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Abstract

This doctoral thesis deals with the stabilization of fine-grained soils using by-product
originated hydraulic binders. The use of fine-grained soils as subsoil for infrastructure
projects is often limited because of the risk for instability. Another reason why building
on these soils is not desired is insufficient serviceability of the final structure caused by
settlements or frost heave that occur in fine-grained soils. Therefore, these soils are often
excavated, transported and landfilled. By means of stabilization with hydraulic binder,
fine-grained soils can be improved and thereby utilized on site. In case by-products
can be used as binders, the method of stabilization combines different sustainability
aspects (reduced carbon footprint of the binder, reduced need of excavation, transport
and landfilling as well as quarrying). The method of deep stabilization is often used in
Sweden to increase the bearing capacity and to reduce settlements. In countries with
more moderate climate than Sweden, stabilization is regularly used also to reduce the
frost susceptibility of fine-grained soils in the frost active part of the subsoil.

However, the influence of the combination of low curing temperature and freezing and
thawing on stabilized soils is unclear, which leads to reduced applicability of this method
of stabilization in regions with longer seasonal frost and low annual mean temperature.
This thesis focuses on how curing at low temperatures (mean temperature +4℃ to
+7℃ ) combined with freezing and thawing cycles influences the stabilizing reaction of
by-product originated hydraulic binders in fine-grained soil.

Three different combinations of inorganic fine-grained soils with by-product originated
hydraulic binders were investigated in laboratory studies. The testing program included
curing at +4℃ for 14, 28 and 90 days, twelve freezing and thawing cycles as well as 28 days
of additional curing time after the last thawing. The results of the three laboratory
studies were analyzed statistically regarding the varied influence factors (binder content,
days of curing before and after freezing and thawing).

In a field study, stabilized uncompacted fine-grained sulfide soil was used as cover mate-
rial on a landfill. By-products from paper and cement industry were used as hydraulic
binders. Samples were taken from the stabilized sulfidic fine-grained soil one year after
the installation. Mainly geotechnical aspects as particle size distribution (PSD) and un-
confined compressive strength (UCS) were investigated. In addition, the buffering effect
of the binder was tested by pH measurements. Moreover, the mineral composition was
investigated by X-ray diffraction (XRD) and the micro-structure of some samples was
investigated by Scanning Electron Microscopy (SEM). Parallel to the field study, samples
were taken from the stabilized material directly after the installation of the field test.
These samples were cured for one year in the laboratory under conditions comparable
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to those in the field. The testing program for these samples was similar to that for the
field study.

The main findings of this research can be summarized as follows:
If fine-grained soil is mixed with the chosen by-products and compacted, the strength will
increase compared to unstabilized soil even in cold environment and frost. The strength
increase is slower in cold environment compared to reference values from literature for
higher temperature.
The chosen by-products buffer the potential acidification of the sulfide soil in cold en-
vironment and frost. At the same time strength increase of stabilized sulfide soil in
cold environment and frost can be achieved if compacted and protected against water
percolation.

Keywords: soft soil, clay, silt, silty sand, soil stabilization, hydraulic binder, cement,
lime, by-product, cement kiln dust (CKD), cold climate, frost, freeze-thaw, laboratory
test, field test, subsoil, road construction
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Sammanfattning

Denna doktorsavhandling handlar om stabilisering av finkorniga jordar med industriella
restprodukter som hydrauliska bindemedel. Finkorniga jordar är mestadels inte lämpliga
som terrass under väg- eller järnvägsbankar eller andra större konstruktioner, antingen
på grund av stabilitetsskäl eller på grund av möjliga sättningar eller tjällyftningar. Där-
för blir finkorniga jordar ofta uppschaktade och deponerade. Genom stabilisering med
hydrauliska bindemedel kan finkorniga jordar förbättras och därmed göras användbara
på byggarbetsplatsen. Om industriella restprodukter kan användas som bindemedel up-
pnås flera hållbarhetsaspekter i kombinationen med stabilisering.
Djupstabilisering av finkorniga jordar används mycket i Sverige för att höja stabiliteten
eller för att minska sättningar. I länder med varmare klimat än Sverige används ytlig
stabilisering relativt mycket inte bara för att förbättra jordens bärförmåga och reducera
möjliga sättningar utan också för att reducera frostkänsligheten. Det är oklart hur sta-
biliserad jord påverkas av tjäle i kombination med låg härdningstemperatur, vilket leder
till en miskad användning av metoden i länder med kallt klimat. Denna doktorsavhand-
ling fokuserar på hur låg härdningstemperatur (+4℃ till +7℃ ) i kombination med
frysning och tinings cykler påverkar härdningsreaktionen av industriella restprodukter
som hydrauliska bindemedel i finkorniga jordar.

Tre serier med laboratorieanalyser utfördes på typiska finkorniga svenska jordar (lera,
silt och siltig sand) som stabiliserades med två olika industriella restprodukter (från
järnsvampstillverkning och från cementtillverkning) som bindemedel. Inverkansfaktor-
erna som varierades i dessa tre serier (bindemedelshalt samt härdningstid innan och efter
frysning och tining) undersöktes i en statistisk analys.

I ett fältförsök användes stabiliserad sulfidjord som täckmaterial på en deponi. Sulfid-
jorden stabiliserades med industriella restprodukter från pappersbruk och från cement-
tillverkning. Prover togs på plats ett år efter utläggningen av massorna. Proverna
analyserades huvudsakligen med avseende på geotekniska egenskaper, men buffringens
effekt avseende pH kontrollerades också.
Prover togs också på plats direkt efter utläggningen av massorna. Dessa prover utsattes
i laboratorie för liknande förhållanden som proverna i fält. Denna jämförande studie
pågick lika lång tid och proverna testades på samma sätt.

Resultaten av forskningen presenterad i denna avhandling kan sammanfattas enligt föl-
jande:
Hållfastheten i jorden höjs genom inblanding av de använda industriella restprodukterna
(jämförd med ostabiliserad jord) trots låga temperaturer och tjäle. Hållfasthetstillväxten
är långsammare vid låga temperaturer, jämförd med referensvärden från litteraturen.
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De valda industriella restprodukterna buffrar försurningspotentialen i sulfidjorden vid
låga temperaturer och tjäle. Samtidigt kan en hållfasthetstillväxt uppnås i den stabilis-
erade sulfidjorden när den packas och skyddas mot vattengenomströmning.

Nyckelord: finkornig jord, lera, silt, siltig sand, jordstabilisering, hydraulisk bindemedel,
cement, kalk, industriell restprodukt, cement kiln dust (CKD), kallt klimat, frost, frysning-
tining, laboratorieanalyser, fältförsök, vägterrass
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Zusammenfassung

Diese Doktorarbeit handelt von der Stabilisierung von feinkörnigen Böden mit indu-
striellen Nebenprodukten als hydraulische Bindemittel. Feinkörninge Böden sind für
Infrastrukturprojekte meist nur begrenzt nuztbar. Gründe dafür sind sowohl Stabilitäts-
risiken als auch eine durch Setzungen oder Frosthebungen eingeschränkte Gebrauchs-
tauglichkeit der fertigen Oberfläche. Daher werden feinkörnige Böden meist ausgetauscht
und deponiert. Durch Stabiliserung mit hydraulischen Bindemitteln können feinkörnige
Böden verbessert und damit vor Ort auf der Baustelle nutzbar gemacht werden. Falls
industrielle Nebenprodukte als Bindemittel verwendet werden, können durch Bodensta-
biliserung mehrere Nachhaltigkeitsaspekte kombiniert werden.
Die Methode der Tiefenstabilisierung wird in Schweden oft zur Erhöhung der Tragfähig-
keit oder zur Reduzierung von Setzungen verwendet. In Ländern mit wärmerem Klima
als Schweden wird Stabilisierung häufig auch zur Reduzierung der Frostempfindlichkeit
oberflächennah im Bereich der Frosteindringtiefe genutzt. Jedoch ist der kombinierte
Einfluss von niedriger Lagerungstemperatur und Frost-Tau-Wechseln auf stabilisierte Bö-
den unklar. Dies führt dazu, dass die Methode der oberflächennahen Bodenstabilisierung
in Gebieten mit niedriger Jahresdurchschnittstemperatur und jahreszeitbedingtem Frost
wenig verwendet wird. Der Fokus dieser Doktorarbeit liegt darauf, wie niedrige Lagerung-
stemperaturen (+4℃ bzw. +7℃ ) kombiniert mit Frost-Tau-Wechseln die Reaktion von
industriellen Nebenprodukten als hydraulische Bindemittel in feinkörnigen Böden beein-
flussen.
Drei verschiedene Kombinationen von mineralischen feinkörnigen Böden und industriellen
Nebenprodukten wurden für Laborstudien verwendet. Die Ergebnisse dieser Laborstu-
dien wurden bezüglich der variierten Einflussfaktoren (Bindemittelgehalt, Lagerungszeit
vor und nach Frost-Tau-Wechseln) statistisch untersucht.
In einem Feldversuch kam stabilisierter sulfidhaltiger feinkörniger Boden als Schutz-
schicht auf einer Deponie zum Einsatz. Als hydraulische Bindemittel wurden Neben-
produkte aus der Papier- und Zementherstellung verwendet. Ein Jahr nach dem Ausle-
gen der stabilisierten Bodenmassen wurden Proben entnommen. Diese Proben wurden
hauptsächlich bezüglich der geotechnischen Eigenschaften untersucht; zusätzlich wurde
die Effektivität der Pufferwirkung durch pH Kontrollen überprüft.
Für eine parallele Laborstudie wurden Proben direkt nach dem Auslegen der stabili-
sierten Bodenmassen entnommen. Diese Proben wurden nachgeahmten Verhältnissen
wie im Feldversuch ausgesetzt und auf die gleiche Weise getestet.
Die in dieser Doktorarbeit präsentierten Forschungsergebnisse können wie folgt zusam-
mengefasst werden:
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Die Festigkeit der feinkörnigen Böden wird durch Einmischen der hier verwendeten indu-
striellen Nebenprodukte erhöht. Diese Erhöhung, verglichen mit unbehandeltem Boden,
findet trotz der niedrigen Lagerungstemperaturen und trotz Frost-Tau-Wechseln statt.
Der Festigkeitszuwachs ist bei niedrigen Temperaturen langsamer als Vergleichswerte für
höhere Temperaturen aus der Literatur.
Die hier verwendeten industriellen Nebenprodukte puffern die potentielle Versäuerung
des sulfidhaltigen Bodens bei niedrigen Temperaturen und Frost. Gleichzeitig kann
durch Verdichten und Schutz gegen Wasserdurchfluss ein Festigkeitszuwachs in dem sta-
bilisierten sulfidhaltigen Boden erzielt werden.

Stichwörter: feinkörninge Böden, Ton, Schluff, schluffiger Sand, Bodenstabilisierung,
hydraulische Bindemittel, Zement, Kalk, Nebenprodukt, Zementofenstaub, kaltes Klima,
Frost, Frost-Tau-Wechsel, Laborversuche, Feldversuche, Verkehrsbau, Dauerhaftigkeit
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1 INTRODUCTION

1.1 Background

The stabilization of soil with lime, cement or other hydraulic binder is common worldwide
to improve fine-grained soils in different ways: to raise the bearing capacity, to get better
stability (Bell, 1996, EuroSoilStab, 2002), but also to reduce the frost susceptibility
(Lottmann et al., 2008). The binder reacts both with water and with the clay particles
in the soil and forms new minerals that improve the engineering properties of the soil.
The advantages of stabilization were already used in the ancient Rome and during the
construction of the Chinese Wall, where cement-similar products have been used (Lindh,
2004). Since the beginning of the last century, modern types of machines for mixing
have been developed, and more and more by-products as e. g. fly ash, granulated blast
furnace slag, or others are used as binders (Bozbey et al., 2017, Rosa et al., 2017, Shibi
and Kamei, 2014, Wisotzki, 2008).

Near-surface soil stabilization is used for reducing the thickness of the pavement in other
countries, as i. e. Germany or France. The result of stabilization is in these countries
calculated as a part of the construction that can enhance the lifetime of the embankment
(ZTVE StB, 2009). The question of the frost susceptibility of the stabilized material is
handled as a question of strength reduction as a result of frost impact (TPBF-StB, 2012).
In Sweden, soil stabilization is frequently used as deep stabilization under road or railway
embankments. In this type of application, the stabilized soil material is mainly located
at frost-free depth. Near-surface soil stabilization has only been used for a few projects
in the southern part of the country in the last 10 years (Franzén et al., 2012). However,
the climate in the northern part of Sweden with long periods with freezing temperature
leads to other demands on the frost stability of construction materials.

1.2 Sustainability

This doctoral thesis was inspired by sustainability aspects in the field of geotechnical
engineering. Nowadays, the use of soil stabilization is very rare in colder regions with
longer seasonal frost.

To build on fine-grained soils is often a challenge for the engineers to achieve the safety
or the serviceability needed (see chapter 2.1). A typical solution in Sweden to reach frost
stability is to excavate the unsuitable material and replace it with other material, often
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crushed rock from a quarry. The stabilization of unsuitable material in place reduces
the needs of mass transport and landfilling of natural resources as well as of quarrying
new material.

Fine-grained soils with sulfide contents occur i. a. in the Northern parts of Sweden. When
excavated, these soils have to be landfilled to avoid environmental harm (see section 2.4).
Planned constructions in Northern Sweden, as e. g. a new railway along the coast, will
result in the excavation of large amounts of fine-grained soils with sulfide contents. Mix-
ing with hydraulic binder buffers the potential acidity, and could also make this material
usable.

The stabilization of the natural material in place along e. g. a road provides usually
lower maintenance costs as well as a longer service life of the surface above the stabilized
material (Franzén et al., 2012). The use of by-products from the industry would reduce
the carbon footprint of soil stabilization. The classical binders cement and lime need
very high temperatures to be produced resp. activated. The production uses therefore
a high amount of energy which leads to a high carbon footprint of the classical binders.
There are several suitable by-products from the industry that today are just landfilled.

The idea to combine two materials that otherwise had to be landfilled to produce a
suitable material for engineering purposes as earthworks can consequently become ad-
vantageous for the environment. The boundary conditions to discuss the break-even
point have changed nowadays. Transport and landfill are more and more expansive.
Quarrying new material is not requested, to save the natural resources. The advan-
tages of in-situ methods like soil stabilization can become more valuable in the aspect of
life-cycle-analyses. A discussion about the requirements on the stabilized material can
broaden their applicability.

In this research project several by-products from the industry were tested for their binder
properties in low curing temperature and exposed to freezing and thawing:

• Petrit T from sponge iron production in Höganäs in Southern Sweden,

• MultiCem (from Cementa) that contains 50 % cement kiln dust from cement pro-
duction

• Mesa, a by-product from paper production rich in calcium carbonate

1.3 Research questions

Based on the background presented above, the general research question of this doctoral
thesis is “Can soils stabilized with by-product originated hydraulic binders be used for
infrastructure in regions with seasonal frost and low annual mean temperature?” To
divide this general question in more detailed parts that are easier to discuss, the following
questions were formulated:
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1. a) Do the chosen by-product originated binders show a reaction in cold environ-
ment - is there a strength increase?

b) How does freezing and thawing cycles influence the strength of the stabilized
soil?

c) How does the strength of the stabilized soil develop after freezing and thawing
cycles?

d) Which influence have the factors “binder content”, “freezing and thawing
cycles”, “curing before” and “curing after the freezing and thawing cycles” as
well as “water content/density” on the strength?

2. Does the addition of low amounts of the chosen by-products modify the particle
size distribution to coarser (which would reduce the frost susceptibility)?

3. Are there reaction products visible as minerals?

4. Do the by-product originated binders buffer the potential acidification of sulfide
soil?

5. Can the laboratory conditions simulate the field conditions?

1.4 Scope and outline

The aim of this doctoral thesis is to enhance knowledge in the field of stabilization of
fine-grained soils in regions with seasonal frost and low annual mean temperature.

The aimed field of application of the enhanced knowledge gained from this research is
in the frost-active part of the existing subsoil of infrastructure projects. This applies
mainly on the treatment in layers for earthworks. How far the results can be extended
to other types of soil stabilization in case they are exposed to freezing and thawing (as
e. g. lime-cement columns in the bottom of a construction pit or in the near-surface part
of slopes) has not been part of the study. The analysis of the stabilizing effect is limited
to the chosen methods and aspects.

To answer the general research question stated above, the methods of laboratory testing
and field testing were chosen. Considering the carbon footprint of soil stabilization with
cement or lime, three different by-products were selected for the test series: one com-
mercially used for deep stabilization as well as two by-products from different industries
(sponge iron production and paper production). Three different combinations of fine-
grained soils and by-product originated binders were investigated in laboratory studies
and are published in Paper A, Paper B and Paper E. A statistical analysis of the three
laboratory studies is published in Paper F.

In the first phase of this research project, the strengths, weaknesses, opportunities and
threats of near-surface soil stabilization to reduce the frost susceptibility of soft soils
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were summarized in a so-called SWOT-analysis. In this analysis, several aspects of
sustainability are highlighted as strengths or opportunities, see Paper D.

This doctoral thesis is an extension and continuation of the previous work presented in
the licentiate thesis “Near-surface soil stabilisation to reduce the frost susceptibility of
soils" by the author (Rothhämel, 2018) . Reuse of text of this licentiate thesis occurs
and will not be labelled as citation.

The results of the laboratory studies and the statistical analysis were presented at con-
ferences in Swedish (Paper C), English (Paper D, Paper F) and German (Paper E).

To investigate the geotechnical aspects of a fine-grained sulfide soil, the stabilization of
such a material with by-product originated binders was tested in a field study; the results
are presented in Paper G. Parallel to the field study, samples taken from the stabilized
material in the field were cured under laboratory conditions for comparison; the results
are presented in Paper H.

This thesis is written in the IMRAD-structure: Introduction - Methods - Results and
Discussion. In the Introduction, the motivation, aims and limitations are highlighted,
and the research questions are formulated. The introduction part is complemented by
a short literature review for the topic that is given in chapter Literature review. Soil,
binder and sample preparation as well as the different methods used to investigate the
research questions are described in chapter Methods and materials. The results of the
different investigation methods are summarized in chapter Results and discussed in the
following chapter Discussion.

For the reader who prefers to follow one research question at a time, the chapters Methods
and materials, Results and Discussion are divided into sections with the same title for
each research question.
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2 LITERATURE REVIEW

2.1 Soil stabilization

In this thesis, the term “soil stabilization” is used according to the new European stan-
dard about Earthworks (EN 16907-4, 2018) which defines soil stabilization as an “op-
eration consisting in obtaining an homogeneous mixture of soil with binder(s), and op-
tionally with water, which properly compacted significantly changes (generally in the
medium or long term) the characteristics of the soil in a way that renders it stable, par-
ticularly with respect to the action of water and frost”.
Whereas soil improvement is an “operation which modifies the physical properties of a
material by the addition of a binder” for a limited time, not permanent (EN 16907-4,
2018). The new standard was introduced in 2018 and contains a part about “Soil treat-
ment with lime and/or hydraulic binders (SS-EN 16907-4:2018)”, which is valid for the
treatment of soils in layers, but not for deep stabilization with columns.
When contaminants in a soil have to be immobilized, the addition of hydraulic binder
can be a suitable solution. In this case the binder is used for soil solidification. The
solidification of dredged marine sediments from harbors is a typical example (Makusa,
2015).

For engineering purposes, the grain size distribution of a soil sample is the main part in
the classification of a soil. The smallest particles are called clay, followed by silt, sand,
and gravel. Clay, silt and sand particles consist out of tiny or fine mineral particles while
the coarser grains consist of rock fragments. In Sweden, the most common clay minerals
are illites, and the silt fraction is dominated by silicates, followed by carbonates and
sulfides. Fine-grained are named those soils that contain more than 40 % of particles
finer than 0.063 mm (silt and clay) in the material, that in total also is smaller than
63 mm (Larsson, 2008).

The typical challenges with fine-grained soils where an engineer can see stabilization
as a beneficial solution are presented in Figure 2.1. The picture up to the left shall
symbolize a slip surface beneath a road embankment that can occur when the shear
resistance in the soil is too low. Such conditions are common in soft clay which occurs
frequently in the southern half of Sweden. The typical solution in Sweden are lime-
cement columns, shown up to the right. This method was invented in Sweden in the
1970s (and parallel in Japan as well). The Swedish Deep Stabilization Research Centre
(SDRC) was an organization to facilitate advancement and implementation of the dry
deep mixing technology. Between 1995 and 2006 the SDRC published 50 reports which
are available online (SDRC, 2021). In deep stabilization, columns are mixed in place
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Figure 2.1: To the left: Three engineering challenges of fine-grained soil: stability (up),
settlements (middle) and frost heave (down); to the right: Possible solutions
with soil stabilization: lime-cement columns (up), mass stabilization (middle)
and near-surface subsoil stabilization (down)

with the binder in different patterns, with unstabilized soil in between: rows or grids
of overlapping columns for stability as well as single columns against settlements (see
below). The columns have a much higher strength and are placed to such a depth that
no slip surface can occur, which is up to 30 m (EuroSoilStab, 2002, Franzén et al., 2012).

The challenge symbolized in the second picture to the left are settlements: When the soil
contains a lot of water and/or organic material, it can subside beneath a longterm-load
as a road embankment. Often there are other installations beneath roads, as sewer pipes
or other canalization; They can be damaged by settlements of the soil material. The
usability of the road itself is also at risk. Lime-cement columns can also be used against
settlements; In this case they are often placed as single columns in a grid, similar to
vertical drains. Where the soil is very soft but not so deep, which means up to 5 m depth
approximately, a whole block of stabilized soil material, as shown in the picture to the
right in the middle, is often used as solution (EuroSoilStab, 2002, Franzén et al., 2012).

The picture down to the left shall symbolize frost susceptible material, which can lead
to frost heave when ice-lenses are formed beneath the road embankment. Since frost
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heave can occur locally as severe bumps, the safety of the road for traffic is at risk. It
can also occur in a wider location and lift a larger section of the road, which leads to
problems with connections, canalization and in general destroys the road surface with
cracks (Andersland and Ladanyi, 2004). Here the stabilization of the frost susceptible soil
up to frost-free depth beneath the road embankment can be an advantageous solution,
compared to the typical solution in Sweden that is to replace the whole material to frost-
free depth. The stabilization and compaction is done in 1-3 layers of 0.5 m thickness.
This method is commonly used in countries with more moderate climate than Sweden as
e. g. France or Germany (Franzén et al., 2012, Lottmann et al., 2008, Witt et al., 2014).
The German limit values for the change of frost-susceptible subsoil on site into non frost-
susceptible material by means of stabilization with hydraulic binder are 500 kPa after
28 days of curing at room temperature without freezing and thawing cycles and 200 kPa
after additional freezing and thawing cycles (TPBF-StB, 2012, ZTVE StB, 2009).

2.2 Hydraulic binder in cold environment

Hydraulic binders are materials that react with water and form new minerals. In soil,
the new formed minerals (calcium-silicate-hydrates, CSH) can connect particles together
and form coarser soil particle agglomerates. This changes the engineering properties of
the soil. Lime and cement are the classical binders, that are used since several decades
for soil stabilization (Al-Jabban, 2019, Ardah et al., 2017, Bell, 1996, EuroSoilStab, 2002,
Ho et al., 2018, Lottmann et al., 2008). By-products as for example fly ash, granulated
blast furnace slag, cement kiln dust (CKD) or others are used more and more as binders
(Shibi and Kamei, 2014, Wisotzki, 2008, Zhang et al., 2019). In the beginning this
was caused by economical reasons, but the ecological reasons are more and more in focus
when searching for suitable by-products. The carbon footprint of cement (700kg CO2/ton)
and lime caused by the energy needed to produce and activate them is a drawback when
it comes to sustainability questions and life cycle assessments. The lower environmental
impact of by-products appears in three aspects: in their lower carbon footprint, by
avoiding the need of landfilling them, and by saving the corresponding amount of cement
or lime.

The stabilization of frost-susceptible material is less used in the Northern countries. One
reason for this is assumed to be that the reaction potential of the hydraulic binder in
cold environment is questioned. It is known that the strength increase of e. g. cement is
much slower at lower temperature, whereas at higher temperature the strength increase
is faster, especially in the beginning (Åhnberg et al., 1995, Deschner et al., 2013, Gallucci
et al., 2013). The standard laboratory mixing test for Swedish Lime Cement Columns
is done at +7℃, the average soil temperature in Sweden (Larsson, 2006). Several re-
searchers have worked with the influence of frost on stabilized soft soils (see section 2.3),
but the curing temperature used is room temperature or it is not mentioned in the
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publications. The combination of cold curing conditions and frost influence is therefore
unclear.

The extent of the influence of the curing temperature on the strength increase of by-
product originated binder depends on the reactive minerals in the by-product. Before
a by-product can be used as binder in a project in cold environment, it has to be
investigated for this aspect as well.

2.3 Frost influence on stabilized soil

The endurance of stabilized material exposed to frost action is questioned as well. There
are several publications about the frost influence on stabilized soil with different soil-
binder combinations, with differing conclusions. They have in common that the strength
after freezing and thawing is decreased, but still several times higher than the strength
of the unstabilized soil.

The following researchers worked with lime addition to clay: Lottmann et al. (2008)
worked with clay and silt soils stabilized with different amounts of lime hydrate or quick-
lime. They concluded that the test results of Unconfined Compressive Strength and
California Bearing Ratio (both after storage in water) show the same tendencies as the
tests after freeze-thaw, so that frost tests can be sustituted.
Aldaood et al. (2014) concluded that gypseous soils need higher contents of binder and
perhaps a combination of different types of binder to develop the same freeze-thaw dura-
bility as the lime stabilized soil samples without gypsum. The gypseous soils stabilized
with 3 % lime showed UCS values around 1000 kPa before and 100 kPa after eleven freez-
ing and thawing cycles, the non-gypseous soil with 3 % lime 750 kPa before resp. 450 kPa
after the freezing and thawing cycles.
Hotineanu et al. (2015) found that the type of clay mineral has an influence on the
strength increase (1500 kPa for bentonite with 5 % lime, 700 kPa for kaolinite with 3 %
lime) as well as on the strength after freezing and thawing (about 800 kPa for both mix-
tures tested).
Tebaldi et al. (2016) showed that the unconfined compressive strength (UCS) is reduced
by frost impact (from 1500 kPa to 1000 kPa) but can recover to a higher value as before
the first frost after another curing period at room temperature (1700 kPa).

The stabilization of fine-grained soils with cement was investigated i. a. by the following:
Eskişar et al. (2015) concluded that lower water content and higher cement ratio gave
higher strength (400 kPa resp. 600 kPa), also after freezing and thawing (150 kPa resp.
300 kPa) in clay samples with 5 % and 10 % cement.
Jamshidi et al. (2015) observed that the hydraulic conductivity and the resonance fre-
quency of cement stabilized silty sand samples show recovery after additional curing after
exposure to twelve freezing and thawing cycles. The recovery is in their literature review
explained by different mechanisms (e. g. hydration of unreacted cement or swelling of

8



2.3 Frost influence on stabilized soil

CSH-gel) with crystallization of calcium carbonate as the most responsible. However,
they observed that the recovery ratios of the hydraulic conductivity and the resonance
frequency are not proportional to each other.
Jamshidi and Lake (2015) deduced that the exposure to freezing and thawing degrades
the structure of the silty sand samples with 10 % cement significantly (increased hydraulic
conductivity from 9×10−8 m/s to 9×10−6 m/s, reduced UCS from 3000 kPa to 1000 kPa),
but that some of the samples also showed signs of recovery after another curing period
after the last thawing (hydraulic conductivity decreased again to 8 × 10−7 m/s).
Lake et al. (2017) investigated silty sand samples with low amount of cement (3 % or
6 %) and found that the influence of the water content at sample production on the UCS
of the samples with 6 % cement is higher (from wet 1500 kPa to 3100 kPa at optimum)
than the exposure to three freezing and thawing cycles (reduction from 2200 kPa before
to 1700 kPa after them). At the same time, the hydraulic conductivity of the samples
with 6 % cement is significantly lower at optimum and wet water conditions during com-
paction (4 × 10−10 m/s) than of the dry samples (1 × 10−7 m/s) and the samples with
lower binder content (3 × 10−8 m/s to 7 × 10−6 m/s). They observed that dry of optimum
water conditions during compaction gave the least amount of hydraulic damage after
exposure to three freezing and thawing cycles. They explained this with the available
space for volume expansion of water freezing to ice. They deduced also that the observed
hydraulic conductivity increases are caused by micro cracking and not by the formation
of ice-lenses.

By-products in combination with different hydraulic binders were examined i. a. by the
following researchers: Solanki et al. (2013) concluded that freezing and thawing reduces
the influence of the water content at compaction on the UCS of clay stabilized with lime,
fly ash or cement kiln dust. The addition of 6 % lime or 10 % fly ash resp. CKD led
to UCS values between 500 kPa and 1400 kPa before and 50 kPa to 200 kPa after twelve
freezing and thawing cycles, with the biggest difference after the first frost.
Makusa et al. (2016) investigated dredged marine sediments stabilized with cement, fly
ash and slag and found that the impact of freezing and thawing cycles on the UCS de-
pends on the strength achieved before the first frost (90 kPa) and the curing time after
the last thawing (20 kPa without, 40 kPa with curing time after).
Bozbey et al. (2017) worked with the addition of 3 % lime or 20 % fly ash to clay be-
fore (600 kPa resp. 500 kPa) and after freezing and thawing (300 kPa resp. 400 kPa) and
observed a significantly higher strength for the combination of both binders (1200 kPa
before and 900 kPa after). They found also that the samples with fine pulverized binder
showed almost no strength reduction due to frost whereas the ones with coarser pulver-
ized binder show that.
Wang et al. (2016) investigated silt stabilized with fly ash, lime and cement with quan-
titative analysis of Scanning Electron Microscopy (SEM) images. They found that the
volume change after freezing and thawing is reduced by stabilization because the hydra-
tion products fill the small inter-grain pores. But the binder content shall not exceed a
maximum value (for the investigated silt 5 % cement combined with 6 % lime and 10 %
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fly ash) to avoid over-stiffening and with that a re-increased vulnerability to frost effects.

Also some alternative materials alone have been analyzed: Kalkan (2009) described that
the permeability of clay with silica fume content was lower (5×10−8 m/s) than the one of
the unstabilized soil before freezing (2 × 10−7 m/s). With increasing number of freezing
and thawing cycles, the permeability was observed to increase again (up to 3×10−7 m/s).
The UCS after freeze-thaw is still two to four times higher (50 kPa to 110 kPa) than
without binder (25 kPa).
Rosa et al. (2017) stabilized recycling materials (pavement, asphalt, concrete) with fly
ash and observed that the resilient modulus (Mr) decreased with an increase in number
of freezing and thawing cycles with exception for the unstabilized concrete aggregates,
where the Mr increased.
Huber et al. (2020) investigated also crushed concrete as pavement material and found
that the grain size distribution was coarser after seven months in the field; one frost
period was included in this time.

2.4 Sulfide soil

Sulfide soils are fine-grained soils that contain sulfidic sediments. Sulfide soils occur
worldwide: they are described in the literature in Europe (Christel et al., 2019), Australia
(Acid Sulfate Soils Centre (Australia), 2020, Queensland Government (Australia), 2020),
New Zealand (Whangarei DC, New Zealand, 2020), India (Ghosh et al., 2019), Thailand
and Indonesia (Fitrani et al., 2020). In Sweden and Finland, sulfide soils occur mainly
around the Gulf of Bothnia. There they were started to be formed 8000 years ago in
the early stage of the Baltic sea (Litorina sea) and are still formed. The sulfides in
the bottom sediments are the product of sulphate-reducing bacteria processing plant
residues and seawater sulphate (Uusi-Kämppä et al., 2019).

Environmental concerns occur when these sulfidic sediments are exposed to oxygen. This
can be the case naturally due to land uplift after the last ice age, or due to human
activities as excavation or drainage. When the sulfide gets in contact with oxygen,
the sulfide minerals can oxidize into sulphuric acid. New research shows “that this
oxidation is likely catalyzed by acidophilic microorganisms” (Christel et al., 2019). The
low pH caused by the sulphuric acid can release metals from the soil minerals. This
leads to high concentrations of metals in the watercourses. Ecosystem and infrastructure
damage as well as health risks for humankind can be the consequences when the metal
concentrations reach toxic levels (Geological Survey of Sweden, 2020, Uusi-Kämppä et al.,
2019). Therefore the oxidation of sulfide soil has to be avoided.

Sulfide soils are also called “potentially acid sulphate soils” (PASS). When the acidifica-
tion is a fact, they are called “acid sulphate soils” (ASS). In Australia, ASS and PASS are
commonly mixed with crushed limestone to buffer and neutralize the acid (DER Perth,
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Australia, 2015) - they even have an online tool for lime rate calculation (Government
of Western Australia, 2021).

In the presence of sulphates, ettringite can be formed. The formation of ettringite
causes an enormous increase in volume which destroys concrete severely if it is formed
after concrete has hardened. But for soil improvement the formation of ettringite can be
desired: ettringite can form needle-shaped crystals which are supposed to lead to more
ductile behaviour of the improved soil (Åhnberg, 2006).
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3 METHODS AND MATERIALS

3.1 Introduction

3.1.1 Samples prepared in laboratory

This thesis includes both laboratory prepared samples and samples taken from the field.
For the laboratory prepared samples, soil was taken from three places in Sweden: a
postglacial clay from Ekerö (presented in Paper A), a silt from Gothenburg (presented
in Paper E) and a silty sand from Upplands Väsby (presented in Paper B). All laboratory
prepared samples were tested according to the scheme given in Figure 3.1: one series of
samples was cured for 14, 28 or 90 days and then tested; one series of samples was cured
for 14, 28 or 90 days, exposed to twelve freezing and thawing cycles and tested after the
last thawing; one series of samples was cured for 14, 28 or 90 days, exposed to twelve
freezing and thawing cycles and cured again for another 28 days before testing.

14 d
28 d

90 d

14 d
28 d

90 d

0 14 28 42 56 70 84 98 112 126 140

Age of sample [days]

14 d
28 d

90 d

28 d
28 d

28 d

Figure 3.1: Testing scheme for the laboratory prepared samples.
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3.1.2 Samples taken from a field test

The field samples were taken from a test site for stabilization of sulfide soil on the Dåva
landfill and waste center in Umeå, Northern Sweden. The sulfide soil had been delivered
to the site from excavation projects in the surrounding. The soil was homogenized with
a special bucket screener crusher that was also used for the mixing. The homogenized
soil mixture was classified as sandy clayey silt. The mixing with the binder took place on
site. Different binders were used in separated test cells of size 7m x 7m x 1.5m. In one
of the cells, sulfide soil stabilized with 4 % MultiCem was installed, and in another one
sulfide soil stabilized with 2 % MultiCem together with 6 % Mesa (the binder content is
given per dry weight of the soil). In one test cell, sulfide soil without binder was stored in
the same way as the stabilized sulfide soil. The installation of the field test is described
more detailed in Al-Jabban (2019) and Paper G.

Figure 3.2 gives to the left a picture of the test cells during installation: the stabilized soil
is placed in a slope and a horizontal part of one test cell. Each test cell is encapsulated
by geomembrane (type GSE HD friction flex, thickness 1.5 mm). The leakage is collected
by the drainage pipe in the bottom of the test cell and pumped out in intervals.

Figure 3.2: Field test: placing of the soil in one test cell (to the left) and the finished
surface (to the right).

The testing scheme for the field samples is presented in Figure 3.3. The samples taken
from the field directly after the mixing were stored for one year in the laboratory in
conditions that were designed to resemble the field conditions (Paper H). This included
curing for 7, 28, 90 and 170 days before testing as well as 170 days of curing followed
by twelve freezing and thawing cycles. Additional samples were cured in either dry (see
section 3.4.3) or wet (see section 3.8) conditions after the freezing and thawing cycles.

Samples were also taken in the field one year after mixing, in spring (350 days after
mixing) and in the beginning of autumn (420 days after mixing). They were stored
under laboratory conditions at +7℃ in the tubes with the lids on and tested within
three months (Paper G).
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0 50 100 150 200 250 300 350 400 450
Age [days]

field conditions
field conditions

7 d
28 d

90 d
170 d
170 d 12 F/T
170 d 12 F/T 130 d
170 d 12 F/T 130 d

Figure 3.3: Testing scheme for the samples taken from the field directly after installation
and stored in the laboratory (upper seven lines) as well as for the samples
taken from the field test site after one year (lower two lines).

3.2 Materials

3.2.1 Soil classification

Four types of fine-grained soils have been used; clay, silt, silty sand and clayey silt (the
last one contained sulfides). The different soils were examined in the laboratory regarding
their engineering characteristics with the following routine tests (EN ISO 17892, 2014
- 2019): grain size distribution, water content, organic content, density and plasticity
limits. The engineering properties of the used fine-grained soils have been summarized
in Table 3.1.

3.2.2 Binder

Three by-products have been used as binders; Petrit T, MultiCem and Mesa. Petrit T is
a by-product containing lime and was used for the clay (Paper A) and the silt (Paper E).
MultiCem is a cement that contains 50 % cement kiln dust (CKD) and was used for the
silty sand (Paper B) and in the field test (Paper G and Paper H). The components of
these dry binders are presented in Table 3.2 and Table 3.3. Mesa is a carbon-rich (around
51%) by-product from paper production containing calcium oxide, calcium hydroxide
and calcium carbonate. Mesa has a moisture content of about 28% and was used in the
field test in combination with MultiCem (Paper G).
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Table 3.1: Engineering properties of the four fine-grained soils.
Clay Silt Silty Sand Sulfide Soil

Clay Content [%] 60 16 5 7 – 9
Silt Content [%] 35 55 25 48 – 61
Sand Content [%] 5 29 52 29 – 42
Gravel Content [%] 0 0 18 1 – 4
Organic Content [%] 5 – – 3
Natural Water Content [%] 28 – 45 30 7.2 20 – 23
optimum water content [%] – 12 8.7 –
Liquid Limit [%] 52 37 – –
Plastic Limit [%] 23 20 – –
Density [g/cm3] 1.84 1.97 2.20 1.95

(at w=37%) (Proctor) (Proctor)

Table 3.2: Crystalline minerals in the
binder Petrit T, (Haase,
2014).

Mineral name [%]
Larnite 57.1
Gehlenite 28.3
Quartz 11.5
Portlandite 3.0

Table 3.3: Chemical components of the
binder MultiCem, (Brinkha-
gen, 2017).

Component [%]
CaO 49
SiO2 19
Al2O3 4.5
Fe2O3 2.8
MgO 2.1
K2O 7.5
SO3 5.1
Loi 4.9

3.3 Sample preparation

3.3.1 In laboratory

The samples prepared in the laboratory were mixed with the predetermined amount of
binder (4 and 7 % of Petrit T as well as 6 and 8 % of MultiCem (percent of dry weight))
and compacted in tubes (inner diameter 5 cm, length 10 cm). The mixing was done either
by hand (clay), shovel (silty sand) or with a laboratory blender (silt). The samples were
compacted in five layers with 25 blows each; for details please see the appended papers
(Paper A, Paper B and Paper E).
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3.3.2 In the field

For the main part of the samples, the standard carbon fiber reinforced plastic tubes (inner
diameter 5 cm, length 17 cm) for undisturbed clay sampling were used (SGF Report
1:2009, 2009). The samples were taken by manually pressing the tubes vertically into
the soil surface. For the sampling after one year, a wooden plank and a hammer were
needed to get the tubes down into the stabilized soil. The filled tubes were afterwards
dug out by hand and the ends covered with rubber lids. The samples were transported
by car in common insulated transport boxes for soil samples.

For long-term testing, several aluminum tubes (inner diameter 5 cm, length 50 cm) were
pressed down vertically into the stabilized soil directly after installation with the help of
the excavator (see pictures in Al-Jabban (2019) and Paper G). The installation of plastic
tubes (inner diameter 5 cm, length 100 cm) failed. They were not strong enough to be
pushed the whole way, or took stop for another reason. Only one plastic tube was later
available for sampling, and it showed to have been squeezed flat in the lower part.

After the samples were taken, the remaining excavated soil was replaced and lightly
compacted with a hammer. The surface was covered with a thin layer (10 cm) of naturally
round gravel for protection against the sun light or wind erosion. The finished surface
is shown in Figure 3.2 to the right.

3.4 Strength development in cold environment

3.4.1 Unconfined compressive strength

Curing conditions in the laboratory

The curing conditions of the samples prepared in the laboratory were the same both
before and after the freezing and thawing cycles. The curing temperature of these
samples was chosen to +4℃ to simulate the soil conditions in northern Sweden. The
laboratory prepared samples were cured for 14, 28 and 90 days before the freezing and
thawing cycles as well as 28 days after them. During curing, the samples were placed on
a filter textile on a water soaked sand bed, see pictures in the appended papers.

The curing temperature of the samples taken from the field was chosen to +7℃ which is
the annual mean air temperature in Sweden (southern half) (Swedish Meteorological and
Hydrological Institute, 2020) and the recommended storage temperature for soil samples
in Sweden (Åhnberg et al., 1995, Franzén et al., 2012). The field prepared samples were
cured for 7, 28, 90, 170 and 310 days. During this time the samples were placed on a
water soaked sand bed (with a filter textile in between).
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Curing conditions in the field

Weather data from a station nearby (VViS, Swedish Transport Administration) was used
to calculate the mean air temperature and the freezing index during the duration of the
field test: the annual mean air temperature is +4.5◦C, the number of days below 0◦C is
110 days and the freezing index is -354 degree-days.

UCS test

At the time for testing, the samples were carefully extracted from the tubes with the
help of a mechanical jack or a hydraulic press. To ensure that the surface of the samples
was not disturbed by touching it by hand, two plastic pads were attached to the top
and the bottom of the samples during the pressing out and moving to the UCS-machine.
This was especially important for the samples without binder.
The samples were tested for the unconfined compressive strength (UCS) according to
EN ISO 17892-7 (2017). The axial strain rate during the tests was 1.5 %/min (Paper A
and B) respectively 1 %/min (Paper E, G and H), the force and strain were measured
continuously. The stress was calculated and the stress-strain graph plotted.

3.4.2 Influence of freezing and thawing

Freezing and thawing conditions in the laboratory

The laboratory prepared samples were exposed to twelve freezing and thawing cycles that
were conducted the following way: the temperature was lowered from room temperature
(+20℃) to –22℃ (+/– 2K) for 12 hours and raised again to room temperature for 36
hours. The laboratory prepared samples were continuously placed on a water soaked
sand bed (in small individual cups) during the freezing and thawing cycles.
To simulate the winter conditions corresponding to the field stored samples, the labora-
tory stored specimens taken from the field test site were insulated below and around to
allow for one-dimensional freezing from above. The specimens remained in the sampling
tubes and were tightened below with the corresponding rubber lids. The temperatures
were chosen from longterm measurements for Umeå region (Swedish Meteorological and
Hydrological Institute, 2020) to –10℃ for freezing and +5℃ for thawing. In total 12
freezing periods have been applied with varying length, four very short cycles within 24
hours, five cycles with two days freezing and two days thawing as well as three longer
frozen periods of three, five and six weeks. The temperature was changed manually.
Before the temperature was changed the length of the specimens was measured by hand.
For the laboratory stored samples, the UCS was tested as described in section 3.4.1 on
samples shortly after the last thawing to investigate the influence of twelve freezing and
thawing cycles on the strength.
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Freezing and thawing conditions in the field

The frost depth at the field test site is concluded to have been more than the sampling
depth of 0.6m, based on two measuring points for frost depth of the Swedish Transport
Administration (57 km north of as well as 53 km west of the field test site.). The measured
frost depths at these points were 1.3m and 1.1m respectively. The air temperature curve
of these measuring points was similar to the air temperature curve measured at the field
test site.

The samples were taken from the field in spring, after 350 days. The UCS was tested as
described in section 3.4.1.

3.4.3 Recovering and remaining strength

Additional curing conditions in the laboratory

The UCS was tested after an additional curing time in order to analyze if the strength
changes after a certain time in continued cold curing conditions.
In each series of the laboratory prepared samples, three samples were cured for 14, 28
and 90 days at +4℃, exposed to twelve freezing and thawing cycles and stored again for
another 28 days at +4℃.

Ten of the field samples stored in laboratory were after the twelve freezing and thawing
cycles stored again for a period of 130 days. The conditions of these samples were chosen
to dry and wet as following: Five of the samples were stored as before at +7℃, but this
time not on filter textile on water soaked sand bed. Instead, the sample tubes were closed
at the top with the corresponding rubber lids to ensure the same water content remained
the same after the last thawing. The other five samples were exposed to percolation as
described in section 3.8.

Additional curing conditions in the field

During the additional summer, the average daily air temperature was constantly above
+10℃ and reached +20℃ as maximum. 420 days after the installation of the field test
site, samples were taken from the surface of the three test cells. The samples were taken
to the laboratory and the UCS was tested as described in section 3.4.1.

3.4.4 Influence factors

A multiple linear regression analysis was conducted to find the influence of the different
independent input factors on the measured output factor UCS. This was done to get a
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better understanding of the weighting of the different influence factors to each other, but
not to make predictions of the UCS by calculating with the obtained b-values.

The data from the laboratory and field analysis consist of both metric and nominal data.
The metric scale of both the output and many of the input variables (binder content,
days of curing before and after the freezing and thawing cycles, water content/density)
make multiple linear regression analysis the method of choice - an analysis of variance
(ANOVA) is to be used when the output variable has nominal scale (Backhaus et al.,
2006).

Linear regression means that a line is put through the data points, and then the position
of the line is optimized for the minimal distance to all points. The b-factors are the
gradients of the line in the multidimensional space of the different influence factors.

The Unconfined Compression Strength values reached by the individual samples were
put into relation to the different influence factors. All values were normalized to a value
between zero and one, to be comparable with each other. The input variables with
nominal scale (freezing and thawing cycles, percolation) were used as “dummy variables”
that were either zero or one. In the test setup presented here, higher values of e. g. “binder
content” and “density” are expected to lead to higher values of the UCS. This means
that the b-values of these independent variables are expected to be positive. Influence
factors that have a lowering effect on the UCS would consequently result in a negative
b-value.

The main conclusions of earlier studies, as the dependence of the strength on the avail-
ability of certain clay minerals when lime is used as binder (Hotineanu et al., 2015,
Larsson et al., 2009, Lottmann et al., 2008) and the better suitability of cement for the
stabilization of soils that lack these clay minerals (Åhnberg et al., 1995, EuroSoilStab,
2002) have not been subject of this thesis.

Paper F presents a multiple linear regression analysis of the results from the laboratory
analysis described in Paper A, Paper B and Paper E with the influence factors binder
content, days of curing before and after the freezing and thawing cycles as well as water
content. Both Paper G and Paper H include a multiple linear regression analysis of
the respective data. The samples taken in the field after one year were analyzed for
the influence of the binder content, percolation, density and tube storage on the UCS
(Paper G). The field prepared samples stored under laboratory conditions were analyzed
for the influence of the binder content, curing after freezing and thawing cycles, density
and percolation on the UCS (Paper H).

3.5 Particle size distribution

A soil is classified as frost susceptible when it shows frost heave or thaw weakening or both
phenomena (Andersland and Ladanyi, 2004). The particle size distribution is usually
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the first step to investigate frost susceptibility: Soils with coarser grains and enough
pores (i. e. not tight-graded soils) are usually categorized as non frost susceptible: The
volume increase of water freezing to ice can take place in the pores without affecting
the bearing structure. Also the capillary transport (the water transport inside the pore
system), is limited in coarse grained soils. The shorter the capillary transport distance,
the less water can be accumulated in ice lenses which cause frost heave (Andersland and
Ladanyi, 2004).

In Sweden, the frost susceptibility of soils used for civil works is usually defined based
on the particle size distribution and classified in four categories, “non frost-susceptible”,
“somewhat frost-susceptible”, “moderately frost-susceptible” and “highly frost-suscep-
tible” (AMA Anl, 2020). The soil used in the field test e. g. is classified as sandy clayey
silt which is “highly frost-susceptible”.

Soil stabilization causes the formation of coarser particles by the reaction products of
the hydraulic binder that connect fine particles to coarser aggregates, as shown earlier
by Al-Jabban (2019). The content of fine particles is accordingly expected to be reduced
in the stabilized soil. A coarser particle size distribution would consequently lead to a
lower frost susceptibility.

In the studies done on sulfide soil samples (Paper G and Paper H), the particle size
distribution of the stabilized soil samples was determined with the combined wet sieving
and sedimentation analysis according to EN ISO 17892-4 (2016). The naturally moist
material after the UCS test was washed through a 0.2mm sieve with water. The fine
material with the water was collected in a bucket and used for the sedimentation analysis
with pipette method. The dry amount of material was calculated with the water content
that was determined from a part of the sample material after the UCS test. To ensure
an average value, a slice over the whole sample length was dried for the water content
measurement. The coarser part of the material was oven-dried (+105℃) and sieved. The
frost susceptibility of the laboratory prepared samples was not investigated in terms of
particle size distribution or frost heave.

3.5.1 Statistical comparison

For comparison of the particle size distribution curves the Wilcoxon signed rank test was
chosen: a nonparametric test for two populations when the observations are paired. In
this case, the test statistic, W, is the sum of the ranks of positive differences between the
observations in the two samples (that is, x–y). The Wilcoxon signed rank test returns
the p-value of a paired, two-sided test for the null hypothesis that x–y comes from a
distribution with zero median. h=1 indicates a rejection of the null hypothesis and h=0
indicates a failure to reject the null hypothesis at the 5 % significance level.

The following list describes tests that generally can be used for detecting significant
differences between distributions (Johnson et al., 2011). Their limitations are listed as
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well to point out why they could not be used in for the comparison of the particle size
distribution curves.

• matched pairs t-test: can be used for the difference between two small samples to
test against the null hypothesis that the mean of the distribution (of the differences)
is zero; normally distributed samples required i. e. not valid for the observed set of
data

• f-test: normally distributed samples required and n > 50 i. e. not valid for the
observed set of data

• chi square test: test for goodness of fit, can be used for discrete distributions - but
does not apply for small samples i. e. not valid for the observed set of data

• U-test (Wilcoxon-Mann-Whitney): nonparametric alternative to the two-sample
t-test, but the two samples shall be independent i. e. not suitable for the observed
set of data

• H-test (Kruskal-Wallis): generalization of the U-test for independent random sam-
ples. The Kruskal-Wallis test assumes that all samples come from populations
having the same continuous distribution, apart from possibly different locations
due to group effects, and that all observations are mutually independent i. e. not
valid for the observed set of data

• Kolmogorov-Smirnov test: nonparametric test for differences between cumulativ
(continuous) distributions. Cannot be used in connection with discrete distribu-
tions, and the samples have to be independent i. e. not valid for the observed set
of data.

3.6 Reaction products

X-ray diffraction (XRD) is increasingly used to determine the reaction products of hy-
draulic binders. The efficiency of a stabilization can be validated with XRD (Akula and
Little, 2020). If the by-products used as hydraulic binder form reaction products in the
stabilized soil, it should be possible to detect these products in the mineral composition
of the stabilized soil material. The reaction products searched for are calcium-silicate-
hydrates (CSH) with characteristic peaks at diffraction angles 2θ around 29◦, 33◦ and
42◦.

Scanning Electron Microscopy (SEM) is often used in combination with XRD to charac-
terize the micro-structure of the reaction products of hydraulic binders (Gallucci et al.,
2013, Wang et al., 2021).

In the studies done on sulfide soil samples (Paper G and Paper H), the samples´ material
was dried at room temperature (+20℃), pulverized and analyzed with the XRD. The
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powder XRD analysis were performed using a Empyrean diffractometer from PANalytical
with PIXcel 3D detector. The Cu-K radiation used has a range of 5-70◦ 2θ, and a step
size of 0.026◦ 2θ. Panalytical´s Highscore Plus equipped with a COD database was used
for XRD pattern evaluation and phase identification. The dried samples´ material was
ground by hand with pestle and mortar, and back-loading sample holders were used to
avoid preferred orientation.

The morphology of the phases before and after stabilization of the soil was observed by a
SEM, type Jeol, JSM-IT100 (JEOL Nordic AB, Sollentuna, Sweden). The dried samples
were investigated over a conductive surface and no coating was applied. The micrographs
were taken at 3000× magnification, in high vacuum mode and with a Secondary Electron
Detector (SED).

3.7 Sulfide soil

The acidification properties of sulfide soils can be analyzed by a repeated wetting and
drying leaching method (Pousette et al., 2008). The initial test to compare with is done
on anaerobic material that is mixed up with deionized water to a slurry. The pH, oxygen
redox potential and electric conductivity are measured in the filtered water phase after
at least one hour. The material in the filter is dried in the oven at +50℃ (thereby it
turns into aerobic material) and soaked again with deionized water the next day. The
measurements are again done in the filtered water phase after one hour. This procedure
is recommended to be repeated with the same material until the measured value is stable,
or at least ten times.
Al-Jabban (2019) used this method to investigate the acidification properties of the
sulfide soil used in the field test and to predict the long-term pH value of the unstabilized
sulfide soil to pH 6. For the stabilized sulfide soil, he ascertained the longterm pH value
to pH 9.

For the pH measurement of the stabilized sulfide soil samples in the long-term test
(Paper G and Paper H), a similar method of the aerobic material was used: after the
UCS test, part of the material was dried and mixed up with deionized water again to
a slurry. The slurry was filtered and the pH measured in the filtered water phase after
one hour. This was repeated three times to ensure stable values.

3.8 Simulating field conditions in the laboratory

The field samples have not been compacted or protected against water percolation as
the recommendations are for the application in earthworks by layer-wise stabilization
(EN 16907-4, 2018). To what extend the field conditions could be simulated in the
laboratory was therefore unclear. The freezing and thawing conditions were chosen to
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one-dimensional and with temperatures that occur in the region of the field test, see
section 3.4.2. Also percolation was added to the laboratory conditions for some of the
field prepared samples stored under laboratory conditions.

For five of the stabilized sulfide soil samples that had been taken to the laboratory
directly after the field test installation, the hydraulic conductivity was measured after
the freezing and thawing cycles during two weeks in a rigid wall permeameter with a
continuous pressure head according to EN ISO 17892-11 (2019).

To simulate the water percolation after snow melting and summer rain that the samples
in the field were exposed to, the same samples under laboratory conditions that had
been used for hydraulic conductivity determination were exposed to percolation during
three months: the pressure head was lowered to half of the testing value (Paper H).
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4.1 Strength development in cold environment

4.1.1 Unconfined compressive strength

All stabilized soil samples show a strength increase under laboratory conditions, i. e.
in controlled cold environment and water availability from beneath. The UCS of the
samples produced in the laboratory and cured (at +4℃ ) for 14, 28 and 90 days are
presented as a function of time in Figure 4.1.
Samples stabilized with MultiCem (upper part of Figure 4.1) show a continuous strength
increase and reach maximum UCS values of 4000 kPa for laboratory produced samples
of silty sand after three months of curing.
The strength of the samples stabilized with Petrit T (middle part of Figure 4.1) increases
in the beginning and reaches maximum UCS values of around 300 kPa for the clay and
150 kPa for the silt, but the UCS for the samples after 3 months is lower again (150 kPa
for the clay and 100 kPa for the silt).
The results of all samples from the field are presented in Figure 4.2. The samples stored
under laboratory conditions since the day after the field test installation are presented as
triangles, dots and squares. The samples taken from the field after one year are marked
with crosses and stars for the surface samples and as circles for the samples that had
been in a tube since the day of the installation.
Field stabilized samples with MultiCem, taken from the surface and stored under labo-
ratory conditions for 15 months, reach UCS of 150 kPa. Field stabilized samples with
MultiCem, stored in a tube in field conditions for twelve months, reach 300 kPa.
Field stabilized samples, taken from the surface in the field after one year, show UCS
values between 20 and 60 kPa for both binder contents (4 % MultiCem as well as 2 %
MultiCem with 6 % Mesa). Since unstabilized soil samples from the surface in the field
have around the same UCS values, no strength increase is observed here.

4.1.2 Influence of freezing and thawing

The UCS of the samples produced in the laboratory and cured (at +4℃ ) for 14, 28 and
90 days and exposed to twelve freezing and thawing cycles are presented as a function of
time in Figure 4.3.
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Figure 4.1: UCS as a function of the age of the samples without freezing and thawing.
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Figure 4.2: UCS as a function of the age of the samples for the laboratory stored field
samples and the samples taken from the field after one year.
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Figure 4.3: UCS as a function of the age of the samples after 12 freezing and thawing
cycles.
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Samples stabilized with Petrit T show a distinct strength decrease after freezing and
thawing cycles under laboratory conditions: the UCS is as low as 30 kPa resp. 80 kPa
for clay samples and 30 kPa to 50 kPa for silt samples without surcharge. Silt samples
that had a surcharge show a lower decrease in strength (compared to samples without
surcharge) and reach 80 kPa to 100 kPa (see Paper E for details about the surcharge).

The strength increase of samples stabilized with MultiCem is in most cases not affected
by freezing and thawing. An exception to this result are silty sand samples, stabilized
with 6 % MultiCem and cured under laboratory conditions for 90 days. These specimens
show a reduced UCS of 2000 kPa.

4.1.3 Recovering and remaining strength

The UCS of the samples produced in the laboratory and cured (at +4℃ ) for 14, 28 and
90 days, exposed to twelve freezing and thawing cycles and cured again (at +4℃ ) for
28 days are presented as a function of time in Figure 4.4.

Some of the younger (i. e. 14 and 28 days of curing) stabilized soil samples show a
strength increase after another curing period after the freezing and thawing cycles under
laboratory conditions, i. e. in controlled cold environment and water availability from
beneath. For the older (i. e. 90 days of curing) samples the behavior differs: field prepared
samples stored under laboratory conditions show an increase in strength; laboratory
produced samples with Petrit T stay about the same, whereas the strength decreases for
the laboratory produced samples with MultiCem.

Many of the laboratory produced samples show about the same strength for a certain
binder content at the end of the laboratory investigations, i. e. after the additional curing
time after the freezing and thawing cycles regardless the curing time before them: around
50 resp. 100 kPa for the clay samples with 4 resp. 7 % Petrit T, around 50 kPa for the
silt samples with 4 % Petrit T and around 1500 resp. 2000 kPa for the silty sand samples
with 6 resp. 8 % MultiCem.

4.1.4 Influence factors

The multiple linear regression analysis presented in Paper F was conducted to relate
the importance of the different influence factors analyzed in the laboratory studies (Pa-
per A, Paper B and Paper E) to each other. The highest influence on the UCS of the
laboratory prepared samples of the silt and the silty sand has the binder content; the
second highest influence has the water content. For clay samples, the water content has
the highest influence, followed by binder content and freezing and thawing cycles to the
same percentage. The number of days of curing have an unclear or negative influence
when Petrit T was used. For MultiCem as binder, the number of days of curing before
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Figure 4.4: UCS as a function of the age of the samples after 12 freezing and thawing
cycles and additional 28 days of curing.
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the first freezing have a positive influence, but less than the binder content and the water
content (Paper F) .

The investigation results of samples, taken in the field one year after stabilization, were
evaluated with a multiple linear regression analysis to determine the influence of different
factors on the UCS (binder content, percolation, density and tube storage; see Paper G).
There is no clear correlation between tube and density (coefficient of correlation is -0.37).
Multiple linear regression analysis gives clear results for tube storage and density only.
These two influence factors combined explain 87% of the UCS (R2 of 0.87). Density has
a little higher influence on the UCS than tube storage.

The multiple linear regression analysis of the field prepared samples stored in controlled
laboratory conditions (Paper H) shows that percolation and curing time after the freezing
and thawing cycles have the highest influence on the UCS, followed by density. Curing
after freezing and thawing cycles and density have both a positive influence on the UCS,
whereas the influence of percolation is negative. Binder content has a positive influence
on the UCS, but not as much.

4.2 Particle size distribution

One year after the installation of the field test site, samples were taken of the stabilized
sulfidic soil before (350 days) and after the summer (420 days). The particle size distri-
bution of these samples was analyzed (Paper G).
The particle size distribution of field stabilized samples with MultiCem, taken from the
surface and stored under laboratory conditions, was analyzed at three times: before freez-
ing and thawing cycles, after freezing and thawing cycles, as well as after the additional
curing resp. the percolation (Paper H).

Table 4.1 gives the particle diameters (grain size) at which 10% resp. 60% of the material
is passing (D10 resp. D60) for the coarser limit of the natural soil as well as the stabilized
soil samples: of the field stabilized samples stored under laboratory conditions at different
testing times, as well as of the samples taken from the field test site one year after the
stabilization.

Table 4.1 shows very clearly that the grain size of stabilized soil is enlarged compared to
natural sulfide soil before stabilization. Additionally, the particle size distribution of all
stabilized samples from the field differs significantly from the coarser limit curve of the
unstabilized soil. This result is also approved by a Wilcoxon signed rank test.
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Table 4.1: Table of grain sizes D10 and D60 of soil at different testing times.
Testing time D10 D60
natural soil (coarser limit) 0.004 mm 0.09 mm
Lab 4% MultiCem, 170 days 0.008 mm 0.14 mm
Lab 4% MultiCem, 170 days + FT 0.007 mm 0.11 mm
Lab 4% MultiCem, 170 days + FT + cold curing 0.007 mm 0.13 mm
Lab 4% MultiCem, 170 days + FT + percolation 0.007 mm 0.12 mm
Field 4% MultiCem, 350 days, punched 0.007 mm 0.16 mm
Field 4% MultiCem, 420 days, punched 0.005 mm 0.11 mm
Field 2% MultiCem + 6% Mesa, 420 days, punched 0.006 mm 0.11 mm
Field 4% MultiCem, 350 days, plastic tube 0.007 mm 0.15 mm
Field 4% MultiCem, 350 days, aluminum tube 0.006 mm 0.17 mm
Field 4% MultiCem, 420 days, aluminum tube 0.007 mm 0.16 mm
Field 2% MultiCem + 6% Mesa, 420 days, aluminum tube 0.009 mm 0.14 mm

4.3 Reaction products

The main characteristic peak of CSH at diffraction angle 2θ of 29◦ is visible in the XRD-
patterns of almost all stabilized soil samples, both in the field prepared samples stored in
the laboratory (Paper H) and the samples taken from the field one year later (Paper G).
For several samples also the following diffraction angle 2θ of 33◦ is distinct: in the case
of the samples in the laboratory after percolation, the later diffraction angle 2θ has a
higher peak than the first one at 29◦, see Paper H. The increase in peak intensity is
significantly higher for samples from the field stabilized with 2 % MultiCem and 6 %
Mesa compared to the samples with 4 % MultiCem, see Paper G.

The micrographs taken with the SEM show a different morphology of the stabilized soils
compared to the natural soil: They confirm that cementitious hydrated products are
formed. The visible amount of reaction products is higher for the soil samples stabilized
with 2 % MultiCem and 6 % Mesa compared to those stabilized with 4 % MultiCem, see
Paper G. Interestingly, also ettringite is identified in the micrographs of the stabilized
soil samples.

4.4 Sulfide soil

The pH of the samples taken from the field one year after the stabilization was pH 9
regardless of the curing condition (surface or tube, before or after the summer) or binder
added (4 % MultiCem or 2 % MultiCem and 6 % Mesa), see Paper G.
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4.5 Simulating field conditions in the laboratory

The pH of the field prepared samples with 4 % MultiCem stored under laboratory condi-
tions differs between pH 8 and pH 10: pH 8 after the freezing and thawing cycles, pH 9
after additional cold curing and pH 10 after percolation, see Paper H.

4.5 Simulating field conditions in the laboratory

The hydraulic conductivity (measured in five samples in rigid wall permeameters with
a continuous pressure head during two weeks directly after the last thawing) is between
5.5 × 10−7 m/s and 1.5 × 10−6 m/s.

Samples that had endured percolation reached UCS values of around 50 kPa, which is
significantly lower than the UCS of the samples that had continuously been stored in
cold conditions, 140 kPa.
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5.1 Strength development in cold environment

5.1.1 Unconfined compressive strength

The observation that all stabilized soil samples show a strength increase is a clear answer
to the research question: a reaction takes place in spite of the cold curing conditions. The
strength increase over time is slower in comparison with other publications with curing
at room temperature (Bozbey et al., 2017, Ho et al., 2018, Jamshidi and Lake, 2015),
but the total strength reached is in many cases comparable. If the strength increase is
sufficient for the usability of the material depends on the requirements for the individual
project. The strength increase depends clearly on the amount of binder used.

The stabilized clay samples presented in Paper A show in the beginning UCS values
comparable to those reported by Bozbey et al. (2017). The strength of stabilized samples
decreases with continued curing time, which is unusual. The strength development of the
Petrit T in cold environment is concluded to depend on the active mineral Gehlenite that
constitute almost a third of this binder. Gehlenite occurs in calcium aluminate cement
that have to be protected against low temperatures during curing to avoid the so-called
“conversion”. This means a change in the crystal structure from the in cold environment
first formed high-strength but instable hexagonal crystals (CAH10 and C2AH8) to the
longterm-stable cubic crystals (C3AH6). Since the cubic crystals are more compact than
the hexagonal crystals, conversion leads to an increased porosity and consequently a
reduced strength (Hewlett and Lea, 2003). Petrit T seems therefore a less suitable binder
for soil stabilization in cold environment. In contrast, for short-term applications up to
one month, the initially high strength increase of Petrit T in cold curing conditions could
be advantageously utilized. More research on this aspect is needed before this binder
can be applied in a commercial project.

The results presented in Paper E show that the strength and stiffness of the silt stabi-
lized with Petrit T is influenced by frost and by surcharge: the stabilized samples with
surcharge from the beginning show the highest strength and stiffness in the beginning.
This is in line with the recommendations for deep stabilization in Sweden, where a sur-
charge is applied to ensure higher pressure with the aim to reach higher strength since
the particles are pressed together during the cementation process (Larsson, 2006).

In the clay stabilized with Petrit T, a high influence of the water content on the strength
has been observed - as it had been described earlier e. g. by Eskişar et al. (2015). In
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this first test series with Petrit T, the water content consciously had been left to the
natural water content in the clay sample from the dry crust, to simulate the conditions
in the field for a layer-wise in-situ stabilization. The results before and after the freezing
and thawing cycles of the samples with 7 % Petrit T and 28 days of curing (which are
the driest samples tested) are in the same range as the results reported by Eskişar et al.
(2015), the others are slightly lower. As discussed in Paper A, the differences in the water
content can superpose the strength increase. This would lead to an invisible strength
increase caused by the strength reduction due to higher water content.

The strength reached by the laboratory produced and cured silty sand samples with
MultiCem (Paper B) is in the same range as the UCS results shown by Jamshidi and
Lake (2015) for cement stabilized silty sand samples with a water-cement ratio of 2 that
had cured for 16 resp. 110 days. This means that the strength increase over time for the
soil stabilized with MultiCem is slower in cold environment, but that the total strength
reached is comparable to the strength of stabilized soils that had been cured in warmer
conditions.

The field samples of sandy clayey silt stabilized with MultiCem show a strength increase
when the soil is packed and protected against water percolation, as it had been the
case for the samples from the one plastic tube installed in the field directly after the
preparation of the test cell (see Paper G for more details). These samples show about
the same UCS values as those reported by Bozbey et al. (2017) for clay stabilized with
3 % lime after freezing and thawing cycles.

The strength increases over time slowly but unaffected of the freezing and thawing cycles
in the field prepared samples of sandy clayey silt stabilized with MultiCem that were
stored in the laboratory. As shown in Paper H, the strength continues to increase for the
samples that were stored in cold environment for 130 days after the last thawing. The
UCS values reached in the end are about the same as those reported by Eskişar et al.
(2015) and Solanki et al. (2013) for stabilized clay samples after freezing and thawing
cycles. The cold storage environment seems not to hinder the reaction, but to slow it
down so that it takes longer time to reach the final strength - and the final strength
reached probably is reduced compared to the strength that could be reached without
frost impact.

5.1.2 Influence of freezing and thawing

The samples stabilized with Petrit T (Paper A and Paper E) show a clear reduction in
UCS values after the last thawing compared to before the first freezing. The reduction
is highest for the samples with 28 days of curing and the lowest for the samples with 90
days of curing before the freezing and thawing cycles. At the same time as the reduction
in strength is the highest (at the age of 28 days), the highest strength before the freezing
and thawing cycles is reached. The “conversion”-process is supposed to start later, so
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that the strength measured at the age of 28 days of curing is caused by the hexagonal
crystals with high strength (CAH10 and C2AH8).

For the silty sand samples the surcharge slightly changes the picture, see Paper E: the
samples with surcharge from the beginning of the test series reach higher strength after
the last thawing than the other samples. The surcharge seem to act as intended, to
compress the material during curing so that the structure build up by cementation is
tighter and consequently stronger with less cracking caused by frost impact. But the
surcharge from the beginning of the freezing and thawing cycles reduces the strength after
the last thawing for the sample with 28 days of curing to the same level as the sample
without surcharge. This could be explained by a possibly starting “conversion” which
leads to a lower strength when the surcharge acts destroying on the crystal structure
during reorganization.

However, the stabilized silt samples with 90 days of curing without surcharge after the
last thawing (as well as after the additional curing time) show higher strength as the
samples with surcharge. This could be explained with the other active cement mineral in
the Petrit T, the Larnite. This is an active cement mineral with a known slow strength
increase over time but without any “conversion”-processes. Petrit T contains more than
50 % Larnite. The slow strength increase of the Larnite maybe consolidates the porous
structure after the conversion and would thereby lead to a higher strength when the
process is not disturbed by surcharge.

The UCS values of the most of the silty sand samples stabilized with MultiCem (Paper A)
are not reduced after the freezing and thawing cycles compared to before them. This
is interpreted as that the strength achieved by the added amount of MultiCem is high
enough to withstand the expansion forces caused by water freezing to ice. At the same
time, the water content of the silty sand is much lower than the water content of the
clay. So the total amount of water available to freeze is much lower as well, which leads
to lower expansion forces of freezing water.

Another possible explanation is that the frost cause micro-cracks, but that a continued
reaction of the binder is enhanced by the new availability of water (that earlier had
been blocked by the reaction products CSH) that is transported through the micro-
cracks. This could compensate potential strength reduction through frost action. The
low curing temperature used in the present study is interpreted to lead to a slower
reaction. The slower reaction has as consequence that a higher reaction potential of the
binder particles is left at a certain time compared to samples cured at room temperature
at the same time. The younger laboratory produced samples can therefore continue to
react during the thawing phases that in this case were at room temperature (+20℃).
On the other hand, the warm temperature during curing seems to have the consequence
that the reaction potential is used up for the samples after 90 days of curing, so that
their strength is reduced after the freezing and thawing cycles resp. the additional curing
time. The field prepared samples stored under laboratory conditions were exposed to
+5℃ also during the thawing phases. This may explain why their reaction potential was
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not used up so that continued reaction could take place during the thawing cycles and
the additional curing time although they had cured for 170 days (at +7℃) before the
first frost exposure.

5.1.3 Recovering and remaining strength

The UCS values are about the same or higher after the additional curing time. This can
be explained by a continuous reaction of the binder. A continued reaction would mean
that the frost action only interrupts but not stops the reaction of the binder. This is
assumed to be the case for the samples with shorter curing time before the first frost.
Additionally, when the frost action causes micro-cracks and water is available again due
to capillary transfer in these cracks, binder particles that had not reacted completely
earlier can continue to react and build CSH connections between the soil particles. This
is assumed to be the case for the samples with longer curing time before the first frost.
In both cases, a recovering can be observed, as it is the case for all samples except the
older MultiCem samples prepared in the laboratory.
The silty sand samples with MultiCem do not show a recovering in the meaning of a
catch-up of strength after a reduction. Instead, since there is almost no reduction after
the freezing and thawing cycles for the younger samples (14 and 28 days of curing), the
strength continues to increase afterwards. The older (i. e. 90 days of curing) samples
show a decrease in strength after the additional curing time. For these samples the
reaction potential seems to be exhausted after 90 days of curing in cold environment, as
discussed in Paper B.
The results of the clay samples with 7 % Petrit T and 14 days of curing do not show
a recovering after the additional curing time - but they have the same strength as the
samples with longer curing time and lower water content. So the reducing influence
of the water content on the strength probably counteract the strength increase that is
supposed to take place caused by the reaction potential left in the binder particles before
the interruption by frost (see Paper A for more details).
The surcharge on the silty sand samples stabilized with Petrit T (Paper E) lead to
different effects on the UCS values. The highest strength is reached by the sample
without surcharge for the samples with 14 days of curing as well as for the samples with 90
days of curing after the additional curing time. For the 14 days samples, this is suggested
to depend on the hexagonal crystals with high strength (CAH10 and C2AH8) that are
formed early in cold environment. For the 90 days samples, the higher strength of the
sample without surcharge may depend on the reaction of the Larnite, see section 5.1.2.
Of the samples with 28 days of curing instead both samples with surcharge show a
significantly higher strength after the additional curing time than the one without, but
slightly lower than the strength after last thawing.
For the laboratory produced samples, the strength after the additional curing time after
the freezing and thawing cycles is about the same for each binder content. The respective
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strength level seems to be independent of the curing time before the first frost. This is
interpreted as a sort of remaining strength in cold environment and after frost impact
that seems worth to be analyzed further.
In the field investigation presented here this aspect was not possible to analyze because
the stabilized soil was not compacted in the field and the strength is therefore not higher
compared to the unstabilized soil. The tube samples from the field after one year that
had a higher density caused by compression during tube installation reach significantly
higher strength. They were not investigated at different times, but still the high strength
achieved in field conditions suggest further investigation.

The above listed observations promote the assumption that the low curing temperatures
and frost impact not necessarily need to be a hinder for soil stabilization in cold environ-
ment since the reaction can take place nevertheless.

5.1.4 Influence factors

From the multiple linear regression analysis about the results of the laboratory prepared
samples it was concluded that the strength reduction after the freezing and thawing
cycles depends on binder-soil-combination and that an influence of an additional curing
time after freezing and thawing cycles on strength can not be shown (see Paper F for
more details). This means on the other hand, that the combination of soil and binder
has to be tested for each individual project to be able to dimension the stabilization
depending on the individual requirements.

The hypothesis of a recovering could not be proved statistically with the data produced
during the present study. This may be an indication for the engineer who searches for
rules for dimensioning that the recovering can not be taken into account for that. Still,
the strength depends mainly on the amount of binder used and the water content of the
soil, whereas the curing time is less important.

The influence of the freezing and thawing cycles is not necessarily negative - in the
case of the younger silty sand with MultiCem prepared in the laboratory as well as the
field prepared samples stored under laboratory conditions, the UCS was not reduced by
freezing and thawing cycles, see section 5.1.2. The multiple linear regression analysis
approves this statistically. These results suggest a correlation between the strength
reduction caused by frost and the level of water content (high compared to optimum
water content for non-cohesive soils, resp. close to liquid limit for cohesive soils), as well
as the age of the sample (younger have higher reaction potential). A statistical analysis
of this aspects has not been conducted during the work of this thesis.

The multiple linear regression analysis of the field samples gives no consistent results
for the influence of the binder content or the percolation. This may be caused by the
indistinguishable strength over time development of the stabilized field samples compared
to the samples without binder, all punched from the surface in the test cell. Instead,
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the density of the stabilized soil is pointed out as the most important influence factor,
directly followed by the tube storage.

The difference in strength for the samples stored in the plastic tube in the field is remark-
able also without a statistical analysis, since the strength is about five times as much as
for the punched surface samples. The samples had been compressed when the tube was
installed and reached consequently higher densities. They had also been partly protected
against percolation since the diameter of the tube that was exposed to rain was small in
comparison to the soil volume. The tube may have functioned as a reinforcement against
frost action as well. The combination of these factors are assumed to be the explanation
why these samples reached so much higher strength.

Unfortunately, the samples stored in aluminum tubes in the field could not be investi-
gated for their UCS since they had reacted with the aluminum and formed a hard crust.
However, the density of the tube samples with 4 % MultiCem after 350 days and with
2 % MultiCem and 6 % after 420 days show the same higher densities as the samples
from the plastic tube.

This confirms that the compaction of the stabilized soil material is a very important
factor for the strength increase in the field, together with the protection against water
percolation. These recommendations given in the European standard for layer-wise soil
stabilization (EN 16907-4, 2018) are therefore especially valid for soil stabilization in
cold environment with seasonal frost.

The higher UCS values reached by the samples from the one plastic tube are very promis-
ing for the possible use of soil stabilization with by-product originated hydraulic binder
in cold regions with seasonal frost. These conditions are therefore worth further investi-
gation.

5.2 Particle size distribution

The particle size distribution curves of the stabilized sulfide soil from the field are coarser
than the coarser limit curve of the sulfide soil without binder. This endorse the obser-
vations described by Al-Jabban (2019) with the conclusion that the reaction products
of the binder connect the finest particles to coarser agglomerates. The biggest differ-
ence in the particle size distribution curve, especially in the fine part (D10 changes from
0.004 mm to 0.009 mm), is observed for the samples of the sulfide soil stabilized with
with 2 % MultiCem and 6 % Mesa that had been in aluminum tubes since the begin-
ning of the field test. For this material also the highest amount of reaction products
is determined, see section 5.3. Also the other tube stored samples show higher changes
than samples that were taken from the surface in the field test. Of the field prepared
samples stored in the laboratory, the samples before the freezing and thawing cycles have
the biggest difference in the fine part of the particle size distribution curve (D10 changes
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5.2 Particle size distribution

from 0.004 mm to 0.008 mm). These observations lead to the conclusion that the samples
that endured reduced percolation and no or less (reinforced by tube) frost action have
more agglomerates of fine particles connected by the binder reaction products (CSH). In
the other samples, these agglomerates are probably partly destroyed again due to frost
action and water percolation.

However, also after stabilization, the soil material is still classified as silt since the per-
centage of material finer that 0.063 mm is more than 40 %. According to the Swedish
definition of frost susceptibility based on the particle size distribution used for civil works
(AMA Anl, 2020), the stabilized soil material is still classified as “highly frost-susceptible”
soil. As stated by Dagli (2017), this classification system with only four classes based
on the grain size distribution is not detailed enough for modern needs. With a more
detailed classification system including freezing tests, the need for soil improvement or
replacement could be reduced.

Frost susceptibility of samples produced in the laboratory

The clay samples stabilized with Petrit T (Paper A) show a strength decrease after the
last thawing to one third of the value before the first freezing. At the same time their
water content is less than at the moment of sample production, or the increase in water
content is lower than for the samples before the first freezing or after the additional
curing time. Consequently, the pore water pressure can unlikely be the reason for the
lower strength. The phenomenon of thaw weakening occurs in its greatest extend when
the underlying soil is still frozen so that the water from the freezing ice-lenses is trapped
in the thawing soil. An excess pore water pressure and with that a reduced bearing
capacity are the consequences (Andersland and Ladanyi, 2004). Such conditions are
not given in a simple UCS test, so that the interpretation of the reduced strength after
freezing and thawing cycles as thaw weakening would be wrong. For the laboratory
prepared samples, the frost susceptibility is not possible to describe, because neither the
particle size distribution of the stabilized soil material nor the frost heave during the
freezing tests were measured.

The laboratory prepared silty sand samples with 8 % MultiCem are of all tested soil-
binder combinations the only ones that reach the Swedish recommendation for frost
stability (Franzén et al., 2012) of 2000 kPa, but several of the other soil-binder combi-
nations reach half of the limit value given in the German regulations: to be classified
as “non frost-susceptible” material after stabilization with hydraulic binder, a UCS of
500 kPa must be reached after 28 days of curing at room temperature without freezing
and thawing cycles and 200 kPa after freezing and thawing cycles (ZTVE StB, 2009).
Compared to the German limit values, the UCS of the laboratory prepared samples af-
ter the freezing and thawing cycles are as follows: the clay stabilized with 7 % Petrit T
reach about half of the limit values; the silt stabilized with 4 % Petrit T miss the limit
values by factor 0.2 resp. 0.1 (before resp. after the freezing and thawing cycles) and the
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silty sand stabilized with 6 % MultiCem surpass the limit values by factor two resp. five
(before resp. after the freezing and thawing cycles).

This means that the silt and clay would need more or another binder while for the silty
sand a lower binder content could be sufficient to reach the limit values for non frost-
susceptible material according to the German regulations. The field prepared samples
stored under laboratory conditions tested after the freezing and thawing cycles reach only
half of the limit value. The samples from the plastic tube that was stored one year in the
field fulfill the requirements precisely - the UCS values are at the limit value (for after
the freezing and thawing cycles) and above. The definition of “frost-stability” should be
discussed in Sweden and possibly be changed to values based on the requirements of the
planned construction, like e. g. traffic volume or percentage heavy load. More research
including the analysis of the few earlier installed stabilization projects in Sweden that
now have been exposed to annual freezing and thawing for a longer period could give
substantial input to find relevant limit values (similar to the work by Lottmann (2003)).

5.3 Reaction products

The results from both the XRD and the SEM investigation show clearly that a reaction
of the different binders has taken place in the stabilized soil: the reaction products are
visible as minerals for the field prepared samples stored under laboratory conditions as
well as the samples taken from the field one year later.

Although the increase in peak intensity is higher for the samples with the binder com-
bination of 2 % MultiCem and 6 % Mesa, their UCS values are about the same as the
UCS values of the samples with 4 % MultiCem. This leads to the conclusion that no
correlation between the increase in peak intensity and the UCS can be found (Paper G).

The curing temperature was thought to be to low for ettringite to be formed (Knopp
and Moormann, 2016). On the other hand, the samples that showed ettringite in the
SEM micrographs (see Paper G) were punched from the soil surface 420 days after
the installation of the test cell. This curing time included two summer periods. The
temperature in the soil has obviously at least partially been high enough to enable the
formation of ettringite.

5.4 Sulfide soil

The pH at the end of the testing period of one year and more (15 months) is around
the predicted alkaline value of pH 9 which is significantly above the predicted lightly
acid value of the natural sulfide soil (without binder) of pH 6. The harmful acidification
potential of the natural sulfide soil is interpreted to be neutralized by the mixing with

42



5.5 Simulating field conditions in the laboratory

hydraulic binder. After the investigated time span of one year, this changed soil chem-
istry conditions are approved to be still valid. The achieved soil pH is close to the target
range recommended for neutralization of sulfide soil in Australia (DER Perth, Australia,
2015). Both by-product originated binders, MultiCem alone and in combination with
Mesa, have the intended buffering effect on the sulfide soil.

The stability of the neutralization effect over long time spans as several decades was not
part of the present thesis. Since the neutralization of ASS and PASS by the addition of
fine crushed limestone is regularly used in Australia, their experience about the longterm
stability of the neutralizing effect could be asked for. They determine the existing and
the potential acidity of the soil and use the sum of this by multiplication with 1.5 (safety
factor) for dimensioning the amount of limestone needed (DER Perth, Australia, 2015).
In case stabilization with by-product originated hydraulic binder shall be investigated
further for possible applications, the longterm stability of the neutralization effect is
recommended to be added to the research program.

5.5 Simulating field conditions in the laboratory

The hydraulic conductivity of the field prepared samples stored under laboratory condi-
tions was after the exposure to twelve one-dimensional freezing and thawing cycles in the
same range as the values reported by Jamshidi and Lake (2015) for silty sand samples
stabilized with 10 % cement after an additional curing time. The values reported by
Lake et al. (2017) for silty sand samples stabilized with 3 % cement or with 6 % cement
compacted at dry of optimum water content are also in this range.

The strength of the samples that were punched at the surface in the field is in the
same range as the strength of the samples that had endured percolation, see Figure 4.2.
Therefore the addition of percolation to the laboratory conditions is interpreted as a
good solution for the simulation of the field conditions in the laboratory for uncom-
pacted stabilized soil. Also for compacted stabilized soil, the detrimental effect of water
percolation has to be considered, according to EN 16907-4 (2018).
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The research questions given in section 1.3 can be answered as follows:

1. a) The strength increases for all compacted samples despite the cold curing con-
ditions. The curing time to reach the target strength is longer in cold envi-
ronment.

b) The strength after freezing and thawing is reduced for the clay and silt samples
stabilized with Petrit T. This effect did not occur for most of the clayey silt
and silty sand samples stabilized with MultiCem.

c) The UCS values of the samples in the laboratory studies are about the same
for all samples with the same amount of binder at the end of the test series,
regardless the curing time before frost action - this is interpreted as a sort of
“remaining strength”.

d) The strength of the stabilized soil depends mainly on the amount of binder
and the water content of the soil; the density reached by compaction as well
as the protection against water percolation are the other important influence
factors identified here.

2. The particle size distribution is changed to coarser, which is explained by binder
reaction products forming agglomerates of fine soil particles. With the chosen low
amount of binder, not all fine particles are transformed. The frost susceptibility of
the stabilized material is therefore expected to be lower than of the unstabilized
soil. However, frost heave tests have not been part of this study.

3. The reaction products of the chosen binders are visible as minerals in Scanning
Electron Microscopy (SEM) images and X-ray diffraction (XRD) analysis. This
supports the findings above on mineralogical level.

4. The by-product originated binders neutralize the acidification potential of the sul-
fide soil. The pH of the soil is changed by stabilization to the predicted value of
pH 9 after one year.

5. a) The chosen laboratory conditions simulate the field conditions: the samples
result in about the same strength. The laboratory conditions included low
curing temperature, one-dimensional freezing and thawing at temperatures
similar to them at the field test location, as well as percolation after the
freezing and thawing cycles.
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b) The samples that were cured under laboratory conditions but without perco-
lation reached about two times higher strength.

Altogether, these results indicate that soil stabilization with by-product originated hy-
draulic binder work in cold environment. From the viewpoint of sustainability, stabi-
lization of fine-grained soils with these hydraulic binders should be considered as one
possible solution and compared against other solutions in a Life-Cycle-Analysis. For
every project with large volumes and transport distances, the in-situ method of soil
stabilization can be advantageous (see section 1.2).

As in all stabilization projects, a thorough investigation of the field conditions as well
as of the combination of soil and binder is necessary in the planning process. In regions
with low annual mean temperature and longer seasonal frost periods, the water content
(see section 5.1.4) and the fines content (see section 5.2) are of importance. If a by-
product is intended to be used as binder, it is essential to test this by-product in similar
conditions to the curing conditions in the field, taking specifically care of temperature
(see section 5.1.1) and water penetration (see section 5.5). Additionally, the longterm
effect has to be included in the investigation of a by-product before application in an
infrastructure project. On the one hand, Petrit T shows a reduction in strength in cold
curing conditions after three months. This unusual strength-over-time characteristics
was explained after investigation of the reactive minerals in Petrit T: it contains a cement
sort with known strength decrease (after initial high increase) in cold environment due
to mineral conversion (see section 5.1.1). On the other hand, the initially high strength
increase of Petrit T in cold curing conditions could advantageously be utilized for short-
term applications (up to one month) in the future after further research.

Summarized, the control of the water content together with respectively adjustment
of the binder content as well as the compaction and the protection against water per-
colation are essential for the success of soil stabilization with by-product originated
hydraulic binders. However, this is generally valid for all stabilization projects during
the construction phase (EN 16907-4, 2018). Anyhow, this Standard excepts cold envi-
ronment. Nevertheless, this doctoral thesis indicates that - given the generally controls
listed above are guaranteed - stabilization with hydraulic binder could successfully be
used in infrastructure projects also in regions with longer seasonal frost and low annual
mean temperature.

One major conclusion drawn in the SWOT-analysis (Paper D) was that more research is
needed before soil stabilization can be established in regions with long seasonal frost. It
was also concluded that education of the management involved in infrastructure projects
as well as of the construction companies about the method could open up for this method
to come to use in such regions to handle frost susceptibility related problems of the
natural soil under a road embankment.

The interpreted “remaining strength”, that the UCS values of the samples in the labo-
ratory studies are about the same for all samples with the same amount of binder at
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the end of the test series, regardless the curing time before frost action, is worth to be
investigated further. In future, after detailed research, it could potentially be used for
dimensioning guidelines for infrastructure projects.

To assure the stability during the designed lifetime of infrastructure projects, further
research on the long-term durability of the stabilized soil material is recommended, es-
pecially when the soil contains sulfide.

The longterm influence of water percolation should be investigated to find the leading
influence factors - supposed are chemical decomposition or internal erosion of fine parti-
cles.

The frost susceptibility of the stabilized soil material should be analyzed further in order
to possibly find another criterion than a UCS of a certain value for the material to be
allowed to remain in the ground. A method that can be tested in the field as e. g. static
or dynamic plate load tests is preferable.

The few earlier performed stabilization projects in Sweden that now have been exposed
to annual freezing and thawing for a longer period should be analyzed regarding their
long-term conditions.

It is recommended that the definition of “frost-stability” is discussed in Sweden and
possibly exchanged to other criteria than strength values. The strength values could
also be adjusted to the requirements of the planned construction, like e. g. traffic volume
or percentage heavy load.
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