeit der Proben nach Frosteinuss: die Proben mit Auflast (C-Proben) haben eine höhere Steifigkeit und erreichen höhere
Festigkeiten als die Proben ohne Auflast. Das Recyclingbindemittel zeigt eine ungewöhnliche
Festigkeitsentwicklung über der Zeit, mit niedrigeren Werten für die 90-Tage-Proben.
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Einleitung

Silt is classified as frost susceptible because it
cause frost heave or thaw weakening or both phenomena. When freezing temperature enters soil, the
volume expansion of the pore water freezing to ice

causes heaving. But the heave of ice-lenses which
can grow in size over long time is the major problem. Ice lenses occur when the freezing temperature isotherm remains at the same level for a certain
time and water is transported to this level so that
more water freezes than what has been in the soil
at that level before. In silt, water can be transported

long way to the freezing zone through capillary
transport. Thaw weakening occurs when the pore
water thaws, but is trapped by the underlying
ground, which may be frozen or slowly permeable.
The pore pressure rises and this reduces the effective stress. As a consequence the bearing capacity
is decreased. (Andersland and Ladanyi, 2004;
Dagli, 2017; Zeinali, 2018)
A common solution in Sweden to avoid these problems is to excavate silt and replace by coarser material before building constructions on top. The
mass transport, the need for suitable replacement
material, and the need to landfill the excavated material, are the major drawbacks of that solution. A
beneficial technique to enhance the properties of
the soil in place is the treatment with hydraulic
binder. The new European standard for earthworks
EN 16907-4 (2018a) includes as binders besides
lime and cement also y ash and granulated blast
furnace slag as well as mixtures of those, so called
hydraulic road binders. The binder material reacts
with the water as well as with the clay particles in
the soil and forms new minerals. The reaction as
well as their products are similar to the hardening
reaction in concrete. The new formed minerals connect soil particles together, which improves the engineering properties of the soil. (Bell, 1996; Lottmann et al., 2008; Al-Jabban, 2017; Rothhämel,
2018).
The technique of soil treatment with hydraulic binders is very common in regions with moderate climate. The reaction process of the binder is temperature-dependent: the higher temperature, the faster
is the reaction (Åhnberg et al., 1995; Deschner et
al., 2013). The most reference values in the literature are given for room temperature (+20°C +/-2K),
but in Northern Europe this temperature is not relevant for the average soil temperature. The standard
laboratory mixing test for Swedish Lime Cement
Columns is therefore done by +7°C (SGF Report
4:95E, 1997). Frost has an influence on improved
soil since the properties of soil and the chemical reactions between the soil and the binder depend significantly on the water content. Several researchers
have worked with the influence of frost on cementstabilised soft soils and found that the strength after
freezing and thawing is decreased but still several
times higher than the one of the untreated material
(Kujala, 1989; Shihata and Baghdadi, 2001; Eskişar
et al., 2015; Jamshidi et al., 2015; Jamshidi and
Lake, 2015). Lottmann et al. (2008) have studied
several different parameter of clay and silt soils stabilised with different amounts of lime hydrate or
quicklime. They found that storage in water can
substitute frost tests in the case of unconfined compression strength (UCS) or California bearing ratio
(CBR).
Two recent publications investigated the stabilised
soil a certain time after the influence of freeze-thaw,
Jamshidi and Lake (2015) for cement-stabilised silty

sand and Tebaldi et al. (2016) for lime-stabilised
clay. Both publications describe a healing potential
or recovering of the UCS values at the measured
time after freeze-thaw.
The stiffness of a soil describes the deformation behaviour of a material and is usually defined by the
elastic modulus. Wang et al. (2017) found that the
stiffness of stabilised silt samples decreased with increasing number of freeze-thaw-cycles. The binder
composition had an influence on the decrease rate:
higher strength and ductility with fly ash-cement
mixture compared to lime-cement mixtures or cement alone.
In the present study, the unconfined compressive
strength (UCS) was used as indicator for the effect
of low curing temperatures and freeze-thaw cycles
on the cementitious reactions. The stiffness was
evaluated from the stress-strain-curves measured
during the UCS test. The curing temperature has an
influence on the applicability of soil stabilisation
methods in cold climate. Therefore the curing temperature in the present study was chosen to +4°C.
The reported healing potential is interesting for the
application of stabilisation in the frost-active part of
the soil. This present study includes also a curing
time at low temperature after 12 freeze-thaw-cycles.
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Laboratory work

Samples were prepared from a natural soil from
Gothenburg, Sweden. The soil consists of 16% clay,
55% silt and 29% fine sand. The natural moisture
content is 30%, the liquid limit 37% and the plastic
limit 20%. The optimum moisture content is 12%,
and the proctor density is 1:97 g=cm3. The soil is
classified as a medium plasticity fine soil according
to EN 16907-4 (2018b). The soil was mixed with Petrit T, a by-product from sponge iron production that
is not commercially used as binder yet. An X-ray diffraction test (XRD) of Petrit T (provided by the manufacturer) shows as main mineral components dicalcium silicate (57%), calcium-silicon-aluminate
(28%), quartz (11%) and calcium hydroxide (3%).
The mineral part is 74% of the whole mass, the rest
consists of amorph carbon (21%) and iron (5%).
The soil and the binder as well as the sample production are described more detailed in Al-Jabban et
al. (2017), the binder in Rothhämel et al. (2019).
The soil, at its initial water content, was crumbled by
hand to appr. 2 cm3 siezed pieces. Petrit T (4% of
dry mass of the soil) was added as dry powder and
the materials were mixed for ten minutes in a machine. The mixture was filled in five layers in tubes
(inner diameter 50mm) and compacted with a Proctor stamp: each layer with 25 blows, following a
combination of the Swedish recommendations for
soil stabilisation (Larsson, 2006) and the modified
proctor density test (EN13286-2, 2010). Three samples were prepared from the same blend within one

hour from adding the binder. The samples had a
height of 100mm and remained in the tubes for the
whole time until the UCS test.
The samples were stored vertically for three different curing times (14, 28 and 90 days) under cold
conditions (+4°C) to simulate the soil temperature in
northern Sweden. The samples were placed in individual plastic cups on a totally soaked sand bed
with a visible water table. One third of the samples
was tested without freeze-thaw, one third was conducted to twelve freeze-thaw-cycles and tested directly after the last thawing. The rest was conducted
to twelve freeze-thaw-cycles and then kept under
the same curing conditions as before (+4°C) for another 28 days before testing. The temperature was
measured continuously between sample and sand
filter for some samples, to make sure that the thawing was completed before testing. One of the triplet
samples had a surcharge from the beginning (Csamples) and one of the triplet samples had a surcharge during the freeze-thaw-cycles and for the
subsequent curing time (B-samples). The samples
were pressed out of the tubes with the help of a mechanical jack directly before testing. The UCS was
tested according to EN ISO 17892-7 (2017) with a
velocity of 1 mm/min. The stress was measured automatically and the stress-strain curves were plot-

ted. The stiffness in terms of the E50 was determined as a secant modulus in the stress-strain
curve at 50% of the maximum unconfined compressive strength. For the first sample, the data collection failed in the beginning. The stiffness could
therefore not be calculated.
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Results

The stress-strain-curves are presented in figure 1
for the samples with binder and in figure 2 for the
samples without binder. The row above presents
the samples with 14 days of curing before the
freeze-thaw-cycles, the middle row those with 28
days of curing and the row below those with 90
days of curing. The red lines in the left column show
the samples without freeze-thaw-cycles, the blue
lines in the middle show the samples after the
freeze-thaw-cycles, and the black lines in the right
column show the samples after the subsequent curing time. The dash-dot-lines symbolise the samples
without surcharge (A-samples), the dashed lines the
samples with surcharge from the start of the freezethaw-cycles (B-samples) and the continuous lines
the samples with surcharge during the whole time
(C-samples).

Figure 1: Stress-strain-curves for the samples with 4% of binder: the A-samples with dash-dot-lines, the B-samples
with dashed lines and the C-samples with continuous lines. (Spannungs-Dehnungs-Kurven der Proben mit 4%
Bindemittel: die A-Proben mit Strich-Punkt-Linien, die B-Proben mit gestrichelten Linien und die C-Proben mit
durchgezogenen Linien.)

Figure 2: Stress-strain-curves for the samples without binder: the A-samples with dash-dot-lines, the B-samples
with dashed lines and the C-samples with continuous lines. (Spannungs-Dehnungs-Kurven der Proben ohne Bindemittel: die A-Proben mit Strich-Punkt-Linien, die B-Proben mit gestrichelten Linien und die C-Proben mit durchgezogenen Linien.)
The general tendency for the samples with binder
(figure 1) is that the strength and stiffness decreases from the upper left diagram to the lower
right diagram: The 14- and 28-days-samples before
the freeze-thaw-cycles show the highest strength
and stiffness, the 90-days-samples after the recovering time the lowest strength and stiffness. The 14days-samples after the recovering show higher
strength than the 14-days-samples after the freezethaw-cycles. The 28-days-samples after the freezethaw-cycles and after the recovering show higher
values for the samples with surcharge than without
surcharge. The 90-days-samples show lower
strength and stiffness before the freeze-thaw-cycles
than the samples with less curing time. The values
after the freeze-thaw-cycles are not much lower
than before them.
The stiffness changes from more brittle for the
younger samples without freeze-thaw-cycles to
more ductile for the older samples. A change in stiffness is visible for the 14- and 28-days-samples before freeze-thaw-cycles: they show higher stiffness
for low strain rates, whereas the stiffness is lower
for higher strain rates. This tendency is much lower
for 90-days samples, where the difference in stiffness in the beginning is not as distinct as for the
younger samples.

The general tendency for the samples without
binder (figure 2) is that the curves are almost
straight lines except for the samples with surcharge
from the beginning, which show a different strength
and stiffness after the freeze-thaw-cycles and after
the recovering than the other samples. The values
are in general much lower than for the samples with
binder.
The modulus of elasticity was calculated both as
maximum tangent modulus (Emax) and as secant
modulus at half of the maximum strength value
(E50). The results are shown in figure 3, above for
the samples with 4% of binder, below for the samples without binder; Emax to the left, E50 to the right.
The A-samples are symbolised with stars, the Bsamples with triangles and the C-samples with circles. Red symbols stand for samples before the
freeze-thaw-cycles, blue symbols for samples after
the freeze-thaw-cycles and black symbols for samples after the recovering.
The general tendency is that the moduli decrease
with the age of the samples. However, the E50 of the
samples without binder is about the same over time
except the samples with surcharge, which show
higher values. The span is much wider for the Emax
than for the E50.

Figure 3: Modulus of elasticity: to the left for the samples without binder, to the right for the samples with 4% of
binder; above the secant modulus at half of the maximum strength value, below the maximum tangent modulus.
(Elastizitätsmoduln: links für die Proben ohne Bindemittel, rechts für die Proben mit 4% Bindemittel; oben Sekanten-Moduln bei 50% der Bruchfestigkeit, unten maximale Tangenten-Moduln.)
The values of the E50 for the samples with binder
are three to ten times higher than the values of the
samples without binder.
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Discussion

The expectations are (i) that the strength increase
over time (ii) that the strength is lower after freezethaw-cycles than before them, (iii) that the stiffness
after freeze-thaw-cycles is lower than before them,
(iv) that a surcharge leads to higher strength and
stiffness and (v) that the strength increase during
recovering is higher for the younger samples (where
more reactive material is left).
The strength after the freeze-thaw-cycles is lower
than before them, but still higher as without binder,
as expected (Kujala, 1989; Shihata and Baghdadi,
2001; Eskişar et al., 2015; Jamshidi et al., 2015;
Jamshidi and Lake, 2015). The drop in strength is
lower for the 90-days-samples. The strength values
of the 90-days samples are significantly lower than
the values of the 28-days samples. This is unexpected, as the strength is assumed to increase continuously with time. The composition of the binder in

combination with the cold curing temperature is supposed to be the reason for this strength drop, as
discussed in Rothhämel et al. (2019): The calciumsilicon-aluminate reacts in cold temperature to highstrength minerals, which do not stay stable in the
long term. Instead, a process called "conversion"
takes place, where minerals with a more dense
crystal structure are formed, resulting in a lower
strength caused by the pores that remain in between the minerals (Hewlett and Lea, 2003). The
"conversion" could also explain the lower strength of
the samples with surcharge: the load during the
conversion possibly destroy the structure more than
in the samples without surcharge.
The stiffness after the freeze-thaw-cycles is lower
than before them, as expected (Wang et al., 2017),
for the 14- and 28-days-samples. The 90-days-samples show about the same or higher E50 after the
freeze-thaw-cycles. The decreasing trend of the
stiffness (E50) of the stabilised soil with age of the
sample is in opposite to the findings of Al-Jabban et
al. (2017), where an increase in stiffness over time
was found. The values of the stiffness are about the
same as found by Al-Jabban et al. (2017) in the beginning, but the values of the older samples differ. A

possible explanation is that the stiffness of the stabilised samples is affected by the "conversion" process as well, as it seems to be the strength. The
stiffness of the soil without binder is about the same
as observed by Al-Jabban et al. (2017)
The samples with surcharge from the start of the
freeze-thaw-cycles (B-samples) show about the
same strength value as the respective sample directly after the last thawing (blue and black lines).
But for the 14-days-smples, the strength values of
these samples are lower compared to the samples
that had surcharge from the beginning. So the surcharge does seem to have an influence, as described in (). On the other hand, the samples without surcharge shows the highest strength after recovering for both the 14- and the 90-days-samples
and for the 90-days-sample after the freeze-thawcycles.
A strength increase during recovering is visible for
the 14-days-samples, but not clear for the 28-dayssamples. The strength does not increase during recovering for the 90-days-samples.

5

Conclusion

The present study presents a laboratory investigation of a silt stabilised with a by-product originated
binder, Petrit T. The samples were cured in low
temperature (+4°C), to simulate natural conditions in
cold regions, and exposed to 12 freeze-thaw-cycles
as well as a subsequent curing time, to investigate
possible recovering. The strength and the stiffness
of the samples were evaluated from UCS-tests.
The results show lower values of both strength and
stiffness for the samples that were exposed to
freeze-thaw-cycles. The samples with short curing
time before the freeze-thaw-cycles show higher
strength values again after the recovering time. The
samples with surcharge showed higher strength and
stiffness values for the samples with 14 and 28 days
of curing before the freeze-thaw-cycles, but not for
the samples with 90 days of curing. The strength
of the samples with 90 days of curing without
freeze-thaw-cycles was generally lower than the
others, which might be caused by the binder in combination with cold curing conditions.
The strength increase of the samples with binder is
higher after the freeze-thaw-cycles and recovering
compared to the natural soil, in general by factor
two for the in this study chosen binder content of
4% (by dry mass of the soil).

Acknowledgement
The authors thank the Swedish Transport Administration for the funding.

References
Åhnberg H, Johansson SE, Retelius A, Ljungkrantz
C, Holmqvist L and Holm G (1995) Cement and lime
for deep stabilisation of soil. Swedish Geotechnical
Institute, Linköping, Sweden, ISSN: 0348-0755.
Al-Jabban W, Knutsson S, Laue J and Al-Ansari N
(2017) Stabilization of clayey silt soil using small
amounts of petrit t. Engineering 9: 540{562, ISSN:
1947-3931.
Al-Jabban WJ (2017) Soil modification by adding
small amounts of soil stabilizers: impact of Portland
cement and the industrial by-product Petrit T. Licentiate thesis. Luleå University of Technology, Luleå,
Sweden, ISBN: 978-91-7583-977-6.
Andersland O and Ladanyi B (2004) Frozen Ground
Engineering. John Wiley and Sons, Inc., Hoboken,
New Jersey, ISBN: 0471615498.
Bell F (1996) Lime stabilization of clay minerals and
soils. Engineering Geology 42(4): 223{237, ISSN:
0013-7952.
Dagli D (2017) Laboratory Investigations of Frost
Action Mechanisms in Soils. Licentiate thesis. Luleå
University of Technology, Luleå, Sweden, ISBN:
978-91-7583-924-0.
Deschner F, Lothenbach B, Winnefeld F and
Neubauer J (2013) Effect of temperature on the hydration of portland cement blended with siliceous fly
ash. Cement and Concrete Research 52: 169 - 181,
ISSN: 0008-8846.
EN 16907-4 (2018a) Earthworks - Part 4: Soil treatment with lime and/or hydraulic binders. European
committee for standardization, Brussels, Belgium.
EN 16907-4 (2018b) Earthworks - Part 2: Classification of materials. European committee for standardization, Brussels, Belgium.
EN ISO 17892-7 (2017) Geotechnical investigation
and testing - Laboratory testing of soil - Part 7: Unconfined compression test. European Committee for
Standardization, CEN, Brussels, Belgium.
EN13286-2 (2010) Unbound and hydraulically
bound mixtures - Part 2: Test methods for laboratory reference density and water content - Proctor
compaction. European Committee for Standardization, CEN, Brussels, Belgium.
Eskişar T, Altun S and Kalipcilar T (2015) Assessment of strength development and freeze-thaw performance of cement treated clays at different water
contents. Cold Regions Science and Technology
111: 50 - 59.

Hewlett P and Lea F (2003) Lea's Chemistry of Cement and Concrete (Fourth Edition). ButterworthHeinemann, ISBN: 9780750662567.
Jamshidi R and Lake C (2015) Hydraulic and
strength properties of unexposed and freeze-thaw
exposed cement-stabilized soils. Canadian Geotechnical Journal 52(3): 283 - 294, ISSN:
00083674.
Jamshidi R, Lake C and Barnes C (2015) Evaluating impact resonance testing as a tool for predicting
hydraulic conductivity and strength changes in cement-stabilized soils. Journal of Materials in Civil
Engineering 27(12).
Kujala K (1989) Frost susceptibility of lime and cement-stabilized soils. Proceedings of the international symposium on Frost in geotechnical engineering 2: 809{819, ISBN: 951-38-3317-8, ISSN: 03579387.
Larsson R (2006) Deep stabilization with hydraulic
binder-stabilized columns and mass-stabilization - a
guideline. In Swedish (Djupstabilisering med bindemedelsstabiliserade pelare och masstabilisering {
En vägledning), Swedish Deep Stabilization Research Centre, vol. Report 17. Swedish Geotechnical
Society, Linköping, Sweden, ISSN:
1402-2036.
Lottmann A, Wienberg N and König M (2008) Reduction in the frost sensitivity of soils by treating
them with quicklime and lime hydrate. In German
(Verringerung der Frostempfindlichkeit von Böden
durch die Behandlung mit Branntkalk und Kalkhydrat). Forschung Straßenbau und Straßenverkehrstechnik, Heft 990, Wirtschaftsverlag NW, Bremerhaven, Germany, ISBN: 9783865097880.
Rothhämel M (2018) Near-surface soil stabilisation
to reduce the frost susceptibility of soils. Licentiate
thesis. Luleå University of Technology, Luleå, Sweden, ISBN: 978-91-7790-230-0.
Rothhämel M, Rosenberg M and Laue J (2019) Applicability of near-surface soil improvement with hydraulic binders in Sweden considering the influence
of freeze/thaw on the strength of stabilised clay. In
German (Anwendbarkeit oberflächennaher Baugrundstabilisierung mit hydraulischen Bindemitteln
in Schweden unter Berücksichtigung des Einflusses
von Frost-Tau-Wechseln auf die Tragfähigkeit stabilisierter Tone). accepted for publication in: Bauingenieur
SGF Report 4:95E (1997) Lime and Lime Cement
Columns, Guide for Project Planning, Construction
and Inspection. SGF Report 4:95E, Swedish Geotechnical Society, Linköping, Sweden, ISSN: 11037237.

Shihata SA and Baghdadi ZA (2001) Long-term
strength and durability of soil cement. Journal of
Materials in Civil Engineering 13(3): 161 - 165.
Tebaldi G, Orazi M and Orazi U (2016) Effect of
freeze-thaw cycles on mechanical behavior of limestabilized soil. Journal of Materials in Civil Engineering 28(6).
Wang H, Deng A and Yang P (2017) Strength and
stiffness of stabilized alluvial silt under frost actions.
Advances in Materials Science and Engineering
2017, ISSN: 1687-8434.
Zeinali A (2018) Thaw Mechanism in Subgrades. Licentiate thesis. Luleå University of Technology, Luleå, Sweden, ISBN: 978-91-7790-209-6.

Paper VII

Common laboratory procedures for preparing and curing the
stabilized soil specimens. A review study

Al-Jabban, W., Laue, J., Knutsson, S., (2019). Common laboratory procedures for preparing
and curing the stabilized soil specimens. A review study. Submitted to the journal of
Geotechnical Research, ICE publishing.

Common laboratory procedures for preparing and curing the stabilized soil
specimens. A review study

1
2
3
4
5
6
7
8
9
10

Abstract
Soil stabilization was used extensively to improve the physical and mechanical properties of soils to achieve

11

the desired strength and durability properties. During the design process, laboratory investigation was conducted

12

firstly to obtain the enhancement in soil strength and stiffness, in addition to the type and amount of binder

13

required. The methods of preparing and curing specimens of the soil -binder mixture directly influenced the

14

properties of the stabilized soils. The most common laboratory protocols used for preparing and curing the

15

specimens of stabilized soil are presented in this review study. The findings can assist various construction projects

16

that deal with soil improvement to obtain uniform soil –binder mixtures.

17
18
19

Introduction
For soil stabilization application, the specimens of the soil –binder mixture were

20

prepared in a laboratory according to a standard procedure, which in principle should simulate

21

the field conditions. These procedures were varied between different countries; in addition,

22

there were variations between different testing companies (Kitazume, 2012; EN 14679, 2005;

23

EuroSoilStab, 2001; Carlsten and Ekström, 1997; Åhnberg and Holm, 2009). In Sweden, the

24

specimens of soil –binder mixture are prepared according to the common procedure described

25

by the Swedish geotechnical society report Carlsten and Ekström (1997) and EuroSoilStab

26

(2001). In Japan, the specimens are prepared according to the Japanese geotechnical society

27

standard (Kitazume and Terashi, 2013). These variations were related to differences in the soil

28

type, type and procedure of soil stabilization in the field and the differences in traditional

29

laboratory testing in general (Åhnberg and Holm, 2009).
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30

Generally, the specimen of stabilized soil was prepared in a laboratory according to a

31

standard protocol which normally consists of several steps. Firstly, the natural soil was

32

homogenized, then the cementitious binder was added in dry or in slurry form and the mixture

33

was blended by hand or electric blender for a certain time. Then the soil- binder mixtures were

34

gradually filled as layers in a mold or tube according to specified technique. Usually, five

35

different molding techniques can be used or combined to prepare the specimen as summarized

36

below (Kitazume et al., 2015):

37
38
39
40

•
•

Tapping: for each layer, the mold was tapped (hit) against the table or floor for a specified
number of times, until subsequently filling the specimen height.
Rodding: for each layer, the mixture was slowly tamped down for a specified number of
times using a rod to compact/smooth out each layer.

41
42
43
44
45
46
47

•

•
•

Dynamic compaction: each layer was compacted by using a Proctor hammer for a specified
drop height, weight and number of blows to achieve standard compaction energy (600
kJ/m3) or according to specified compaction energy.
Static compaction: each layer was compressed by using a specified static load for a certain
time.
No compaction: the soil binder mixture was filled in the mold by either pouring or placing.

48

Preparing and homogenizing the natural soil before adding the cementitious binders

49

represented the most common concern for obtaining a uniform soil binder mixture.

50

Disaggregating the natural soil prior treatment has many effects such as homogenizing the soil,

51

reducing the variation in water content and obtaining smaller particle in size by separating the

52

agglomerated particles. This process could assist in obtaining a uniform distribution for the

53

cementitious binder's around soil particles. Table 1 summarized the most common procedures

54

to homogenize the natural soil prior treatment, specimen’s preparation method and curing

55

condition. The most common step in these procedures is that the natural soil has to be

56

disaggregated and homogenized by remixing it alone before adding the stabilizer. Most of the

57

standards did not specify the time required for the disintegration and homogenization process

58

because it can be influenced by several factors such as type and gradation, consistency limits,

59

water content and organic content of the soil (Carlsten and Ekström, 1997; EuroSoilStab, 2001;

60

Puppala et al., 2007; Bruce et al., 2013; Åhnberg and Holm, 2009).

61

For the effect of mixing time after adding the cementitious binder on obtained uniform

62

soil binder mixture, several investigations showed that mixing time significantly influenced the

63

properties of stabilized soils. Several factors controlled the uniformity of soil binder mixture

64

such as mixing time, type of mixer used, the characteristics of the original soil, in addition to

65

type, amount and form of the added binder (in dry or in a slurry form). Kitazume (2005) pointed

66

out the influence of mixing time and form of binder used on the unconfined compressive

67

strength of stabilized soil. These results were based on the laboratory mixing tests by

68

(Nakamura et al., 1982). The laboratory tests were conducted according to the Japanese

69

standards for preparing the laboratory specimens (Japanese Geotechnical Society, 2000) but

70

using different mixing times. Portland cement was added to the soil either in a dry form or a

71

slurry form with a water to cement ratio, w/c of 100%. The results showed that the unconfined

72

compressive strength of stabilized soil significantly decreased as the mixing time was

73

decreased. The results also showed that adding binder in a dry form required more mixing time

74

compared to a slurry from.

75

For deep soil stabilization, several researchers studied the influence of different

76

laboratory molding techniques on the wet density and the unconfined compressive strength of

77

stabilized soil (Kitazume et al., 2015). The study was a part of an international collaboration

78

between four organizations, the Tokyo Institute of Technology (TIT), the Sapienza University

79

of Rome (UR), the University of Coimbra (UC) and the Swedish Geotechnical Institute (SGI).

80

The details of their studies are presented in the first four-methods mentioned in Table 1.

81

Regardless of soil type and the type and amount of binder used, they observed that the modeling

82

technique considerably influenced the wet density and the unconfined compressive strength of

83

stabilized soil. The liquidity index and the undrained shear strength of the soil binder mixture

84

after treatment were used as indices to evaluate the results. They found the tapping and rodding

85

techniques were highly applicable when the undrained shear strength was less than 10 kPa or

86

liquidity index was larger than one. The rodding technique was highly applicable when the

87

undrained shear strength ranged from 10 to 20 kPa or a liquidity index ranged between 0.5 to

88

1.0. The molding with rodding and the dynamic compaction were highly applicable when the

89

undrained shear strength was larger than 20 kPa or the liquidity index was smaller than 0.5.

90

Sample ends were
properly sealed with
specified sealants and
stored at 7°C in
climate-controlled
room

Tapping 1
Rodding 2
Dynamic compaction 5
Static compaction 4
No compaction 6

Sample
ends
are
properly sealed with
specified sealants and
stored at 20±3°C for
specified time at 95 %
relative humidity
Each
mold
was
covered with a sealant
and stored in a special
curing room at 95%
relative humidity to
prevent
water
evaporation from the
specimen

The molds used were plastic tubes
- Tapping 8
commonly used for piston 4-5 layers (about
- Rodding 9
sampling in Sweden, with a 30 mm thickness
- Static compaction 10
diameter of 50 mm and a height of of each layer)
170 mm.

Three layers

-

Tapping 1
Rodding 2
Dynamic compaction 3
Static compaction 4

A
non-woven
geotextile porous disc
was placed at the
bottom and top of the
mold. Samples were
stored at 20±2°C for
specified time.
A vertical pressure of
24 kPa was applied
during curing time.

Cylindrical plastic molds 50 mm
Ten minutes
in diameter and 100 mm in height.
with
Largest particle contained within
occasional
the specimen shall be smaller than
hand mixing
1⁄5 th of the specimen diameter

The soil was
homogenized by
remixing alone.
Water was added Hobart mixer
at this stage to
adjust the soil
water content.

The soil was
homogenized by
re- mixed with a
Three
mixing speed 136
University of
minutes with
rpm. To readjust
Hobart mixer
Coimbra (UC),
a mixing
the soil water
(model N50)
Portugal. (Correia
speed 136
content,
water
et al., 2013)
rpm
was added to the
soil as a slurry of
water and binder
mixture.
Swedish
Dough mixer
The soil was first
Geotechnical
or
kitchen
homogenized
Institute (SGI).
mixer
with
by
Five minutes
Sweden. (Carlsten thoroughly
sufficient
and Ekström,1997; mixing the soil
capacity and
alone.
Åhnberg and
r/min
Andersson, 2011)

Sapienza University
of Rome (UR),
Italy. (Grisolia et
al., 2012, 2013;
Marzano et al.,
2012)

Three to six
layers

-

Curing Conditions

Polypropylene
random
copolymer (PP-R) pipes, with
50.8 mm internal diameter and
330 mm height. The height of the
Six layers
sample is 140 mm and the
(thickness/diamet
- Static compaction 7
remaining height of the mold
er ratio equal to
serves as a guide for the dead
0.5)
load, corresponding to a vertical
pressure of 24 kPa. The mold has
two holes near the top to allow the
sample to submersed.

Ten minutes
with
Cylindrical plastic molds 50 mm
occasional in diameter and 100 mm in height
hand mixing

Soil
was
Tokyo Institute of
homogenized by
Technology (TIT),
mixing with its
Japan, (Kitazume
initial
water
et al., 2015)
content.

Domestic
dough mixer
with 5000 to
30000 cm3
mixing bowl

Table 1 summarized the most common procedures to homogenize the natural soil prior treatment, specimen’s preparation method and curing condition
Preparation
Natural soil
Number of
Mixing
standards and
homogenize
Mixer type
Specimen Mold
layers in the
Molding techniques
duration
reference
method
mold

- Static compaction 13

- Tapping

- Static compaction 12

- No compaction 11

Molding techniques

Layer thickness
- Tapping 14
between two to
four cm after
- Static compaction 15
compaction

Four layers

Kitchen Aid®
dough mixer
with
dough
hook.
Outer
Three to five 50-mm diameter and 100-mm
spindle rotating
minutes
height
at 155 r /min
and
inner
spindle at 68 r
/min.

Mix
the
conglomerate of
soil thoroughly
for three to four
minutes

Four layers

Three layers

Number of
layers in the
mold

Plastic tubes or plastic coated
cardboard, 50-mm diameter and
100-mm height coated with oil or
wax on the inner side

Five minutes
(depending
on the soil
type)

Homogenizing
the soil by mixing
The molds used were plastic tubes
it alone for two to
commonly used for piston
(Janz and Johansson six minutes. It Kitchen mixer
Four to ten sampling in Sweden, with a
takes or concrete
2002) and Edstam normally
diameter of 50 mm and a height of
minutes
place the day
mixer
(2000)
170 mm.
before
the
stabilizer
was
added.

(Jacobson et al.,
2003)

(EuroSoilStab,
2001)

Specimen Mold

Dough mixer
The soil was
or
kitchen
mixed
until
mixer
with
becoming
sufficient
visually
capacity and
homogenous
r/min

Mixing
duration
Specimen molds with 50-mm
Ten minutes
diameter and 100-mm height. The
with
maximum grain size of the sieved
occasional
sample should be less than 1/5th of
hand mixing
the inner diameter of mold

Mixer type

Domestic
dough mixer
with 5000 to 30
000
cm3
mixing bowl

Natural soil
homogenize
method
The soil was
homogenized by
Japanese
stirred it using a
Geotechnical
Society, JGS 0821- mixer. The soil
2000. (Kitazume water content was
and Terashi, 2013) adjusted
by
adding water.

Preparation
standards and
reference

The
specimens
containing only lime
were stored at room
temperature (+ 22 ° C)
for the first 10 days
and remaining time at
+ 7 ° C. Other
specimens were stored
at the temperature + 7
° C all the time

Cured at 100 %
relative
humidity
(moist environment)
and 20±3°C for 7, 14,
28, and 56 days

No standard specified
for humidity. Samples
were stored at a
constant temperature
of
18–22°C
in
properly
sealed
conditions

Sample ends were
properly sealed with
specified sealants and
stored at 20±3°C for
specified time at 95 %
relative humidity

Curing Conditions

SS-EN 169074:2018, Swedish
Standard, 2018

The soil in the
field corrected to
the particle size
distribution
before adding the
binder by
blending the soil
alone to break up
large blocks or
boulders.

Natural soil
homogenize
method
Soil was air dried
for 24 hours and
mixed with dry
(ASTM D 3551 – 17)
binder for one
(ASTM D5102 – 09)
minute or until the
mixture
homogenized
visually
Mixing the soil
for approximately
three minutes at
the lowest setting
of the mixer
Federal Highway
(approximate
Administration
rotation of the
Design Manual
mixing tool of
(Bruce et al., 2013)
100 to 175
cycles/min).
Water was added
to adjust the soil
water content

Preparation
standards and
reference

Mechanical
mixer capable
of producing
uniform and
homogeneous
mixtures

The mixing
time was not
specified, but
the produced
mixture
should
be
homogenized.

Different mold dimensions were
used according to the compaction
method used for preparing the
sample and maximum particle
size permitted in the sample.
Length to diameter ratios of the
specimen was 2.

Layers

- Vibrating hammer18
- Vibrocompression19
- Static compression20

- Proctor equipment or
Vibrating table
compaction 17

- Rodding

- Tapping

50- by 100-mm plastic molds with
lids

Kitchen mixer
with sufficient Ten minutes
capacity

Three layers

- Tapping and kneading
- Dynamic
compaction16

Molds having a minimum inside
diameter 50-mm and length to
diameter ratios between 2.00 and
- At least three
2.50.
layers
Largest particle contained within
the specimen shall be smaller than
1⁄10 th of the specimen diameter.

Mechanical
mixer, capable
of producing
Five minutes
uniform
and
homogeneous
mixture

Specimen Mold

Molding techniques

Mixing
duration

Number of
layers in the
mold

Mixer type

For temperate region,
sample ends were
properly sealed with
specified sealants and
stored in the air at
20±2°C for specified
time
at
relative
humidity >90 %.
Sample was cured also
in
water.
Other
conditions can be
adopted in warmer or
colder climate.

Curing the sealed
specimens
under
controlled conditions
at 95 to 100 % relative
humidity and at room
temperature 20 to 25
°C

Cure compacted
specimens in an
airtight, moisture
proof container at a
temperature of 23 +
2°C.

Curing Conditions

104
105
106
107
108

91
92
93
94
95
96
97
98
99
100
101
102
103

Natural soil
homogenize
method

Mixer type

Mixing
duration

Each layer was compressed by the weight of a rod (1.6 kg) and compacted by a falling weight (0.6 kg) using a special apparatus. The fall height was set to 10 cm, and the number of

Each layer was compacted by a falling weight (1.5kg) using a special apparatus. Fall height was set to 10cm, and the number of blows to 5.

Simply consisted of filling the mold by either pouring or placing in the case of mixtures with a higher consistency

For each layer, the mixture was tapped by hand and statically compressed with a vertical pressure of 100 kPa for 10 seconds. Finally, the surface was lightly scarified and another

5.

6.

7.

A rod was used to evenly compact/ smooth out each 20–30 mm thick layer of the soil–binder mixture by hand.

9.

15. Each layer with about 30 mm thickness was statically compressed with a vertical pressure of 100 to 200 kPa for 5 to 10 seconds.

14. For each layer, placing a 1 kg heavy load on each layer and the mold was tapped 3 times against the floor.

13. Each layer with about 25 mm thickness was statically compressed with a vertical pressure of 100 kPa for 5-10 seconds.

12. Each layer with about 30 mm thickness was statically compressed with a vertical pressure of 100 kPa three times for 2 seconds to squeeze out air pockets from each layer.

11. For each layer, the mold was lightly tapped against the floor, hitting the mold with a mallet, and subjecting the mold to vibration.

10. Each layer with about 30 mm thickness was statically compressed with a vertical pressure of 100 kPa for 5 seconds to squeeze out air pockets from each layer.

Tapping of the mold was performed 30 times for each of the approximately 30mm thick layers of soil–binder mixture put into the mold. The filling was performed in four layers.

8.

layer was introduced.

Each layer was statically compressed with a vertical pressure of 25 kPa for 10 seconds using a heavy rod

4.

blows - 5.

Performed using an 8 mm diameter steel rod and tapping down (30 times) the mixture with the rod for each layer.

The sample was sealed
and cured in control
room temperature (2025) °C

Curing Conditions

3.

- Static compaction or
compressing the
specimen from both
side by compression
testing machine with
sufficient force. The
additional flanged
pistons parts were
removed during the
compression process

Molding techniques

For each layer, the mold was tapped 50 times against the floor.

One layer

Number of
layers in the
mold

2.

Cylindrical steel mold with
different dimensions (35*70,
50*100 and 100*200 mm).
Length to diameter ratios of
specimen was 2.
The mold has flanged pistons
(plugs) from both ends. It is used
to produce specimen with a
density gradient such as the
density in the central part is less
that at the ends.

Specimen Mold

1.

The mixing
time was not
French standard The sample was
Kitchen mixer specified, but
NF EN 13286-53, disintegrated or
the produced
with enough
2005 and Technical homogenized for
mixture
capacity
Guide (2004)
several minutes
should
be
homogenized.

Preparation
standards and
reference

109
110
111
112
113
114
115

20. The dimension of the mold was (diameter 50, height 50 or 100) mm or (diameter 100, height 100 or 200) and the maximum particle size allowed was 11.2 and 20 mm respectively.

respectively.

19. The dimension of the mold was (diameter 100±1, height 100 or 200) mm or (diameter 160, height 160 or 320) and the maximum particle size allowed was 22 and 31.5 mm

18. The dimension of the mold was (diameter 100±1, height 100±1) mm or (diameter 150±1, height 150±1) and the maximum particle size allowed was 22 and 31.5 mm respectively.

17. The dimension of the mold was (diameter 100±1, height 120±1) mm or (diameter 150±1, height 120±1) and the maximum particle size allowed was 16 and 31.5 mm respectively.

weight.

16. Each layer was compacted to achieve standard compacting effort of 600 kN-m/m3 according to the ASTM D698 – 12. suitable for preparing the specimen at the desirable unit

116

Conclusions

117
118
119
120
121
122
123
124

The findings of this review study demonstrate that various laboratory procedures such as
mixing time, preparation and molding techniques, curing time and condition directly influenced the
properties of soil binder mixture, which subsequently effects the strength and stiffness. Therefore,
choosing an appropriate method for preparing and curing the specimens of soil binder mixture is
highly important.
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