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ABSTRACT
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The utilization potential of solid carbon products obtained with molten salt electrolysis as an
alternative earth construction material in infrastructures is discussed in this thesis. The thesis is
composed of a literature review and preliminary technical calculations. The technical characteris-
tics, possible earth construction applications, factors hindering the utilization potential, and the
scale in which captured solid carbon products could be utilized are discussed. To the author’'s
knowledge no earlier research has been conducted on the subject.

Carbon is an abundant element, and it is a vital part of organic compounds. Carbon has dif-
ferent allotropes which have a vast amount of applications due to their superior mechanical prop-
erties. Carbon is also a component of the greenhouse gas CO2 which is a remarkable booster of
climate change.

To reduce the amount of COz2 in the atmosphere different carbon capture systems have been
developed for utilization in power plants and industrial facilities. The fundamental idea of the cap-
ture systems is to separate the CO. from the other flue gas components or ambient air. The
captured CO2 can then be either stored or utilized. Most carbon capture systems are based on
chemical or physical absorption and adsorption reactions, gas separating membranes, or mineral
carbonation. The capture process can take place before or after the primary production process
or directly from air. Molten salt electrolysis is a relatively new carbon capture method in which
gaseous CO: is electrochemically reduced into oxygen and solid carbon. It allows producing dif-
ferent kinds of carbon products such as carbon nanotubes or nanofibers by modifying the process
parameters.

Infrastructures are layered earth structures that are designed to withstand loads caused by
their own mass, environmental factors, and traffic when required. The structure’s own mass
causes settlements and stability issues on soft subsoil whereas frost heaving, presence of excess
water in the structure, and hydraulic failures are the most important environmental stress factors.
Traffic loads put a strain on the structure’s body which, for instance, appears as rutting on roads.

During recent years it has been speculated that CO: could be utilized as feedstock for novel
or conventional construction materials like cement. The CO2 could be utilized as solid carbon
products or through mineral carbonation. According to the preliminary calculations conducted in
this work utilization of captured solid carbon products is possible at least on the lower structural
layers of lower-class roads or in structures that are not subjected to traffic loads. By utilizing cap-
tured solid carbon products in road pavements, the use of natural aggregates, the total thickness
of structures, and the need for subgrade reinforcement procedures on weak subsoil can all be
reduced. The utilization of captured solid carbon products is beneficial in terms of frost protection
design and reducing settlements due to their low unit weight and estimated thermal insulation
properties.

Factors hindering the utilization potential of captured solid carbon products include their high
retail price compared to natural aggregates, and the lack of knowledge on their mechanical char-
acteristics, workability, and effects on health and environment. The mechanical characteristics of
captured solid carbon products should be examined to better understand their utilization possibil-
ities in infrastructures.
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Tassa diplomitydssa tarkastellaan sulasuolaelektrolyysilla talteen otetun kiintean hiilen hyoty-
kayttdbmahdollisuuksia vaihtoehtoisena rakennusmateriaalina infrarakenteissa. Tyd koostuu kir-
jallisuuskatsauksesta ja alustavista teknisista laskelmista. Tydssa pyritdan selvittdmaan talteen
otetun hiilen tekniset ominaisuudet, mahdolliset kayttokohteet maarakentamisessa, hyotykaytto-
mahdollisuuksia haittaavat tekijat sekd mahdolliset kayttémaarat. Aiheesta ei ole tehty aiempaa
tutkimusta.

Hiili on erittain yleinen alkuaine, jota esiintyy useissa erilaisissa olomuodoissa. Hiilen eri olo-
muodoille on olemassa useita erilaisia sovelluksia hiilen erinomaisten mekaanisten ominaisuuk-
sien takia. liImakehdassa hiilta esiintyy hiilidioksidina, joka on yleinen ilmastonmuutosta kiihdyttava
kasvihuonekaasu.

CO2-paastdjen vahentamiseksi on kehitetty useita erilaisia CO2:n talteenottojarjestelmia, joita
voidaan kayttaa esimerkiksi teollisuus- ja voimalaitoksissa. Jarjestelmien toiminnan periaatteena
on erotella CO2 muista savukaasukomponenteista tai iimakehan kaasuista. Talteen otettu CO:
voidaan joko varastoida tai hyddyntaa esimerkiksi raaka-aineena. Yleisimmissa COz:n talteenot-
tojarjestelmissa hyddynnetaan kemiallista tai fyysista absorptiota, adsorptiota, membraaneja tai
karbonointireaktioita. Talteenotto voi tapahtua ennen varsinaista tuotantoprosessia, sen jalkeen,
tai suoraan ilmakehasta. Sulasuolaelektrolyysi on kohtuullisen uusi hiilen talteenottomenetelma,
jossa kaasumainen COz pelkistetdan hapeksi ja kiintedksi hiileksi. Sen avulla on mahdollista tuot-
taa monenlaisia hiilituotteita, kuten hiilinanoputkia tai -nanokuituja, eri kayttétarkoituksiin proses-
siparametreja saatelemalla.

Infrarakenteet ovat kerroksellisia maarakenteita, jotka mitoitetaan kestamaan niiden oman pai-
non, ymparistétekijdiden ja tarvittaessa myds liikkenndinnin aiheuttamia kuormituksia. Rakentei-
den oma paino aiheuttaa painumia ja stabiliteettiongelmia heikosti kantavalla pohjamaalla. Ym-
paristokuormituksista tarkeimpia kuormitustekijoita ovat pohjamaan routiminen seka liiallisen ve-
den rakennetta heikentava vaikutus ja veden aiheuttamat hydrauliset murtumat. Liikennekuormi-
tus puolestaan rasittaa rakenteen runkoa, mika ilmenee muun muassa teiden urautumisena.

Hiilidioksidin hyotykayttda rakennusmateriaalien raaka-aineena, joko kiinteana hiilena tai kar-
bonaattiyhdisteina, on tutkittu runsaasti vime vuosina. Tassa tydssa tehtyjen alustavien laskel-
mien ja tarkastelujen perusteella vaikuttaa silta, etta talteen otettuja kiinteita hiilituotteita voidaan
hyddyntaa ainakin alemman luokan teiden alemmissa rakennekerroksissa tai rakenteissa, jotka
eivat altistu likennekuormitukselle. Laskelmien perusteella hiilituotteiden kaytolla tierakenteissa
voidaan vahentaa kaytettavan neitseellisen kiviaineksen maaraa, kayttda ohuempia rakennepak-
suuksia sekd vahentda pohjanvahvistustoimenpiteiden tarvetta pehmeikailla. Hiilituotteiden
kaytto on perusteltua routa- ja painumamitoituksessa saavutettavilla hyddyilla niiden keveyden ja
arvellun hyvan lammoneristavyyden takia.

Hiilituotteiden hyotykayttda mahdollisesti rajoittavia tekijoita ovat niiden korkea hinta luonnon-
kiviainekseen verrattuna seka tiedon puute niiden mekaanisista ominaisuuksista, tyostettavyy-
desta, ja terveys- ja ymparistovaikutuksista. Etenkin hiilituotteiden mekaaniset ominaisuudet on
selvitettava, jotta niiden soveltuvuutta infrarakenteisiin voidaan arvioida tarkemmin.

Avainsanat: CCU, infrarakenteet, talteen otetut kiintean hiilen tuotteet, sulasuolaelektrolyysi
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1. INTRODUCTION

Carbon is one of the most abundant elements on our planet. Basically, it is a vital element
of all organic compounds, and it has a wide spectrum of possible applications in technol-
ogy and in our everyday lives. Carbon is also a component of carbon dioxide (CO-) which
is a common greenhouse gas. Since the industrial revolution the CO; levels among other
greenhouse gas levels in the atmosphere have risen significantly. This has caused the
average global temperature to rise by 1.1 °C and it has led to serious consequences
around the globe. (European Commission 2023) This phenomenon is known as climate

change.

Reducing CO; emissions plays a key role in the mitigation of climate change. One way
to tackle the issue is to apply carbon capture and utilization (CCU) or carbon capture and
storage (CCS) technologies to CO, emitting sources, such as industrial facilities and fos-

sil fuel fired power plants.

CCU is a process in which CO; is captured either from a CO2 emitting source or directly
from the air and then utilized as raw material in gaseous, liquid, or solid form. CCS refers
to a method in which the CO. is captured and then stored, for example, in geological

formations such as saline aquifers or depleted oil and gas reservoirs.

Nowadays there are several different carbon capture technologies available. Some of
them are in research and development phase while others are already in commercial
use. Common carbon capture technologies are based on chemical or physical absorp-
tion and adsorption reactions, gas separating membranes, and mineral carbonation.

Available technologies depend on the type of the CO; source.

There is a wide range of possible applications for the use of captured CO- as feedstock
for oil and chemical industry. The applications include enhanced gas and oil recovery,
and production of urea, methanol, carbonates, and polyurethanes. These applications

are already used on commercial scale. (IPCC 2005)

In the building sector it has been speculated that captured CO; could be utilized as feed-
stock for important construction materials like cement. For example, Bateucas et al.
(2021) studied the use and life cycle of captured CO, as feedstock for nano-calcium
carbonate (CaCOs) particles that are used in cement production. Another study, con-
ducted by Licht (2017), suggests that carbon nanofibers and nanotubes obtained from

CO- with molten carbonate electrolysis capture method could be utilized as lightweight



infrastructure construction materials among other applications. The study did not how-

ever discuss the technical feasibility of captured solid carbon products.

This thesis examines the utilization potential of solid carbon products captured with mol-
ten salt electrolysis method in infrastructures as substitutive alternatives to conventional
earth construction materials. To the author's knowledge no earlier research has been
conducted on the subject. The focus of the thesis is on evaluating the use and the tech-
nical feasibility of captured solid carbon products. The thesis is composed of a literature
review and preliminary technical calculations. The thesis aims to answer the following

research questions:

o What are the technical characteristics of captured solid carbon products from the

point of view of earth construction?

e What are the possible applications of captured solid carbon products in infrastruc-

tures?

¢ In what scale conventional earth construction materials could be replaced with

captured solid carbon products?
¢ Which factors hinder the utilization of captured solid carbon products?

The thesis is carried out at Tampere University’s Research Centre Terra as a part of an
interdisciplinary Bio-CCU research project which is led by University of Oulu and funded
by Business Finland. The goal of the project is to create sustainable value for bio-based
CO:a.



2. CARBON AND CARBONACEOUS MATERIALS

Carbon is one of the most abundant elements on planet Earth. It is the fundamental
constituent of organic compounds and therefore it creates the basis of life on Earth. In
the Earth’s crust carbon is present as peat, coal, petroleum, and as several carbonate
compounds. The atmosphere contains circa 0,03 % carbon as CO,. (Hanninen et al.
2018)

Even though carbon is present in various compounds and forms, pure carbon i.e., ele-
mental carbon is present only in two different allotropic states in the nature, namely
graphite, and diamond (Pierson 1993). Both aforementioned allotropic states have
unique structures and characteristics. In this Chapter the characteristics and applications
of graphite, diamond and some other carbonaceous materials are discussed. Because
the scope of this work is in civil engineering this topic is not discussed thoroughly. For a
more detailed overview of carbonaceous materials see Pierson (1993) and Inagaki &
Kang (2014).

2.1 Graphite

Graphite is a brittle, conductive, and lubricative substance with a flaky, black, and smeary
surface. It consists of platy, parallel layers of carbon atoms. On each layer plane a single
carbon atom creates strong covalent bonds with three other carbon atoms, forming a
continuous series of hexagonal molecules called graphenes. The bonds between the
graphene layers are weak van der Waals bonds which makes graphite a soft and a brittle
matter. Because of its platy structure its electrical and thermal conductivity characteris-
tics are highly anisotropic. The best conductivity is reached in the longitudinal direction
of the graphenes. An illustration of the structure of graphite is presented in Figure 1.
(Pierson 1993, Tuisku & Piispanen 2005, Zumdahl & DeCoste 2017)



Figure 1. Structure of graphite (Tuisku & Piispanen 2005).

Graphite’s smeary, lubricative, and conductive characteristics can be utilized in many
ways. For centuries graphite has been mixed with clay and water to create the “lead”
used in pencils. Before the discovery of the “lead”, chunks of natural graphite were used
for writing at least in England. The lubricative properties of graphite are often exploited
in locks and other places where oil use is not desired because of oil’s tendency to collect
dust. (Zumdahl & DeCoste 2017) Because of its conductivity characteristics graphite is
used as brushes in electronic devices and as current-collecting shoes in electric trains
(Inagaki & Kang 2014).

2.2 Diamond

Diamond is a carbonaceous matter in which the carbon atoms are organized into regular
three-dimensional crystalline lattices. Each carbon atom creates strong covalent bonds
with four other carbon atoms which makes diamond an extremely hard substance. In
fact, it is the hardest known naturally occurring substance. Unlike graphite diamond has
isotropic atomic structure and properties. Figure 2 gives an example of a crystalline dia-
mond structure and Table 1 contains data on selected physical characteristics of graphite
and diamond. (Pierson 1993, Zumdahl & DeCoste 2017)



Figure 2. Structure of diamond (A) and a typical rounded octahedron-shaped
diamond crystalline (B) (Tuisku & Piispanen 2005).

Table 1.  Physical characteristics of graphite and diamond.

Graphite Diamond
Density (g/cm?®) 1.80-2.30 8 3.50-3.515 [Pl
Melting point (°K) 3925 [ 18] 4700 @
Specific heat capacity (kJ/kg*K) 0.712 8 0.512
Electrical conductivity (S/m) 7.27*10* 81 -
Thermal conductivity (W/m*K) 1.59 -
at 0°C = 273.15K®

[1] Sublimation point

[2] Estimated value

[H] Hanninen et al. 2018
[P] Pierson 1993

[S] Seppanen et al. 2013

Diamond is a scarce material in nature making it very costly to acquire. The scarcity and
superior mechanical properties of diamonds have served as strong motivational drivers
for developing artificial diamonds. Creating artificial diamonds requires high pressure
and high temperature conditions and a carbonaceous material, such as graphite, as
feedstock. The high pressure and high temperature conditions force the carbon atoms
to rearrange into diamond-like structures. Artificial diamonds are mainly used in industrial
purposes, but they can also be used as gemstones like natural diamonds. (Pierson 1993,
Zumdahl & DeCoste 2017)



2.3 Coal

Coal is a well-known carbonaceous compound that is mainly used as a fuel because of
its high calorific value. According to the International Energy Agency (2022) coal is glob-
ally the most important source of energy for electricity generation and heavy industry,

and it is also the most notable source of CO, emissions.

Coal is a mixture of carbon, hydrogen, oxygen, nitrogen, and sulfur. The mixing ratios
between the elements depend on the coal types, of which there are four: lignite, subbi-
tuminous coal, bituminous coal, and anthracite. Lignite has the lowest carbon content
and therefore it is the least valuable type of coal whereas anthracite has the highest
carbon content, and it is the most valuable one. Elemental compositions of the afore-
mentioned coal types are given in mass percentages in Table 2. (Zumdahl & DeCoste
2017)

Table 2.  Elemental composition of different coal types in mass percentages
(Zumdahl & DeCoste 2017).

Coal type C H (o) N S
Lignite 71 4 23 1 1
Subbituminous 77 5 16 1 1
Bituminous 80 6 8 1 5
Anthracite 92 3 3 1 1

As mentioned above coal has a high calorific value which makes it a desirable energy
source. However, burning coal has remarkable environmental consequences especially
if the coal has a high sulfur content. When sulfur reacts with air it creates sulfur dioxide
(SO2) which further oxides to sulfur trioxide (SO3). Finally, when the SO; reacts with
water it creates aqueous sulfuric acid (H.SO4) which is a very harmful substance to the
environment and building materials because of its highly corrosive properties. Using
high-sulfur coal or any other high-sulfur substance as a fuel is likely to cause acid rain.
The likelihood of acid rain can however be decreased by reducing the amount of SO; in

the flue gas stream with a scrubber. (Zumdahl & DeCoste 2017)

2.4 Biochar

Biochar, also referred to as charcoal, biocarbon, biocoal, or biocoke, is a porous black
material which has a high carbon content and high specific surface area (Mensah et al.
2021). According to one definition biochar is “a solid biofuel derived from carbonization,
distillation or pyrolysis of biomass.” (SFS 2022) In other words it is a solid residue which

originates from burning of biomass under limited oxygen supply.



Biochar is a heterogeneous material which consists of carbon, hydrogen, oxygen, sulfur,
and nitrogen. Its properties are dependent on the type of biomass used as feedstock and
the manner in which it is produced. (Armah et al. 2023) The manufacturing process and
the feedstock can be selected and modified to achieve the desired properties. Weber &
Quicker (2018) have extensively studied and documented the factors affecting the prop-

erties of biochar.

Biochar has been used in agriculture to improve crop productivity and to remediate con-
taminated soil because of its ability to retain water, water-soluble nutrients, and pollu-
tants. It also decreases soil acidity and reduces biotic stress in soil. (Armah et al. 2023)
Among agricultural applications biochar can also be used in the cement industry. Using
biochar as supplementary cementitious material in ordinary Portland cement in small
amounts has been reported to improve the mechanical properties of concrete (Gupta et
al. 2020, Suarez-Riera et al. 2020, Sirico et al. 2022).

2.5 Carbon fibers

According to definition carbon fiber is “a material consisting of thin, strong crystalline
filaments of carbon, used as a strengthening material, especially in resins and ceramics”
(MOT 2023a). Carbon fibers have a carbon content of at least 92 weight % and the
carbon is often in non-graphitic state even though carbon fiber consists of graphene lay-
ers similarly as graphite. The diameter of a single carbon fiber is roughly 10 ym. (Chung
1994, Marsh & Rodriguez-Reinoso 2006, Huang 2009)

Carbon fibers are produced by controlled pyrolysis of stabilized organic precursor fibers
or by growth from carbonaceous gases. Polyacrylonitrile (PAN) and mesophase pitch
(MP) are the most used precursors for carbon fibers. In order to stabilize the precursor
fibers, they are first oxidized at 200-400 °C and then carbonized at ca. 1000 °C to remove
non-carbon elements. Occasionally the carbonized fibers are graphitized at even higher
temperatures to improve their properties. Finally, the fiber surfaces are post treated by
electrochemical methods to improve their adhesive properties. (Marsh & Rodriguez-
Reinoso 2006, Huang 2009, Frank et al. 2012)

Carbon fibers are light and rigid materials with excellent mechanical, electrical, and ther-
mal properties. These properties are often anisotropic because the graphene layers tend
to be parallel to the fiber axis. There is also another kind of anisotropy in the mechanical
properties as the compressive strength of carbon fibers is low compared to the tensile
strength. However, when carbon fibers are mixed with plastics and other materials it

yields rigid and lightweight composites which are utilized in various fields of industries.



In civil engineering carbon fibers can be used to strengthen concrete, for example.
(Chung 1994, Hanninen et al. 2018)

2.6 Carbon black

Carbon black is a fine carbon-derived powdery matter that is produced by burning hy-
drocarbon containing gaseous or mist-like materials under limited oxygen supply. Car-
bon black particles are aggregates of graphite microcrystals, and the size of a single
particle varies approximately between 10 and 500 nm. There are two basic processes,
known as channel and thermal processes, for carbon black production. The first process
produces mainly finer, and the latter mainly coarser particles. Other similar carbon-de-
rived powders are lampblack and acetylene black which both differ slightly from carbon

black in characteristics and production methods. (Pierson 1993, Inagaki & Kang 2014)

Carbon black is primarily used as a filler in rubber products to improve their strength,
stiffness, hardness, and resistance against wearing and heat. In practice all rubber prod-
ucts contain carbon black fillers. A good example of a common carbon black application
is car tires. Other applications for carbon black are found in, for instance, inks, paints,

and lacquers. (Pierson 1993)

2.7 Nanocarbons

The discovery of the third allotropic state of carbon, fullerenes, in 1985 led to the discov-
ery of carbon nanotubes in 1991 by Professor Sumio lijima. Fullerenes are giant ball-
shaped carbon molecules that are not found on Earth but in space. They can be de-
scribed as curled up graphene layers. Carbon nanotubes on the other hand are tubular
graphene layer structures with capped ends. The diameter of a single nanotube varies
from fractions of nanometers to tens of nanometers while the length can be up to several
centimeters. On one hand carbon nanotubes are like extended fullerenes and on the
other hand they are like nano-scaled carbon fibers with hollow cores. Carbon nanotubes
can either have a single or a multiwalled structure. Figure 3 depicts the structures of
different carbon nanotubes, fullerenes, and a carbon nano-onion. (Licht 2017, Hanninen
et al. 2018, Norizan et al. 2020, Dlamini et al. 2022)



MWCNT ===
S
Coo@Cryg@Csyy
Figure 3. Examples of single and multiwalled carbon nanotubes, fullerenes,

and a carbon nano-onion (Delgado et al. 2008).

Nanocarbons have been a subject of great interest ever since their discovery. When it
comes to carbon nanotubes much of the interest has focused on their lightness, excellent
mechanical strength, and superior electrical and thermal conductivity characteristics. Be-
cause of these properties carbon nanotubes have been applied in sports equipment,
electronic devices, and water purification purposes just to name a few examples.
(Zumdahl & DeCoste 2017, Dlamini et al. 2022) Nanocarbons have also been tested in
cement production with promising results of increased compressive strength. Adding
small amounts of nanocarbons to cement mortar has been reported to increase the com-
pressive strength of cement. (Tzileroglou et al. 2017) In the future there may be even
more applications to nanocarbons as research is being conducted on new modified

nanocarbons. Delgado et al. (2008) have covered this subject extensively.

Nanocarbons have also become a matter of concern due to their size and asbestos-like
structure. In their study Chernova et al. (2017) replicated the effects of inhaling carbon
nanotubes by injecting them to the pleural cavity of mice. The mice were then monitored
for a 20-month period during which between 10 and 25 % of the mice exposed to the
fibers in three separate study groups had developed mesothelioma. Mesothelioma is an
aggressive and incurable tumor which is strongly associated with exposure to asbestos.
To put it briefly prolonged exposure to nanomaterials may cause long-term health risks

and therefore they should be handled carefully.
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3. CARBON CAPTURE TECHNOLOGIES AND
SYSTEMS

The fundamental idea of CO2 capture is to produce a high concentration CO; stream that
can be either stored or utilized. There are five basic systems for capturing CO.: post-
combustion capture, pre-combustion capture, oxyfuel combustion capture, direct air cap-
ture, and capture from industrial process streams. Many carbon capture systems are
based on either absorption or adsorption reactions. In general capturing CO> from high
concentrations is easier and economically more feasible, and the available capture tech-

nologies depend on the type of the emission source (IPCC 2005).

A common nuisance for all carbon capture systems is that the capture process requires
a lot of energy which in turn reduces the overall efficiency of the primary process. This
leads to increased fuel consumption, environmental impacts, and increased amount of
solid waste streams. (IPCC 2005)

This Chapter gives an overview of different gas separation technologies and carbon cap-
ture systems. Common gas separation technologies that are used to separate CO; from
other gas components are introduced in Chapter 3.1 whereas Chapter 3.2 gives an over-
view of carbon capture systems which employ these techniques. Chapter 3.3 covers the
role of mineral carbonation in carbon capture and Chapter 3.4 covers electrochemical

carbon recovery.

3.1 Common gas separation technologies

3.1.1 Absorption

Absorption is a reaction that takes place between at least two substances, the solvent
and the absorbate. It is either a chemical or a physical reaction depending on how the
substances react with each other. Chemical absorption takes place when the two com-
ponents react with each other forming a new chemical compound. If the two components
do not form a new chemical compound, then the solvent absorbs the absorbate physi-

cally, just like a sponge absorbs water for example. (Rackley 2017)

In absorptive carbon capture processes the CO: is captured from the flue gas stream by
reacting it with an aqueous alkaline solvent. Amine and carbonate solutions are often
used as solvents. Prior to the absorption the gas stream is cooled down to about 40-60

°C to increase the process efficiency. The cooled gas stream is reacted with the solvent
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and then, after the absorption, washed with water to remove additional solvent droplets.
After washing the solvent is regenerated in a stripper in elevated temperature which
causes the CO; to desorb from the solvent. The desorption takes place at temperatures
between 100 and 140 °C. Figure 4 describes both absorptive and adsorptive carbon
capture processes. (IPCC 2005, Rackley 2017)

CO,
Sorbent
T

& Sorbent
— make-up
CO, Capture Sorhent.
Regeneration
Sorbent i
Coom D
co, Spent —
sorbent
a) Separation with sorbents/solvents
Figure 4. Example of absorptive and adsorptive carbon capture technologies

(Adapted from IPCC 2005).

The solvent must fulfill certain criteria to be a viable option for the process. The criteria
include fast reaction rates, high absorption capacity, low heat of desorption and tolerance
to impurities. Fast reaction rates and high absorption capacity ensure the efficiency of
the process and low heat of desorption decreases the energy requirements for the de-
sorption. Tolerance to impurities reduces the formation of unwanted compounds such as
solid and heat resistant salts. (Rackley 2017)

Absorption-based flue gas treatment technologies have already been in use for more
than 50 years, so the technology is relatively well established. It is also possible to
achieve high CO; recovery rates, but it requires large equipment. Impurities in the flue
gas stream and degradation of the solvents lead to formation of hazardous organic by-
products which require treatment before they can be disposed of. (IPCC 2005, Rackley
2017)

3.1.2 Adsorption

Adsorption is a chemical or a physical reaction in which one substance is collected on
the surface of another substance. The bonding of the two substances can take place by
a chemical bond or by a weaker physical attractive force. In most cases a gaseous re-
actant builds up on the surface of a solid catalyst. (Rackley 2017, Zumdahl & DeCoste
2017) In adsorption-based carbon capture technologies the fundamental idea is to sep-

arate the CO; from the flue gas stream by reacting it with a selective solid catalyst which
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causes the CO: to build up on its porous surface (Wilcox 2012). The catalyst is more
commonly referred to as the adsorbent in the context of carbon capture technologies
(Spigarelli & Kawatra 2013).

Molecular sieves or activated carbons are often used as the adsorbent (IPCC 2005).
After the initial adsorption the adsorbent is regenerated by either reducing the pressure
or increasing the temperature in the reactor unit. The first method is called pressure
swing adsorption (PSA) and the latter temperature swing adsorption (TSA). These
changes in ambient conditions force the adsorbent to release the CO; after which it is
recovered and stored. The adsorbent is then reused to capture more CO2 molecules.
(Rackley 2017)

The adsorbent material must fulfill certain requirements to be a viable option for the pro-
cess. These requirements include high CO. selectivity, high adsorption capacity, low
heat of adsorption, low adsorption hysteresis, and steep adsorption isotherm. High CO;
selectivity ensures that the adsorbent is tolerant towards impurities in the flue gas stream
and that it doesn’t form any unwanted compounds. Low heat of adsorption, low adsorp-
tion hysteresis, and steep adsorption isotherm all reduce the energy needed to regener-
ate the adsorbent. (Rackley 2017)

Adsorptive capture methods require cleaning, cooling down and drying the flue gas
stream before the CO, can be captured. The gas treatment requirements may limit the
attractiveness of these technologies. (IPCC 2005) Unlike absorption-based carbon cap-
ture technologies the adsorptive technologies do not produce liquid waste streams and
the solid waste streams produced by adsorption processes are environmentally benign
and easy to dispose of. Adsorption processes have also a wider range of operative tem-

peratures. (Rackley 2017)

3.1.3 Gas separation membranes

Gas separation membranes are specially manufactured materials that selectively block
certain gases while allowing other gases to permeate through them. The membrane sep-
aration technique is strongly based on pressure differences on both sides of the mem-
brane. High pressure gas streams are ideal for this gas separation technique because
the higher pressure on the one side forces the gas stream to permeate through the mem-
brane to the other side where the pressure is lower. Figure 5 gives a basic example of

membrane operation. (IPCC 2005)
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Figure 5. lllustration of gas separation with a membrane (Adapted from IPCC
2005).

Gas separation membranes have many possible applications in carbon capture systems.
They can be applied to pre-combustion, post-combustion, and oxyfuel combustion cap-
ture systems to serve different purposes. It is also possible to use membranes with ab-
sorptive or adsorptive separation processes to increase the overall CO; capture effi-
ciency. A wide selection of different membrane materials and technologies is already
available on industrial scale. Basically, there are two kinds of membranes, namely po-
rous and non-porous, which utilize different gas transportation mechanisms. Porous
membranes are a sort of molecular sieves which allow certain gases to permeate through
them. Non-porous membranes on the other hand utilize a two-step solution-diffusion
transport mechanism in which the permeable gas first dissolves into the membrane and
then diffuses through it. (IPCC 2005, Wilcox 2012, Rackley 2017)

Gas permeability and selectivity, and tolerance to impurities, aging and hardening are all
important features of a membrane. These features are strongly affected by the gas
stream characteristics and the nature of the membrane material. The membranes can
be designed to capture other gases besides CO; from the gas stream, like oxygen or
nitrogen, which adds to their versatility. With the help of membranes some operational
challenges associated with absorptive processes can be avoided. However, membranes
are not suited for capturing CO- from gas streams with low pressure and low CO; con-
tent. (IPCC 2005, Wilcox 2012, Spigarelli & Kawatra 2013)
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3.1.4 Cryogenic distillation

According to definition cryogenics is “the branch of physics dealing with the production
and effects of very low temperatures” (MOT 2023b). Cryogenic distillation is a commer-
cially available gas separation technique that has been used for over a century. Nowa-
days it is mostly used to separate oxygen from air. In carbon capture purposes it is a
relatively new technique. The distillation techniques can be applied to pre-combustion
and oxyfuel combustion capture systems. Figure 6 describes the cryogenic distillation
capture technology. (IPCC 2005, Spigarelli & Kawatra 2013)
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Figure 6. Example of a cryogenic distillation capture process (Adapted from

IPCC 2005).

The fundamental idea of the technique is to separate the gas components by making
use of their different boiling points and volatilities. CO» separation using cryogenic distil-
lation involves a series of compression, cooling, and expansion steps by which the gas
stream containing the CO is turned into liquid phase. In the process the temperature of
the gas stream is reduced to below -70 °C so any water must be removed prior to cooling
to avoid damaging the equipment. Subsequent to cooling the liquefied gas components
are separated from each other in a large distillation column. The cryogenic distillation
method can also be used to purify a gas stream which mainly consists of CO by remov-
ing the other constituents. (IPCC 2005, Olajire 2010, Wilcox 2012, Spigarelli & Kawatra
2013)

The cryogenic distillation separation process is relatively complex, and it requires high
capital investments, but it enables capturing high-purity CO.. The process is not suitable

for gas streams with low CO, concentration though. (Olajire 2010, Fu et al. 2022)
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3.2 Carbon capture systems

3.2.1 Post-combustion capture

In post-combustion capture systems, the CO. is separated from the flue gas stream orig-
inating from combustion of hydrocarbon-based fuels in air. Typically the flue gas stream
has a pressure of 1 bar, temperature of 120-180 °C and the CO- content by volume is
about 3-20 %. Other constituents in the flue gas are nitrogen and impurities such as NOx
and SOx. The composition is dependent on the used fuel. (IPCC 2005, Spigarelli & Ka-
watra 2013)

The capture process is usually done via chemical absorption, adsorption, gas separation
membranes or cryogenic distillation. Before the capture can take place, the flue gas
stream needs to be cooled down and cleaned of unwanted impurities to increase the
capture efficiency. The low pressure of the flue gas stream leads to large volumes of flue
gases being generated. Therefore, the total volumetric flue gas flow is the main factor in
sizing the capture equipment. Figure 7 gives an example of a post-combustion capture
process. (IPCC 2005, Spigarelli & Kawatra 2013)
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Figure 7. Post-combustion capture process (Adapted from Castro-Pardo et
al. 2022).

Post-combustion capture systems can be retrofit into existing fossil fuel fired power
plants. They may also be applied to other industrial facilities such as cement factories
and steel mills. Therefore, post-combustion capture systems may have the greatest po-
tential to reduce the CO; emissions in the near-term future. Absorption-based post-com-
bustion capture systems are already in commercial use and are seen as the preferred
option for post-combustion capture systems. They have several advantages including a
high CO; capture efficiency and high CO; selectivity. The costs and the energy use re-
quirements are also low in comparison to other post-combustion capture processes. A
general challenge that remains to be solved is scaling up the capture process to make it

applicable to large power plants. (IPCC 2005, Spigarelli & Kawatra 2013)
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3.2.2 Pre-combustion capture

In pre-combustion capture systems, the objective is to produce a cleaner fuel stream by
decreasing the carbon content and to capture the CO, before the combustion of the pri-
mary fuel. The first step in the process is to create a synthesis gas which mainly consists
of carbon monoxide and hydrogen. This is accomplished by either steam reforming or
by partial oxidation. In steam reforming the fuel is reacted with water vapor and in partial
oxidation it is reacted with oxygen. Partial oxidation is also called gasification when ap-
plied to a solid fuel. (IPCC 2005)

After the first step the synthesis gas is then reacted with water vapor in a shift reactor to
produce CO; and hydrogen. At this point the synthesis gas contains between 15 and 60
% of CO by volume and the gas pressure is 2-7 MPa. Finally, the CO; is removed from
the synthesis gas and the remaining hydrogen can be fed to the combustion chamber
and be used as a fuel. Figure 8 gives an example of a pre-combustion capture process.
(IPCC 2005)
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Figure 8. Pre-combustion capture process (Adapted from Castro-Pardo et al.

2022).

The high pressure and the high CO. content of the synthesis gas are both factors that
make the CO, separation easier. The CO is usually captured by methods which rely on
physical absorption or by contact with membranes. Commercial methods based on phys-
ical absorption include Selexol, Rectisol, Fluor and Purisol. A thorough review of these

processes can be read in Spigarelli & Kawatra (2013).

Pre-combustion capture systems are already available in industrial scale. The capture
system can be applied to power plants that are based on integrated gasification com-
bined cycle (IGCC) technology. The IGCC plants however have high investment and
operational costs and retrofitting the capture system to existing plants is also expensive
and challenging. (IPCC 2005, Blomen et al. 2009, Spigarelli & Kawatra 2013)
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3.2.3 Oxyfuel combustion capture

Oxyfuel combustion refers to a process in which the primary fuel is combusted with pure
oxygen, or with a mixture of oxygen and CO., instead of ambient air. The process pro-
duces a flue gas stream mainly consisting of CO, and water vapor. The CO; concentra-
tion in the flue gas is 80-98 % by volume which allows the CO; capture efficiency to reach
nearly 100 %. (IPCC 2005)

Oxyfuel combustion process includes three steps which are in respective order air sep-
aration, combustion and recycling of CO, and cleaning the flue gases. The air separa-
tion, a key step in the process, is carried out in an external air separation unit with cryo-
genic distillation, multi-bed pressure swing adsorption, or polymeric membranes. The
goal of the first step is to remove the impurities present in the air and to separate it into

liquid oxygen and gaseous nitrogen. (IPCC 2005, Spigarelli & Kawatra 2013)

After the oxygen is separated from air it is mixed with recycled CO2 and then fed to the
combustion chamber to combust the fuel. The combustion temperature of pure oxygen
is roughly 3500 °C which is way too high for traditional furnace materials. The CO. is

needed to reduce the combustion temperature. (Spigarelli & Kawatra 2013)

In the third step the water vapor and other impurities are removed from the flue gas
stream. The water vapor is removed by compressing and cooling down the gas stream
so that the vapor condenses out. The other impurities are removed by conventional
scrubbers. The remaining gas stream is nearly pure CO.. A part of the remaining flue
gas is recycled back to the combustion step. Figure 9 gives a schematic example of the

oxyfuel combustion capture process. (IPCC 2005, Spigarelli & Kawatra 2013)
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Figure 9. Oxyfuel combustion capture process (Adapted from Castro-Pardo
etal. 2022).

The CO- capture efficiency is very high in oxyfuel combustion capture systems and the
air separation unit is reported to reduce NOx emissions by 50 % when compared to com-

bustion with air. However, the process requires a large volume of oxygen, and the air



18

separation unit consumes a lot of energy. Air leaks into the system can even further
increase the energy consumption and the water vapor present in flue gas may cause
corrosion. Therefore, the operation and capital costs of the method are high. Also retro-
fitting the capture equipment to existing plants is challenging to say the least. (Kluger et
al. 2011, Spigarelli & Kawatra 2013)

3.2.4 Direct air capture

Direct air capture (DAC) refers to a method in which the CO. is removed directly from
the atmosphere. The capture processes are mostly based on absorptive or adsorptive
methods. Membranes and cryogenic distillation methods are not applicable to DAC be-
cause of their high energy consumption. A typical sorbent-based DAC process consists
of an air contacting medium and a regeneration segment. The purpose of the contacting
medium is to expose the ambient air to the sorbent and enable the air to flow through
the system to increase the adsorption or absorption reactions. Because CO; is an acid
gas, the sorbent, either solid or liquid, used to extract it must be basic in nature to enable
the reaction to happen. After the initial sorption the sorbent is regenerated i.e., the CO>
is desorbed to return the sorbent into its original state. Figure 10 presents a DAC process

proposed by Climeworks. (Sodiq et al. 2023)
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Figure 10. lllustration of a direct air capture process proposed by Climeworks

(Beuttler et al. 2019).

DAC equipment can basically be installed anywhere even far away from the big point
sources of CO2 and the capture operation is easily scalable to meet the local CO, capture
demands. Therefore, DAC may be of use in the battle against decentralized CO, emis-
sions that are challenging to reduce by other means. These emissions usually originate

from vehicles and buildings. (Socolow et al. 2011, Sodiq et al. 2023)
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The concentration of CO; in the air is considerably lower than in the flue gases of a power
plant. Capturing CO2 from a low concentration requires a lot of energy. According to Smit
et al. (2014) DAC consumes up to five times more energy than capturing CO2 from the
point source. The energy consumption has been recognized as a hindering factor in
large-scale deployment of DAC (Sodiq et al. 2023). A more economically feasible option
for DAC would be though, to replace the large, centralized CO, emitting sources with low

CO; emitting technologies. (Socolow et al. 2011)

3.3 Mineral carbonation

Mineral carbonation is a process in which a silicate compound reacts with CO,. This
process, also known as weathering, occurs naturally when silicate rocks containing metal
oxides, such as magnesium oxide (MgO) or calcium oxide (CaO), are in contact with air.
These reactions produce solid carbonate compounds such as magnesium carbonate
(MgCOs3) and calcium carbonate (CaCOs3). The latter compound is more commonly

known as limestone. The reaction proceeds according to Equation (1)
Metal oxide + CO, = Metal carbonate + heat (1)

Natural weathering is a very slow process and therefore it is not a viable option for storing
carbon on a fast schedule. Mineral carbonation is basically accelerated weathering which
takes place in controlled circumstances. The process can be done either in situ or ex
situ. In situ mineral carbonation refers to a process in which the reactive minerals are not
mined but the CO: is injected into a silicate formation below the ground where it reacts
with the minerals. In the other process, ex situ, the minerals are first mined and then
transferred to a facility where they are reacted with the CO; and then processed. (IPCC
2005)

The carbonation can be done through either direct or indirect reaction routes. The direct
carbonation route includes only a single step whereas the indirect route includes two or
more steps. In indirect carbonation the reactive mineral is usually extracted from the
feedstock material while in direct carbonation such step is skipped. (Olajire 2013) Basic

principles of the carbonation routes are presented in Figure 11.
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Figure 11. Principles of the different carbonation methods (Olajire 2013).

Besides the main products the mineral carbonation process also produces some byprod-
ucts. The byproduct of direct carbonation is a mixture of magnesium carbonate and
amorphous silica. Indirect carbonation produces amorphous silica with unreacted miner-
als and small amounts of iron and aluminum oxides as byproducts. The byproducts,
mainly amorphous silica, have potential to be utilized as construction materials.
(Benhelal et al. 2018)

To some extent the reactive minerals can be replaced with some industrial wastes be-
cause they also contain reactive metal oxides. These waste materials include for exam-
ple metallurgical slags, and ashes from power plants and incineration of municipal solid

waste. (Sanna et al. 2014)

Mineral carbonation is usually considered as a way to store CO; instead of utilizing it. It
offers a secure way to store the CO: in a solid and stable form for long periods of time
without the need for extensive monitoring. In theory all the CO- produced by combustion
of all available fossil fuel resources could be bound to mineral carbonates because of
the vast amounts of metal oxides available in silicate rocks. In reality though the storage
potential of mineral carbonation is limited by the amount of technically exploitable silicate
reserves, environmental aspects, and by legal and societal constraints at the storage
site. (IPCC 2005)

Application of large-scale mineral carbonation technologies is hindered by three factors:
process energy economics, chemical reaction rates, and, in case of ex situ carbonation,

materials handling issue (Sanna et al. 2014). It is estimated that a power plant with a
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mineral carbonation capture system requires 60-180 % more energy than a similar
power plant without the capture system. (IPCC 2005) According to Sanna et al. (2014)
the cost of ex situ carbonation is estimated to be somewhere between 50 and 300 $ per
ton of CO, sequestered whereas the cost of in situ carbonation is in the range of 72-129
$ per ton of CO.. Olajire (2013) has also stated that ex situ mineral carbonation technol-
ogies are still far from being economically acceptable but other challenges like mining

the minerals seem manageable though.

3.4 Electrochemical carbon recovery

Electrochemical carbon recovery is a process in which gaseous CO: is split into solid
carbon and gaseous O; in a molten salt or molten carbonate electrolyte. The process
takes place in a reactor cell which consists of an electrolyte, an anode, a cathode, and a
power source. The electrolyte contains oxide ions which react with the CO» according to
Equation (2). (Ren et al. 2017, Takahashi 2022)

€O, + 0%~ = COZ™ 2)

When an appropriate potential is applied to the system the carbonate ions are deposited
on the cathode and the oxide ions are deposited at the anode. As the net reaction the
CO; is split into carbon and O». This process is presented in Equations (3), (4), and (5).
(Takahashi 2022)

CO3~ +4e” =C+30% (3)
20%" = 0, +4e” 4)

There are also other possible carbon deposition reactions which can take place in the
reactor cell. Weng et al. (2019) and Takahashi (2022) have discussed these reactions in

their works. Figure 12 illustrates the presented carbon deposition reaction.
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Figure 12. Example of electrochemical carbon recovery in molten salts (Weng
etal. 2019).

The electrochemical splitting process yields high purity carbon products. However, some
traces of the electrolyte or electrode materials may be present in the recovered products.
To remove the trace elements the recovered carbon products are washed with water or
pickled with concentrated hydrogen chloride. After washing the recovered products are
dried. (Ren et al. 2017, Wang et al. 2021, Laasonen et al. 2022)

Electrochemical splitting of CO- allows it to be turned into a wide selection of valuable
carbon products whose properties are greatly adaptable. The morphology, composition,
microstructure, and functional properties of the electrochemically split carbon products
are affected by the used electrolyte, electrolysis time, electrode materials, and applied
reaction temperature and potential. By varying these factors different carbon products,
such as carbon nanotubes, nano-onions, and graphenes, with different functional prop-
erties may be recovered. Therefore, the process parameters should be selected to fulfill
the desired end product properties. The effect of different process parameters on the
recovered products is demonstrated in Appendix A. (Ren et al. 2017, Wang et al. 2021,
Laasonen et al. 2022, Laasonen et al. 2023, Zhu et al. 2023)

Electricity has been recognized as the greatest expense in the process. However ac-
cording to economic analyses, the total profits are orders of magnitude greater than the
total expenses which makes electrochemical splitting a tempting option to convert CO,
into advanced carbon products. The splitting process is also up scalable at least in theory
but at the moment it is still under optimization and development phase. (Weng et al.
2019, Zhu et al. 2023)
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4. INFRASTRUCTURES AND THEIR STRUC-
TURAL DESIGN CRITERIA

4.1 Typical earth construction applications

4.1.1 Earth structures subjected to traffic loads

Roads, streets, and many field structures are layered structures that are constantly sub-
jected to the deteriorating effects of nature and traffic loads. This fact sets some bound-
aries to their structural design criteria. A typical road structure consists of a possible
subgrade improvement, drainage course, sub-base, base course, and surface course.
The functions of each layer are presented in this Chapter. Different structure types are

also introduced. Figure 13 gives an example of a road structure described above.

Surface course
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Figure 13. Example of a flexible or a semi-rigid road structure.

The drainage course is mostly a sandy layer which offers frost protection to the subgrade
and prevents capillary water rise to the road structure. It also acts a separator which
prevents the subgrade and the upper layers from mixing with each other. The drainage

course is not always necessary because if the subgrade is not frost susceptible and it
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has a relatively good load bearing capacity, then the drainage course may simply be

replaced by a filter cloth. (Ehrola 1996, Liikennevirasto 2018a)

The sub-base is normally an aggregate layer which distributes the stresses from the
upper layers to the road foundation. It also plays a role in subgrade frost protection, and
it functions as a platform for construction and compaction of the upper layers. The sub-
base may be built of natural or crushed aggregates. (Dawson 2008, Liikennevirasto
2018a)

The base course acts a compact and strong platform for the surface course. Its goal is
to provide the mechanical strength to withstand the stresses originating from traffic loads
and to distribute them to lower layers. To fulfill its goals the base course or the upper
part of it may be bound hydraulically or by bitumen. The base course is practically always

built of crushed aggregates. (Ehrola 1996, Dawson 2008, Liikennevirasto 2018a)

The surface course is the uppermost layer in the structure. It is usually made of a bound
material like asphalt, and it is always exposed to the deteriorating effects of traffic and
nature. Therefore, it must be resistant to traffic wear and provide protection for the lower

layers against water infiltration. (Dawson 2008, Liikennevirasto 2018a)

Road pavements can be classified into three different categories based on their con-
struction. The categories include flexible, semi rigid, and rigid pavements. Flexible pave-
ment is the most common pavement type in Finland. It is a layered structure which con-
sists of a flexible, bituminous surface course and unbound aggregate layers beneath it.
(Belt et al. 2002, Dawson 2008)

Semi-rigid pavements include a bound surface course and one or more bound courses
below it. The surface course is made of asphalt and the lower courses i.e., the base and
sub-base courses, are usually bound with a hydraulic binder like cement. Figure 13 gives
an example of a flexible road structure. However, if the base course is bound with a
hydraulic binder, then the structure can be classified as semi-rigid. (Ehrola 1996, Belt et
al. 2002, Dawson 2008)

Rigid pavements usually comprise of a concrete slab on top of granular layers. The slab
acts as the surface and the base course. Rigid pavement ensures a great load bearing
capacity, but the structure is very vulnerable to frost heave damage and uneven settle-
ments. (Ehrola 1996, Dawson 2008) In Finland rigid pavements were a short-lived ex-
periment because the structure proved to be unsuitable to local winter conditions as
studded tires quickly eroded the surface and de-icing salt and freezing temperatures

further induced damage to the structure (Repo 2006).
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4.1.2 Earth structures not subjected to traffic loads

Earth structures that are not subjected to traffic loads include, among other things, em-
bankments, counterweight berms, and noise embankments. These structures are not
designed to withstand traffic loads, but the stability and settlement analyses are usually

done.

Noise embankments are usually built of ordinary soil materials. These kind of noise em-
bankments offer a relatively cheap and effective option for noise protection. The effec-
tiveness and aesthetics of noise embankments can be improved by covering them with
vegetation when required. The biggest problem with regular noise embankments is the
large need for space. In urban areas noise embankments can be replaced with noise

barriers which require much less space. (Vaylavirasto 2022)

Noise embankments can be built of low-quality soil materials that are not applicable to
more demanding structures. Troublesome spoil materials, which usually comprise of clay
and silt, or recycled materials like crushed foam glass aggregate and ashes from energy
production or waste incineration can be utilized in noise embankments. (Vaylavirasto
2021)

Counterweight berm is a structure that is mostly built to improve the stability of an existing
earth structure such as old railway embankment. The counterweight berm improves the
stability by acting as a counterweight to the embankment. Just like in noise embank-
ments, low quality spoil materials may be utilized in counterweight berms. The applica-
bility of counterweight berms is restricted by the large need for space and topography of
the construction site. For instance, steep lateral incline or decline usually reduces the

effectiveness of counterweight berms. (Liikennevirasto 2014)

4.2 Road design against frost action

4.2.1 Frost heaving theory

Soil freezing is a natural phenomenon where the temperature of the soil falls below 0 °C
which causes the pore water present in the soil’s voids to freeze. Because of dissolved
ions and particle surface forces the actual temperature for nucleation of an ice crystal in
the soil is lower than the normal freezing point of water. The decrease in the freezing
point is affected by the distance between the soil particles. The smaller the distance the
lower is the freezing point. In other words, the freezing point decreases with decreasing

soil particle size. Ground freezing and the lowering of the freezing point create a negative
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porewater pressure, also known as cryosuction, in the freezing zone which enables ex-
cess water to flow to the freezing front during the freezing season. (Mitchell & Soga 2005,
Jaaskelainen 2014)

As the freezing continues more water flows to the freezing front and the volume of the
pore water increases which leads to deformations in the soil structure and to the for-
mation of ice lenses. The deformations in the soil structure caused by freezing are seen
as frost heaving on the surface of the soil layer. New ice lenses are forming deeper below
the ground surface as the frost front, which is defined as the thickness of the frozen soil
layer i.e., the distance from the ground surface to the depth where the soil temperature
is 0 °C, proceeds further into the soil. (Mitchell & Soga 2005, Jaaskelainen 2014)

All soil types are susceptible to freezing but frost heaving occurs only on frost susceptible
soils. There are three preconditions that must be fulfilled for frost heaving to occur,
namely frost susceptible soil, freezing temperature, and availability of water. If any of the
above-mentioned conditions is not fulfilled frost heaving will not occur. (Mitchell & Soga
2005)

Frost heaving may cause severe damage to roads and other infrastructures as well as
building foundations. Uneven frost heaving mobilizes tension forces in the upper part of
the road pavement which in turn causes longitudinal cracking on the road surface. Even
though the cracks appear on the road surface they may reach at least the lower structural
layers. Narrow cracks near the center of the road do not have a remarkable effect on the
operative condition of the road but the cracked area is more prone to traffic induced
deterioration and it enables water filtration to the structure. In addition to causing cracking
frost heaving may also displace and damage culverts and other possible structures in
the road pavement. Narrow roads on heterogenous subsoil are especially prone to frost
heave damages. (Orama 1986, Belt et al. 2002)

Uneven frost heaving is partly caused by the road winter maintenance as the snow is
plowed off the road surface and piled on the roadsides. The piled snow works as an
insulator which reduces the frost penetration depth. On the snow-free road area the frost
penetration depth is greater and therefore it may lead to uneven frost heaving which
usually causes longitudinal cracking near the center of the road or on the roadsides de-
pending on the width of the road. Figure 14 shows an example of longitudinal cracking

near the center of a road. (Belt et al. 2002)



27

Figure 14. Longitudinal cracking near the center of the road caused by frost
heaving (ROADEX Network 2023a).

The damage caused by frost heaving is affected by the rapidity of the freezing. If the
freezing occurs quickly the frost front also proceeds quickly causing ice lenses to have
little time to form. If the frost front is stagnant at certain depth capillary water inflow will
allow ice lenses to expand in size causing more frost heaving. (Mitchell & Soga 2005,

Hermansson et al. 2008)

Another problem with frost heaving is the loss of support during ground thawing. The
loss of support is caused by the presence of excess water in the soil which makes it
prone to deformations. In road structures the presence of excess water leads to de-
creased stiffness and increased strains. Because the road thaws downwards from the
surface, the excess water cannot drain through the underlying layers that are still frozen.
Also, the road layer in which the ice lens was formed partly loses its compactness during
thawing. The compaction is slowly regained under traffic load though. Figure 15 shows
an example of uneven frost heaving on a road due to poor drainage conditions. (Mitchell
& Soga 2005, Charlier et al. 2008)
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Figure 15. Uneven frost heaving and permanent deformations caused by poor
drainage conditions (ROADEX Network 2023b).

4.2.2 Soil frost susceptibility evaluation

Soils are often classified according to their frost susceptibility. The frost susceptibility of
a soil can be determined by frost heave tests and field observations, or it can be evalu-
ated indirectly. In Finland there are two commonly applied theoretical methods to evalu-
ate whether a soil is frost susceptible or not. The evaluation is done based on the grain
size distribution or on the height of capillary rise of the soil. In the first method granular
soils are divided into five different categories as presented in Figure 16. If the soil’s grain
size distribution completely or partly fits into category 1 the soil is considered frost sus-
ceptible. If the grain size distribution fits into category 1L then the soil is considered only
mildly frost susceptible. If the soil's grain size distribution does not exceed the left bound-
aries of categories 2, 3, and 4 respectively, at any point then the soil is non-frost suscep-
tible. (Tielaitos 1993, Jaaskelainen 2014)

In the other method a soil is considered frost susceptible if its height of capillary rise is
more than 1 m. The capillary rise of water is an important factor affecting the frost sus-
ceptibility of a soil. However, the frost susceptibility of gravels and crushed aggregates
cannot be evaluated reliably based on the height of capillary rise because the test equip-
ment are primarily developed for finer materials. (Tielaitos 1993, Jaaskelainen 2014)
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Figure 16. Frost susceptibility evaluation of a soil based on its grain size dis-

tribution (Liikennevirasto 2012).

4.2.3 Frost depth evaluation
There are numerous different models to evaluate the frost penetration depth. Ehrola
(1996) has proposed a method which is based on Stefan’s equation with additions made

by Beskow. The method is presented in Equation (6).

At(IT|-s8%T2
_ | PRmosgg) ©)
iwyg+Cq,Tg _ECZ Tt
where
¢ is frost depth (m)
A soil thermal conductivity (W/Km)
[ the freezing heat of water (Wh/kg)
Cq volumetric heat capacity of unfrozen soil (Wh/m3K)
Cs volumetric heat capacity of frozen soil (Wh/m3K)
S factor 0.7...1.0
w soil water content (%)
[oF dry density of soil (kg/m?3)
t length of the freezing season (h)
Ts the mean temperature of the year (°C)
Tt air mean temperature of the freezing season (°C)
dT./dx temperature gradient below the frost front (°C/m)

The basic idea in Equation (6) is that in the beginning of the freezing period the ground
temperature is assumed to be constant at a positive value Ts which corresponds the
average temperature of the year in the investigated location. The freezing period is ex-
pected to begin at moment t = 0 when the air temperature remains permanently below
0 °C. Then the soil temperature is assumed to immediately drop to a constant negative

value -T; which is the mean temperature of the freezing season.
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Equation (7) describes the reduced freezing index Freq which accounts for the heat con-
duction from below the frost front. The heat conduction has a moderating effect on
ground freezing. Equation (8) describes the heat conductivity in the ground. When Equa-
tions (7) and (8) are placed into Equation (6) the result is Equation (9) which is a model

for calculating the frost depth in a homogenous soil.

Frea = IT,lt = S§ <2t = F — SEGt (7)

. 1
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The presented model can also be applied to a layered structure by separately calculating

the energy loss needed for freezing of each layer with Equation (10).

d; , d dn
Fy = Gudn (42432 (10)
where
Fnis energy loss needed for freezing of a layer (h°C)
d layer thickness (m)
n layer number

When using Equation (10) there are a total of n — 1 layers in the road. This means that
n is the layer number of the subgrade. The needed energy loss for freezing of the sub-

grade is then calculated according to Equation (11).
E, = red_zﬁ;%Fk (11)
The reduced freezing index Frq can be calculated to a layered structure according to

Equation (12).

d, . d dn
Froq =F—Sthn(A—i+A—z+---m) (12)

The total frost depth is calculated by summing up the total thickness of the frozen layers

and the frost depth in the subgrade as presented in Equation (13).
§=XkZidk +dn (13)

The frost depth in the subgrade can be calculated by placing Equation (11) into Equation

(10) and then by solving it in terms of the variable d,, as presented in Equation (14).

_1d _1di\2 | 24, -
= A TP+ [ (St ) 4 20 (B — Dot R (14)

where
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Fred is reduced freezing index (h°C)

Fk total energy loss needed for freezing of the whole pavement
dk total thickness of the frozen layers (m)

dn frost depth in the subgrade (m)

4.2.4 Practical frost protection design of roads in Finland

Frost protection design process of roads involves, according to Finnish design guide-
lines, calculating a theoretical frost heaving value and then comparing it with the maxi-
mum allowable frost heaving value which is dependent on the road type and the admin-
istrative class. If the theoretical frost heaving value is greater than the maximum allowa-
ble frost heaving value, then the pavement thickness needs to be increased. Usually the
thickness of the drainage course is increased first as it is economically the most favorable

option. (Liikennevirasto 2018a)

The first step in the frost protection design process is to determine factor S, which is
defined as the theoretical frost penetration depth on sandy soil during a winter recurring
once every ten years i.e., during the selected design period. The theoretical frost pene-
tration depth during such a winter varies from 1.4 m in South-Western Finland to 2.2 m

in Northern Finland. (Liikennevirasto 2018a)

The second step is to define factor P, which is the depth of the freezing subgrade. The
value of P; is affected by the value of S, and by the total thickness of the road structure
R. In frost protection design the calculations are based on actual layer thicknesses that
are then reduced by factor a; to correspond the material’s thermal insulation coefficient
compared to sand. Thermal insulation coefficients of selected materials are shown in
Table 3. The reduced layer thickness is described by factor R.s which is calculated indi-

vidually for each layer by Equation (15). (Liikennevirasto 2018a)
Ryeq = a;iR; (15)
where

aiis thermal insulation coefficient
Ri layer thickness (mm)
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Table 3.  Thermal insulation coefficients of selected materials (Ramboll Finland
Oy 2012, Liikennevirasto 2018a).

Layer material Thermal insulation coefficient a;

Sand 1.0
Bitumen bound materials 1.0
Stabilized pavement courses 1.0
Gravel 0.9
Blasted rock 0.8
Air cooled blast furnace slag 1.6
Slag sand 1.7
Expanded clay aggregate 4

Crushed foam glass aggregate 4

Extruded polystyrene (XPS) 20
Expanded polystyrene (EPS) 15
Fly ash 1.7
Bottom ash 1.2

The third step is to define the factor f; which describes the subgrade volume change
upon freezing. The volume change is dependent on the grain size distribution and drain-
age conditions of the subgrade. Finally, the theoretical frost heaving value is calculated
with Equation (16). (Liikennevirasto 2018a)

_ Patg _ (Sa—Rred)ta _ (Sa— (L, aiR))ta
RNcaie =500 == 700~ = 1(;0 (16)
where
RNcalc is the theoretical frost heaving value (mm)
Pa depth of the freezing subgrade (mm)
Sa theoretical frost penetration depth (mm)
Rred reduced thickness of the road structure (mm)
ta subgrade volume change upon freezing (%)

In most cases only non-frost susceptible materials are used in the structural layers. If a
mildly frost susceptible material is used its effect on the frost heaving is calculated sep-

arately and then added to Equation (16). (Liikennevirasto 2018a)

4.3 Road design against traffic loads

4.3.1 Traffic induced road deterioration mechanisms

Pavement deterioration and behavior is a complex system. The stresses and strains
caused by traffic loads and environmental conditions are crucial factors when consider-
ing the operational condition of the pavement. Another crucial factor is how the pavement
and the pavement materials withstand the occurring stresses and strains. Common dam-

ages in the road pavement include uneven frost heave and settlements, longitudinal and
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transversal cracking, deformations in the pavement, pavement raveling, potholes, and
surface course wear and fatigue. The causes behind these damages are discussed in
this Chapter. Figure 17 shows typical pavement deterioration modes on flexible pave-
ments. (Belt et al. 2002, Belt et al. 2006)
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Figure 17. Typical pavement deterioration modes on flexible pavements (Pa-

pagiannakis & Masad 2008, cited in Saliko 2022).

Traffic loads, environmental conditions, and the weight of the pavement are the most
crucial factors causing pavement deterioration. Traffic loads are frequent and short-lived
whereas climate conditions are slow and continuous deterioration mechanisms. Traffic
loads and climate conditions influence simultaneously increasing each other’s effective-
ness. The damaging rate of the aforementioned factors is strongly affected by the pave-
ment type. On main roads with thick surface courses the main deterioration mechanisms
are surface course fatigue cracking and rutting caused by studded tires. Both mecha-
nisms are mainly induced by traffic loads. On thinly paved low volume roads frost heaving
and permanent deformations of unbound layers are the most important deterioration
mechanisms. (Belt et al. 2002, Belt et al. 2006)

Traffic loads mobilize horizontal tensile strains at the bottom of the bound layers and
vertical compression strains at the interface between the subgrade and the lowest struc-
tural layer. When the load cycle is repeated frequently the surface course will start to
fatigue which, in the long run, causes net (alligator) cracking on the road surface. Nor-
mally small longitudinal cracks are first formed at the bottom of the bound layers under

or next to the wheel path. Then the cracking slowly proceeds to the road surface and net
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cracking begins to build up. The cracking may also start on the road surface next to the
wheel path and then proceed downwards. This phenomenon is known as top-down
cracking. Pavement cracking is a result of the viscoelastic nature of bitumen. If bitumen
was a fully elastic material, fatigue and cracking would not occur. On thinly paved roads
net cracking is often caused by shear failure of the base course. This phenomenon is
also known as mode 1 rutting. Figure 18 presents an example of severe mode 1 rutting
and net cracking. (Belt et al. 2002, Belt et al. 2006)

Rutting is another severe traffic induced pavement deterioration mechanism which takes
place under the wheel path. Usually it appears as transversal unevenness on the road
surface. Even though rutting is noticed on the road surface the reason behind it may be
found in the lower structural layers or even in the subgrade. According to ROADEX Net-

work (2023c) the rutting mechanism is divided into four different modes based on their

mode of origin. The rutting modes are presented in Figure 19.

Figure 18. Severe mode 1 rutting and net cracking (ROADEX Network
2023c).
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Figure 19. Rutting mode classification (ROADEX Network 2023d).

Mode 0 rutting is basically defined as compaction of the pavement materials. It creates
a shallow and narrow deformation on the road surface. A limited amount of this type of
rutting may be beneficial because when the materials are compacted properly, they can
withstand greater loads. Mode 0 rutting is avoidable by using well-graded materials and
by compacting them properly. (ROADEX Network 2023c)

Mode 1 rutting is caused by plastic deformations and shear failures in the base course.
The main cause for this problem is inadequate material in the base course. The rutting
causes a sharp-edged deformation with shoulder heave on both sides of the wheel path.
Mode 1 rutting can also take place in the bound layers of urban streets with thick pave-
ments in places where heavy traffic speed is low, for example near intersections and
traffic lights. Soft bitumen and high temperatures also increase the risk of mode 1 rutting.
(ROADEX Network 2023c)

Mode 2 rutting is formed because of poor load bearing capacity of the subgrade or the
lower structural layers. Plastic deformations are formed under repeated loading in the
subgrade or the lower structural layers causing wide ruts and slight heave away from the
wheel path on the road surface. (ROADEX Network 2023c)

In mode 3 rutting the pavement as a whole operates well but the surface course is worn
by constant traffic. In the North European regions mode 3 rutting is most often caused
by the use of studded tires during winter season. (ROADEX Network 2023c)

4.3.2 Pavement loading resistance design by analytic methods
In general, there are three different approaches to pavement loading resistance design,
namely empirical, analytic (mechanistic), and empirical-mechanistic methods. Empirical
methods are based on empirical data that is obtained by investigating the behavior and
durability of a certain type of structure either in field or laboratory conditions. The test
results are then generalized and used as reference material for empirical design guide-

lines. Analytic methods offer a more theoretical approach to loading resistance design
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whereas empirical-mechanistic methods are a mixture of the other two methods.
(Hartikainen & Jamsa 1986)

Analytic loading resistance design is a complex process which requires the use of a
computer software. The whole stress-strain state in the pavement is analyzed by using
a layered structure software or a FEM (Finite Element Method) software. The goal of the
analytic design methods is to recognize the critical points in the pavement structure and
to evaluate its loading resistance durability based on the stresses and strains occurring
in the critical points. Traffic loads mobilize horizontal tensile strains at the bottom of the
bound layers and vertical compression strains at the interface between the subgrade and
the lowest structural layer. Therefore, these interfaces are the critical points. On thinly
paved roads it is also important to examine the compression strains at the upper bound-

aries of unbound layers. (Belt et al. 2006)

The pavement fatigue can be analytically evaluated with a fatigue line model which is
presented in Figure 20. In Figure 20 on the x-axis is the number of the load cycles and
on the y-axis is the tensile strain at the bottom of the bound layers. The fatigue line
expresses how many load cycles the structure can withstand with different strain magni-
tudes before fatigue damages will occur. The greater the strains the faster the pavement
is damaged. (Belt et al. 2002)
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Figure 20. Fatigue line model (Belt et al. 2002).

The mathematical modelling of the interaction between the traffic load and the pavement

is challenging and therefore it requires certain simplifications. For example, the traffic
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load on the road surface needs to be modelled as a static, vertical, and evenly distributed
circular load. In reality the traffic load is not static and not necessarily evenly distributed.
In the models the layers are most often assumed to be isotropic, weightless, linearly
elastic, equal in thickness, and their horizontal width is unlimited. The subgrade is also
an elastic half-space. These assumptions are somewhat true, even though some rele-
vant facts are ignored in them. For example, bitumen bound materials are viscoelastic
which means that their behavior is affected by temperature and the loading rate. In ad-
dition, unbound materials are not fully elastic and their behavior is dependent on the

surrounding stress state. (Belt et al. 2006)

The analytic design methods are in general more accurate than empirical methods.
These methods have been proven to be suitable for evaluating fatigue-based damages
in the surface course, but they are not very suitable for evaluating deformations in the
unbound layers and the subgrade. However, with analytic design methods it is possible
to analyze all kinds of structures and they also allow analyzing seasonal changes in the
behavior of the structure. (Hartikainen & Jamsa 1986, Belt et al. 2006)

4.3.3 Practical pavement loading resistance design in Finland

The goal of the loading resistance design is to minimize the damages i.e., pavement
cracking and permanent deformations in the subgrade and bearing courses, caused by
heavy traffic. The road structure is designed to fulfill a certain target value set for the load
bearing capacity, which represents the overall stiffness value of the road structure, and
certain minimum thickness requirements. The load bearing capacity is assessed on top
of the base course and the surface course. The minimum thickness and the load bearing
capacity are both affected by the requirements set by frost protection design, and by the

estimated traffic flow and amount of heavy traffic. (Liikkennevirasto 2018a)

The load bearing capacity is calculated individually for each layer starting from the sub-
grade. The calculation is done according to the highly empirical Odemark’s formula which

is presented in Equation (17). (Liikennevirasto 2018a)

Ey = Z (17)
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where
ELis load bearing capacity of the layer’s lower surface (MPa)
Eu load bearing capacity of the layer’s upper surface (MPa)
E E-modulus of the layer (MPa)

h layer thickness (m)
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The E-modulus describes the stiffness of the layer material, and it is an essential factor
in the equation. A structure which fulfills the load bearing capacity requirements is de-
signed by iterating the layer thickness h individually for each layer in such a way that the
designed total load bearing capacity is fulfilled. Theoretical layer thickness must not ex-
ceed 300 mm. If the layer thickness is however greater than 300 mm then it needs to be
divided into segments that are between 150 and 300 mm in thickness. Smaller than 150

mm layer thicknesses cannot be used in the calculations. (Liikennevirasto 2018a)

Common load bearing capacity values for the drainage course and the sub-base are 35
MPa and 90 MPa respectively. If the load bearing capacity of the subgrade already ex-
ceeds 35 MPa then the drainage course may be replaced by a filter cloth. (Liikennevi-
rasto 2018a)

The Odemark’s formula is a relatively simple design method that has been proven to be
well suited for conventional road structures. The built-in assumption that the stiffness of
the structure equals its loading resistance durability is not applicable in reality. Also, the
method does not take into account the seasonal variation in the load bearing capacity,
and it is not necessarily well suited for road structures that are built with alternative con-

struction materials.

4.4 Other road deterioration mechanisms

Other road deterioration mechanisms include transversal cracking, reflection cracking,
surface course raveling, and potholes. Transversal cracking is caused by rapid surface
course freezing. Freezing temperatures mobilize tension forces in the surface course,
and if the surface course material is not flexible enough, evenly distributed transversal
cracking will occur on the road surface. The cracking might also progress to lower layers
if the tensions grow big enough. Stiff bitumen is more prone to transversal cracking than
soft bitumen. Bitumen tends to get stiffer with time which means that surface course
aging makes it more prone to transversal cracking caused by freezing temperatures.
(Belt et al. 2002)

When a road is re-paved old cracks are likely to be reflected to the new surface course
if the original damages are not taken care of. Other damages like surface course raveling
and potholes in the pavement are likely caused by flawed materials, wrong constructing
methods, or inadequate drainage conditions. Figure 17 contains illustrations of all the
road damaging mechanisms described in this Chapter. (Belt et al. 2002, ROADEX Net-
work 2023d)
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4.5 Road design against settlements and stability failures

4.5.1 Settlement types

Settlements are a common problem on fine grained post-glacial soils, like clays and silts.
Settlements are divided into four different types: initial settlement, primary consolidation,
secondary consolidation (creep), and plastic shear deformations. Initial settlement oc-
curs immediately after load application because of shear strains caused by loading. Plas-
tic shear deformations, on the other hand, occur slowly in situations in which the soil is
close to failure. In other words, the effect of plastic deformations is only relevant when
the factor of safety against soil failure is relatively low. Primary consolidation is often the
dominant settlement type on fine grained soils. (Rantamaki et al. 1984, Kulhawy & Hirany
2001, Jaaskelainen 2014)

On normally consolidated and unsaturated soils of high permeability the addition of ex-
ternal loads causes the soil particles to quickly rearrange into a more compact state.
However, on saturated soils of low permeability the porewater prevents the soil compac-
tion as water is incompressible. The addition of an external load creates an increase in
porewater pressure equal to the applied load as right after the load has been applied it
is completely carried by the increased porewater pressure. Over time the excess porewa-
ter pressure slowly dissipates, causing the soil to settle as a larger proportion of the
applied load is transferred to be supported by the soil particles. This process is known
as primary consolidation. It can be described as the gradual volume reduction of a satu-
rated soil of low permeability due to slow dissipation of the pore water caused by the
application of an external load. The consolidation process is largely irreversible, and it
continues until the excess porewater pressure has been completely dissipated. The rate
of consolidation is controlled by how fast the water flows away from the soil. On thick
layers of fine grained soils the process may continue for decades. As the soil is consoli-
dated the soil particles are compacted and the soil mass becomes denser and stronger.
In other words, the soil’s strength increases. (Kulhawy & Hirany 2001, Craig 2004, Mitch-
ell & Soga 2005, Jaaskelainen 2014)

A soil can be under-, normally, or overconsolidated depending on the soil’s loading his-
tory. Underconsolidated soil has not yet reached equilibrium state under current loading
conditions unlike a normally consolidated soil. Underconsolidation may be a result of a
soil depositing faster than consolidating, a sudden decrease in groundwater table, insuf-
ficient time since the placement of a fill or other loading, or soil disturbance. Under- and
normally consolidated soils behave alike. Overconsolidated soil has been subjected to a

greater load in the past. Overconsolidation is mostly a result of geological processes
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such as erosion of overlying materials, melting of ice sheets after glaciation, and perma-
nent rise of the water table. Most soil deposits are at least very slightly overconsolidated
due to soil ageing. (Craig 2004, Mitchell & Soga 2005)

Secondary consolidation is defined as rearrangement of drained soil particles into a com-
pacted state under sustained loading. According to conventional consolidation theory
secondary consolidation is assumed to begin when the so-called primary consolidation
ends due to the dissipation of the pore water pressure. However, it has been speculated
that both primary and secondary consolidation may occur simultaneously in different
parts of the loaded soil. The rate of secondary consolidation is controlled by the rate at
which the structure can deform. Plastic organic soils with high water content, like peat
and gyttja, are especially prone to secondary consolidation. (Kulhawy & Hirany 2001,
Mitchell & Soga 2005, Jaaskelainen 2014)

The goal of the settlement resistance design of roads is to design and construct the
structures in such a way that any unplanned repair and maintenance procedures are
avoided during the designed life cycle of the road. Uneven settlements are the greatest
challenge in the process as most soils are more or less heterogenous and therefore the
settlements are usually not even. According to the Finnish road design guidelines the
settlements must not enable water accumulation on the road surface or cause damage
to the road’s drainage system, municipal infrastructure, energy networks or other similar
structures. The designed technical life span of the subgrade improvement is 100 years
whereas for the pavement structure and road equipment the designed life span is 50

years. (Liikennevirasto 2012)

4.5.2 Consolidation settlement calculation with Janbu’s tangent
modulus method

There are several different methods to calculate the consolidation settlement of a layered
soil. In this context consolidation settlement refers to primary consolidation only. In the
Nordic countries the consolidation settlement is usually calculated with Janbu’s tangent
modulus method which is based on the Ohde-Janbu stress-strain model. For this pur-
pose, the tangent modulus M; which describes the compressibility of a homogeneous
soil layer is calculated as presented in Equation (18). (Rantamaki et al. 1984, Aalto et al.
2006)

M, = oty may (G—'”)l_ﬁ (18)

where

Mt is tangent modulus (MPa)
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m modulus number

Oa reference stress of 100 kPa
o'y effective vertical stress (kPa)
B stress exponent

Factors m and 8 are material dependent parameters which describe the compressibility
of the soil and the form of the stress-strain curve, respectively. They are usually defined
separately for normally and overconsolidated states with a small-scale laboratory con-
solidation test called oedometer test. Factor ¢, is a stress state parameter which de-
scribes the effective vertical compression stress in the soil which is caused by the soil’s
own mass and external loads such as embankments. In order to define ¢0’,, initial stress

state parameter oo must be defined first as shown in Equation (19).

Oy =Yz (19)
where
Oo is initial vertical stress (kPa)
Y unit weight of the soil (kN/m?)
z depth (m)

Porewater pressure reduces the effective stress in the soil. The effect of the porewater
pressure is considered in the initial effective vertical stress which is calculated according
to Equation (20).

do=0-mlz=yz—u=09—u (20)
where
O’ is initial effective vertical stress (kPa)
Yw unit weight of water (10 kN/m?)
u porewater pressure (kPa)

The first factor in Equation (20) assumes that the groundwater table is located on the
ground surface. When the groundwater table is located below the ground surface the
mass of the soi above the groundwater table is taken into account without the effect of

the buoyant force.

After calculating the initial effective vertical stress o’y the next step is to calculate the
effective vertical stress o’, which considers the effects of porewater pressure and load

increment caused by external loads. It is calculated according to Equation (21).
o, =0d+Ad, (21)
where

Ao’y is effective stress increment caused by external loads (kPa)
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There are several different ways to model the stress distribution and approximate the
stress increment in a loaded soil. According to a simple approximate method, the 2:1
method, the stress increment caused by a rectangular load is assumed to be distributed
downwards in the soil at a constant slope gradient of 2:1. The magnitude of the loading
stress decreases correspondingly with increasing depth. The method is simple, but it
gives relatively accurate results. In Equation (22) the stress increment of an infinitely long
uniform load, such as a road embankment, is approximated according to the 2:1 method.
The stress distribution under the embankment is exemplified in Figure 24. (Jaaskeldinen
2014, Rocscience 2023)

Ao’y =L (22)
where
qis external load (kPa)
L load width (m)

When the material parameters m and 8 and the stress state parameters ¢’y and o’ are
known the compressive strain € of a single layer can be calculated according to Equation
(23).

o) - () s
[tz = 2in(Z2), g =0

olg M m arg

(23)

where

€is compressive strain

To gain more accurate results the investigated soil is usually divided into segments of
equal thickness. The segment thickness is marked with the symbol H;. The total settle-
ment S, is calculated as a cumulative sum of the product of & and H; as described in
Equation (24). In case of a layered soil the calculations presented in Equations (19-23)

are done separately for each soil layer.

Sy = fOH edz =Y, H; (24)
where
Seis total settlement (mm)
H total thickness of soil (mm)

Hi segment thickness (mm)
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4.5.3 Stability failures
Building foundations, earth structures, and other external loads mobilize shear stresses

in the subgrade. When the shear strength of the subgrade is exceeded in a large enough

soil mass, the soil fails. Soil failures may have catastrophic consequences as presented
in Figure 21. (Rantamaki et al. 1984)

Figure 21. Exceptionally large soil failure in Sweden (Berglund 2023).

The shear strength of a soil is composed of two factors: internal friction and cohesion.
Internal friction is caused by interlocking forces between the soil particles. It is greatly
affected by the grain size distribution, grain shape, and soil compaction. Cohesion is
caused by electrostatic forces and adherence between the particles. It is affected by the
soil’s grain size distribution and water content. On fine grained soils cohesion is the main
factor of shear strength whereas on coarse grained soils internal friction creates the
shear strength. The shear strength is often calculated by Coulomb’s formula which is
presented in Equation (25). (Rantamaki et al. 1984, Mitchell & Soga 2005)

7, =c +o'tang’ (25)
where
T IS shear strength (kPa)
c effective cohesion (kPa)
o’ effective normal stress on the shear plane (kPa)
(0} effective friction angle

Soil stability is often investigated with the so-called shear plane analysis. The point of

the analysis is to model an arbitrary shear plane in the soil along which soil failure is
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thought to occur and then calculate the soil stability by investigating the total forces and
moments present in the soil mass above the shear plane. The greatest challenge in the
shear plane analysis is to find the most dangerous shear plane i.e., the shear plane with
the lowest factor of safety against failure. Several different calculation methods have
been developed for this purpose. (Rantamaki et al. 1984) Nowadays the calculations are
mainly performed with modern computer software that are equipped with automatic al-
gorithms for finding the most dangerous shear plane. Figure 22 presents a simple exam-

ple of shear plane analysis with GeoCalc computer software.

T
S

Figure 22. Example of a shear plane analysis of a railway embankment with
GeoCalc computer software. FOS stands for factor of safety.

When considering embankment or foundation stability on soft, fine-grained subsoil the
most critical moment occurs right after the construction because the subsoil has not been
consolidated yet. The strength increase associated with consolidation reduces the risk

of stability failures later on.

The stability analysis of a road embankment is done to ensure that the safety of the
structure against failure is secure enough. In case of new structures, the stability is al-
ways analyzed. The stability of old structures is to be analyzed when the structure is
renewed, changed, or repaired. The stability is also analyzed when the load conditions

change, or if the structure is suspected not to be stable enough. (Liikennevirasto 2018b)

The settlements and the stability of earth structures like roads and noise embankments
can be controlled by increasing the strength of the subgrade, by using lightweight con-
struction materials, or by a combination of both procedures. The strength of a weak sub-
grade can be improved, for example, by stabilization or by building a preloading embank-
ment which consolidates the soil before the intended structure is built. Lightweight con-
struction materials reduce the stresses caused by the structure and therefore they also

reduce the settlements and the risk of stability failures.
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4.6 Road design against hydraulic failures

The risk of a hydraulic failure needs to be analyzed when designing a lightweight em-
bankment especially if there is a risk that water from external sources may rise to the
embankment or if the bottom of the embankment is located below the groundwater table.
The buoyant force of water may break the structure if the total mass of the lightweight
embankment cannot revoke its effects. These risks are usually present in areas prone to
flooding or near aquatic systems like rivers and lakes. (Liikennevirasto 2011, Liikennevi-
rasto 2014)

Hydraulic failure can also be caused by an increase in porewater pressure. It occurs
when the buoyant force of upward flowing porewater is greater than the mass of the soil
layer in which the flow takes place. The risk of hydraulic failures is often present on
excavations below the groundwater table. As the hydraulic conditions are changed due
to the excavation the porewater below the excavation bottom will flow upwards to the
original groundwater level. The upward flowing porewater lifts the soil particles causing
the soil to lose its compaction. Bulk density and adhesion forces between the soil parti-
cles are the most important factors affecting the soil’'s susceptibility to hydraulic failures.
Due to these factors hydraulic failures occur most often on sandy soils. Fine grained soils
on the other hand are not as susceptible to hydraulic failures due to the adhesion forces

between the soil particles. (Rantamaki et al. 1984, Jaaskeladinen 2014)
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5. UTILIZATION OF CAPTURED SOLID CARBON
PRODUCTS AS CONSTRUCTION MATERIALS

5.1 Literature review on the use of captured solid carbon prod-
ucts as construction materials

There have been speculations in the literature that CO- could be utilized as feedstock for
novel or conventional construction materials like cement. For example, Licht (2017) has
proposed a method for simultaneous production of cement and carbon nanofibers and
nanotubes at a cement factory. The idea is to capture the CO;, emissions released in the
cement manufacturing process and to turn it into oxygen and value-added carbon prod-
ucts by molten carbonate electrolysis. The captured oxygen is fed back to the combus-
tion chamber and the carbon products are utilized elsewhere. The study suggests that
the carbon products could be utilized as a lightweight construction material for infrastruc-

tures.

In another study Ren & Licht (2016) suggest that carbon nanotubes and nanofibers ob-
tained from atmospheric CO- by molten salt electrolysis could be utilized as the principal
components of lightweight, high strength building materials. The materials could be used
in replacing steel and concrete in bridge construction, wind turbines, and as lightweight

structural materials for jets, cars, and athletic equipment.

Another way to utilize captured CO; as a feedstock for construction materials is through
mineral carbonation. This option has been studied in the cement industry as there is an
urgent need to reduce the CO, emissions within the industry. One way to do this is to
reduce the clinker usage by substituting it with supplementary cementitious materials
such as mineral carbonation products or residues. As described earlier, mineral CO;
carbonation or sequestration produces stable compounds which have the potential to
store CO: in solid form, known as carbonates, for millions of years. Only strong acids or
temperatures above 350 °C could release the CO- from certain carbonates (IPCC 2005,
Ostovari et al. 2021).

Kremer et al. (2022) studied the use of mineral carbonation products as supplementary
cementitious materials i.e., as alkaline activators or as fillers in concrete or mortar. The
studied products included amorphous silica, magnesite, and calcite. The products were
also tested as fillers in paper and rubber. Magnesite and calcite proved to be applicable
to cement in small quantities. The use of magnesite and calcite as a supplementary ce-

mentitious material yielded slightly higher compressive strength results compared to the
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reference material. Large amounts of the carbonation products in the mixture, however,

lowered the compressive strength.

Bateucas et al. (2021) studied the use and life cycle of captured CO- as feedstock for
nano CaCOs particles that are used as fillers in cement production. The CaCOs; was
synthesized from CO; emissions originating from the cement factory and byproduct and
solid waste streams through mineral carbonation. The environmental effect of including
2 weight % of CaCOs nanoparticles into the cement was studied and the results were
compared with manufacturing conventional Portland cement. Simultaneous production
of ammonium chloride (NH4Cl) and cement with addition of 2 weight % of CaCOs using
calcium chloride (CaClz) as calcium source for CaCOs3 proved to reduce the CO, emis-

sions of the cement manufacturing process by 60%.

Benhelal et al. (2018) conducted research on utilizing mineral carbonation feed and by-
products as pozzolanic cement substituting materials in ordinary Portland cement. The
study found that acid treated silica enriched residue displayed pozzolanic activity, and at
5 weight % replacement level all cement substituting materials showed compressive
strengths comparable to the control group. At 10 and 20 weight % replacement levels
the compressive strengths mainly decreased. According to environmental analysis sub-
stituting cement with mineral carbonation byproducts leads to reduced CO; emissions
and the economic and environmental costs of carbonation waste disposal may be

avoided.

Olajire (2013) has stated that utilizing mineral carbonation products as a feedstock for
construction materials could compensate the costs of the carbonation and the carbon
capture processes. However, as the particle size of the carbonation products is normally

measured in micrometers it may hinder their utilization potential.

Another way to utilize CO, as a feedstock material in the construction sector is by the
means of accelerated carbonation curing. The fundamental idea of accelerated carbon-
ation curing is to increase the rate of cement curing by absorbing gaseous CO: into
precast concrete products during their production (Ahmad 2018). This topic is out of the
scope of this work, so it is not discussed further. Li et al. (2022) have reviewed recent

advancements in this topic.

These studies are good examples of the speculations regarding the possibilities of using
CO; as a feedstock for construction materials. However, the development of CO; based
construction materials is still in an early phase. Also, the technical feasibility of these
materials has not been discussed or tested yet in large-scale applications especially

when it comes to earth construction applications.
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5.2 Preliminary design of earth construction applications

In the following Chapters the utilization potential of captured solid carbon products is
examined in road pavements. Frost protection design is discussed in Chapter 5.2.1, load-
ing resistance (bearing capacity) design in Chapter 5.2.2, and settlement analysis in
Chapter 5.2.3. Road pavements were chosen as the investigated structures because
they are common infrastructures that require a lot of materials compared to other infra-

structures.

5.2.1 Frost protection design

This Chapter discusses preliminary frost protection design calculations of a road struc-
ture in which captured solid carbon products (CSCP) are utilized. The obtained results
are compared to another road structure which is built of crushed rock aggregates (CRA).
Both structures are equal in total thickness. The calculations are done as presented in
Chapter 4.2.4. The investigated pavements are assumed to be located on a well bearing
subsoil in Southern Finland. The frost susceptibility of the subsoil is varied in the calcu-
lations. Material parameters for the pavements are given in Table 4. The material pa-
rameters are based on values presented in the Finnish road design guidelines
(Liikennevirasto 2018a). With no precise data available, captured solid carbon products
are expected to be non-frost susceptible and, due to their porous structure, their thermal
insulation properties are expected to be better than those of sand but not as good as

those of actual frost insulation materials like expanded clay or crushed foam glass ag-

gregate.
Table 4.  Material parameters for the pavements.

Pavement type Layer Material Ri (mm) ai
CSCP Surface course Asphalt 60 1.0
Base / Sub-base course CRA 640 0.9
Lower sub-base course = CSCP 500 2.0
Drainage course Sand 150 1.0

> 1350
CRA Surface course Asphalt 60 1.0
Base / Sub-base course CRA 640 0.9
Lower sub-base course CRA 500 0.9
Drainage course Sand 150 1.0

2 1350

In the Finnish road design guidelines structural layers with insulating materials are rec-
ommended to be covered with at least 0.7 m thick aggregate layers, and a 0.15 m thick

drainage layer is recommended to be built under them. These recommendations apply
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especially to materials whose a;j is 3 or greater. Both these recommendations were ac-

counted for in the calculations as can be seen from Table 4. (Liikkennevirasto 2018)

There are two reasons behind the first recommendation. The first reason is the generally
low load bearing capacity of insulating materials. The second reason is associated with
the risk of black ice formation during the first freezing temperatures in late fall. When the
air temperature drops below 0 °C the insulating material prevents heat conduction from
the subgrade which normally slows the ground freezing. Therefore, a thin aggregate
layer on top of an insulating layer is quickly frozen and black ice is likely to be formed on
the road surface. (Ehrola 1996)

Table 5 contains the subsoil data and the frost protection calculations. In Table 5 factor
S; is the theoretical frost penetration depth, R.q is the reduced thickness of the road
structure, t, is the subgrade volume change upon freezing, and RN is the theoretical
frost heaving value. Table 6 contains the maximum allowable frost heaving values (RNa)

for different road types.

Table 5.  Subsoil data and frost protection calculations.

Pavement type Sa (mm) Rred (Mm) Sa-Rred t; (%) RNcaic (mm)
(mm)

CSCP 1600 1786 -186 3 0
9 0
16 0

CRA 1600 1236 364 3 10.9

9 32.8

16 58.2
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Table 6. The maximum allowable frost heaving values for different road types
(Liikennevirasto 2018a).

Road type RN_; (mm)
Homogeneous subgrade Heterogeneous subgrade
No steel grid Steel grid No  steel | Steel grid
Normal Sensitive grid
structure structure ["!
V1, Motorway 30 30 30 0 0
V2, Main road 70 70 100 10 10
(80-100 km/h)
V3, Regional road 100 70 130 10 10
(80-100 km/h)
V4, Regional road 130 70 160 30 100
(60 km/h)
V5, Local road 160 100 - 70 130
R1, Curbed road 30 30 30 0 0
(80 km/h)
R2, Curbed road 70 70 100 10 10
(50-70 km/h)
R3, Curbed road According to V4 or the local (municipal) practice
(<50 km/h)
R4, Street with spe- 70 70 70 0 0
cial structures @
K1, separate pedes- 100 70 160 30 130
trian and bicycle way
K2, pedestrian and | According to R1, R2, or R3
bicycle way
[1] Applies to structures containing blasted rock, expanded polystyrene, or cement stabilized
layers

[2] Special structures such as sewers

In Table 5 the value 3 of the variable t, corresponds to a mildly frost susceptible soil e.g.,
sandy or gravelly moraine, or sand. The value 16 corresponds to a very frost susceptible
soil such as coarse silt or silty moraine. The value 9 approximates the frost susceptibility

of clay or fine silt.

Let’'s compare the calculation results and the maximum allowable frost heaving values
for the following road types: V2 (main road 80-100 km/h), V4 (regional road 60 km/h),
and V5 (local road). In Table 5 on CSCP pavement the factor Ryq is greater than S,
which means that the frost front cannot penetrate through the embankment into the sub-
soil. Therefore, no frost heaving is taking place as the embankment materials are as-
sumed to be non-frost susceptible. This makes CSCP a viable option to be used as an
insulating material even on high maintenance class roads built on heterogeneous sub-

soil. It is worth noting though that with the investigated layer thicknesses the structure is
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completely non-frost susceptible only in Southern Finland where the value of S; is less
than 1800 mm.

On CRA embankment the frost front penetrates roughly 360 mm into the subsoil causing
a theoretical frost heaving of 11-58 mm depending on the value of {,. Compared to the
maximum allowable frost heaving values presented in Table 6 these results are relatively
good. The use of the CRA embankments is not allowed with the investigated layer thick-
nesses without steel grid reinforcement on main roads or regional roads built on hetero-
geneous subsoil. In case of main roads, the addition of a steel grid does not affect the
allowable frost heaving value on heterogeneous subsoil. Therefore, the CRA embank-

ment is not a viable option in these circumstances.

5.2.2 Loading resistance design

The loading resistance design cannot be done reliably without reliable data on the load
bearing capacity of captured solid carbon products. Due to uncertainties regarding the
strength properties of the material it was decided that this topic is mostly disregarded in

this work. Some reasoning for the decision is given in this Chapter.

Figure 23 exemplifies the stress distribution under an evenly distributed circular load in
a homogeneous pavement structure which is modelled as an ideally elastic halfspace.
In Figure 23 factor P is the wheel load, a is the load radius, p is the tyre pressure, o is
the horizontal stress, o; is the vertical stress, and 1 is the shear stress. Typically the
radius of the contact area between the road surface and the wheel is approximately a =
0.15 m. Itis noticed that in such a structure the horizontal stresses decrease remarkably
fast under the applied load with increasing depth. On depth a the value of ¢, has de-
creased to 10 % of its original value on the loaded surface. The vertical stress o, de-
creases to 10 % of its original value at depth 3.5*a and 7 reaches its peak value of 0.29*p
at depth 0.7*a. (Hartikainen & Jamsa 1986, Ehrola 1996)
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Figure 23. Stress distribution under the center of an evenly distributed circular

load in a homogeneous road structure (Hartikainen & Jamséa 1986, cited in
Ehrola 1996).

As stated in Chapter 5.2.1 insulating materials should be covered with at least 0.7 m
thick aggregate layers. It is therefore assumed that captured solid carbon products will
not be utilized in the base course but rather in the sub-base or the drainage course where
the traffic-induced stresses are significantly lower. When the CSCP layer is covered
properly it is assumed that no significant stresses occur in the layer. Therefore, when
captured solid carbon products are utilized in earth construction applications load bear-

ing capacity is not assumed to be the most important characteristic.

5.2.3 Settlement analysis

This Chapter discusses preliminary settlement calculations of a long and uniform road
embankment which is built on soft subsoil. For this purpose, a simple and idealized cal-
culation model was designed in Excel. The model includes the road embankment and
three soil layers, dry crust, clay, and moraine respectively, beneath the embankment.
The soil layers are expected to be in a saturated and normally consolidated state except
for the dry crust layer which is assumed to be in overconsolidated and unsaturated state.
The groundwater table is located at the interface between the dry crust and clay layers.

The model calculates the consolidation settlement of the subsoil beneath the centerline
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of the road with Janbu’s tangent modulus method which is described in Chapter 4.5.2.
The influence of different construction materials, embankment height, and subsoil con-

ditions is examined by varying the calculation parameters.

Captured solid carbon products (CSCP), crushed foam glass aggregate (CFGA), and
crushed rock aggregate (CRA) are used as the embankment construction materials.
Their influence is examined by comparing the settlements when the embankment is built
of CSCP and CRA, CFGA and CRA, and completely of CRA. The unit weight CFGA is
based on publication by Foamit Group (2023).

No precise data was found regarding the unit weight of captured solid carbon products.
However, towards the end of the work, a total of approximately 2 g of captured solid
carbon products were obtained for examination which enabled determining the unit
weight approximately. The unit weight was determined at two different water content
levels in both loose and compacted states. According to the results, in loose state the
unit weight was roughly in the same order of magnitude as that of crushed foam glass
aggregate. Anyway, in settlement analysis, a value of 9 kN/m? is used for the unit weight
of the carbon products as it is not expected to exceed this value even when the material
is highly compacted. The selected unit weight is about half the unit weight of sand. Ap-

pendix C contains more detailed information on the conducted tests.

The calculations are done separately for two different embankments, namely lower and
higher embankment. The embankment heights are 1.7 m for the lower embankment and
2.7 m for the higher embankment. Both embankment types consist of a 0.7 m thick CRA
layer and a 1-2 m thick CSCP, CFGA, or CRA layer. The designed embankment slope
gradient is 1:3. Figure 24 presents the initial calculation situation for the lower embank-
ment. The approximated load distribution under the embankment is marked with light

green color in Figure 24.
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Figure 24. Initial calculation situation for the lower embankment on a 10 m

thick clay layer.

The settlements caused by the embankment are analyzed separately for three different
subsoil conditions: soft sensitive clay, soft clay typical in the Pirkanmaa region, and stiff
Finnish clay. The soil parameters are assumptions based on values presented in publi-
cations by Rantamaki et al. (1984), Jaaskelainen (2014), and Di Bud (2020). The thick-

ness of the dry crust layer located on top of the clay layer is also varied.

Table 7 contains the material parameters for the soil layers and Table 8 contains the
parameters for the embankment materials. In Table 7 Clay 1 refers to soft sensitive clay,
Clay 2 refers to soft clay typical in the Pirkanmaa region, and Clay 3 refers to stiff Finnish
clay. Results of total settlement calculations for the different clay types are given in Ta-
bles 9, 10, and 11 with three significant digits. Settlements of dry crust and clay layers in
case of soft sensitive clay are visualized in Figures 25, 26, and 27. The settlements of
the other two clay types are visualized in Appendix B. In Figures 25, 26, and 27 the 400
mm and 800 mm settlements are marked with black dashed lines. The maximum advis-
able total settlements for different road types during a 50-year service life are presented
in Table 12.



55

Table 7.  Material parameters for the soil layers.
Layer Thick- Y m; B2 m4 B4
ness (m) (kN/md)

Dry crust 0.5-2.5 17 100 1 - -
Clay 1 10 14 - - 5 -0.9
Clay 2 10 14.5 - - 10 -0.5
Clay 3 10 15 - - 18 -0.2

Moraine 4 20 - - 1000 0.5

Table 8.  Material parameters for embankments.
Material Thickness Load Embank-
(m) (kN/m?3) width ment load
(m) (kN/m?)
Lower CRA 0.7 21 12.6 23.7
embankment CSCP 1 9
CRA 0.7 21 12.6 18.2
CFGA 1 3.5
CRA 0.7 21 12.6 34.7
CRA 1 20
Higher CRA 0.7 21 15.6 32.7
embankment CSCP 2 9
CRA 0.7 21 15.6 21.7
CFGA 2 3.5
CRA 0.7 21 15.6 54.7
CRA 2 20
Table 9.  Total settlements for a 10 m layer of soft sensitive clay.
Embankment Dry crust Settlement, lower Settlement, higher
materials thickness (m) embankment (mm) embankment (mm)
CSCP + CRA 0.5 2480 3020
1.5 1290 1650
2.5 680 910
CFGA + CRA 0.5 2110 2420
1.5 1060 1260
2.5 550 670
CRA 0.5 3040 3800
1.5 1660 2210
2.5 900 1280
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Table 10.  Total settlements for a 10 m layer of soft clay typical in the Pirkanmaa

region.
Embankment Dry crust Settlement, lower Settlement, higher
materials thickness (m) embankment (mm) embankment (mm)
CSCP + CRA 0.5 740 940
1.5 450 600
2.5 280 380
CFGA + CRA 0.5 620 720
1.5 370 440
2.5 220 270
CRA 0.5 950 1250
1.5 600 840
2.5 380 550

Table 11.  Total settlements for a 10 m layer of stiff Finnish clay.

Embankment Dry crust Settlement, lower Settlement, higher
materials thickness (m) embankment (mm) embankment (mm)
CSCP + CRA 0.5 290 370
1.5 200 270
2.5 130 190
CFGA + CRA 0.5 240 280
1.5 160 190
2.5 110 130
CRA 0.5 380 520
1.5 270 390
2.5 190 280
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Figure 25. Settlement calculation results for soft sensitive clay with 0.5 m thick
dry crust layer.
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Figure 26. Settlement calculation results for soft sensitive clay with 1.5 m thick

dry crust layer.



58

Total thickness of dry crust and clay layers (m)

0,0 2,0 4,0 6,0 8,0

500

10,0 12,0 14,0

— 1000
E
E
@ 1500
£
Q@
=
(4]
Y2 2000
2500
3000
—@&— CSCP, lower emb. - =@ —- CSCP, higher emb. CFGA, lower emb.
CFGA, higher emb. —@&— CRA, lower emb. = =@ =- CRA, higher emb.
Figure 27. Settlement calculation results for soft sensitive clay with 2.5 m thick
dry crust layer.

Table 12.  Maximum advisable settlements for different road types during 50-
year service life (Liikennevirasto 2012).

Road type and designed speed limit

Total settlement (mm)

V1, Motorway (120 km/h)

V2, Main road (80-100 km/h), motorway (100 km/h)
V3, Regional road (80-100 km/h)

V4, Regional road (60 km/h)

V5, Local road

R1, Street with special structures [ (80 km/h)

R2, Street with special structures [ (50-70 km/h)
R3, Street with special structures [ (<50 km/h)

K1, Separate pedestrian and bicycle way

K2, Pedestrian and bicycle way, next to roadway

300
400
600
800
800
200
200
200
800
According to roadway

[1] Special structures such as municipal infrastructure networks and traffic islands

As can be seen from the results presented in Tables 9, 10, and 11 and the data presented

in Figures 25, 26, and 27 the biggest settlements occur when the dry crust layer is thin,

and the embankment is built of heavy aggregates such as crushed rock. The least set-

tlements, on the other hand, occur when the dry crust layer is thick, and the embankment

is partly built of crushed foam glass aggregate. In general, the differences in total settle-

ments between the lower CSCP and higher CRA embankments are only minimal. The

same thing also applies to the total settlements of the higher CFGA and lower CSCP

embankments.
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The results obtained in these calculations might be slightly exaggerated. The soil layers
beneath the embankment are expected to be normally consolidated even though in re-
ality most soil deposits are at least very slightly overconsolidated. Overconsolidated soll
layers can better withstand external loads and are therefore less prone to deformations.
Also, the stress state parameters m and 8 are not constant but rather depth dependent
as these factors usually increase with increasing depth. Therefore, the deformations of

the lower part of the clay layer might be smaller than estimated.

Let’s compare the calculation results and the advisable settlements for the following road
types: V2 (main road 80-100 km/h), V4 (regional road 60 km/h), and V5 (local road).
According to Table 12 the maximum advisable settlement for the main road is 400 mm
and for the local or regional road it is 800 mm. Table 13 presents the maximum clay layer
thickness of soft sensitive clay which fulfills these requirements for different embank-

ments. The values given in Table 13 are presented with 0.2 m accuracy.

Table 13.  Maximum clay layer thickness for different embankments.

Embankment Dry crust Embankment Clay layer Clay layer

type thickness (m) material thickness, set- thickness, set-
tlements <400 tlements < 800

mm mm

Lower 0.5 CSCP 0.4 1.2

CFGA 0.6 1.6

CRA 0.4 1.0

1.5 CSCP 1.6 3.8

CFGA 2.0 5.4

CRA 1.2 2.6

2.5 CSCP 4.0 >10

CFGA 5.4 >10

CRA 2.0 8.0

Higher 0.5 CSCP 0.4 1.0

CFGA 0.6 1.4

CRA 0.4 0.8

1.5 CSCP 1.2 2.6

CFGA 1.6 4.0

CRA 0.8 2.0

2.5 CSCP 2.0 8.0

CFGA 4.0 >10

CRA 1.8 4.6

Based on the results presented in Table 13 the advisable 800 mm settlement is exceed
on all embankments at 0.8-1.6 m clay layer thickness when the dry crust thickness is 0.5
m. This is also noticeable in Figure 25. The embankment height has relatively little effect
on this matter. Subgrade reinforcement or replacement procedures are likely needed in

these circumstances if a main road is built.
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When the dry crust thickness is 1.5 m the settlements remain below 800 mm on all em-
bankments when the clay layer thickness is less than 2 m. However, the settlements
remain below 400 mm only on relatively thin clay layers. The same thing is also notice-

able in Figure 26.

When the dry crust thickness is 2.5 m the settlements of the lower CSCP and CFGA
embankments do not exceed 800 mm on the investigated clay layer thickness as noticed
in Figure 27. Even the settlements of the higher CRA embankment do not exceed 800
mm when the clay layer is less than 4.6 m thick. The settlements also remain below 400
mm on all embankments when the clay layer thickness is less than 1.8 m. When it comes
to CSCP and CFGA embankments the settlements remain below 400 mm when the clay
layer thickness is between 2 m and 5.4 m depending on the embankment material and
height.

Let’s discuss the need for subgrade reinforcement or replacement measures. In Figure
28 the settlements of the lower CSCP and higher CRA embankments on soft sensitive
clay with 1.5 m thick dry crust layer are compared. The red area presents the clay layer
thicknesses in which the subgrade reinforcement or replacement procedures can be
avoided if the higher CRA embankment is replaced by the lower CSCP embankment.

Total thickness of dry crust and clay layers (m)
0,0 2,0 4,0 6,0 8,0 10,0 12,0 14,0
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Figure 28. Settlement comparison of lower CSCP and higher CRA embank-

ments on soft sensitive clay with 1.5 m thick dry crust layer.
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Regarding the data presented in Table 13 it is noticed that the advisable settlement limits
are easily exceeded when the dry crust thickness is less than 1.5 m. Constructing a main
road in these soil conditions is not recommended without subgrade reinforcement pro-
cedures. According to the data presented in Tables 9, 10, and 11, the difference in total
settlements between the higher CSCP and the lower CRA embankments is only minimal.
This also applies to the settlements of the lower CSCP and the higher CFGA embank-

ments.

It is worth noting though that the values presented in Table 12 are only advisable and
not absolute. In addition, when considering the operational condition of the road, the
effect of uneven changes in transversal or longitudinal gradients is in most cases more

significant than the effect of even settlements.

5.3 Potential applications of captured solid carbon products in
earth construction

The utilization potential of captured solid carbon products as well as the scale in which
they can be utilized are examined in this Chapter. Three different use cases, in which
captured solid carbon products are utilized in road embankments, were created for this
purpose. The length of the investigated embankment is 1 km, and the subsoil conditions

are varied in the cases.

Use case 1

In this case the investigated road is built on well-bearing and non-frost susceptible sub-
soil. The point of the case is to investigate the theoretical maximum volume of crushed
rock aggregates that could be replaced by captured solid carbon products. The lower
embankment presented in Chapter 5.2.3 is examined in this case. Only the total em-
bankment material volumes are calculated as shown in Table 14. Frost protection and

settlement calculations are excluded from this case.

Table 14. Embankment material volumes.

Material Roadway Layer thick- Length Slope Volume
width (m) ness (m) (m) gradient (m3)
CRA 7.5 0.7 1000 1:3 10920
CSCP 7.5 1 1000 1:3 10500
1.7 2 21420

Utilization of alternative construction materials in earth construction applications reduces
the use of valuable natural resources such as sand, gravel, or crushed rock aggregates.
Even though the use of captured solid carbon products would not be beneficial in terms

of frost protection or settlement resistance design the use of natural resources is reduced
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anyway. According to the calculations shown in Table 14 the total embankment volume
on a 1 km distance is 21420 m®. Roughly 49 %, corresponding to 10500 m?, of the total
embankment volume can theoretically be replaced by captured solid carbon products in

the investigated case.

Use case 2

In this case the road is built on well-bearing but frost susceptible subsoil. The subsoil is
assumed to be heterogeneous, and the embankment is built without a steel grid rein-
forcement. This case examines the accomplished benefits in frost protection design and
in material savings when captured solid carbon products are utilized in the embankment.
Table 15 contains the frost protection design calculation parameters for the original em-
bankments, namely the same lower embankments discussed in Chapter 5.2.3. In case
of CSCP embankment the drainage course is replaced with a filter cloth. Table 16 pre-

sents the frost protection design calculation results.

Table 15.  Original frost protection design calculation parameters.

Pavement type Layer Material Ri (mm) ai
CSCP Surface course Asphalt 60 1.0
Base / Sub-base course CRA 640 0.9
Lower Sub-base course CSCP 1000 2.0

> 1700
CRA Surface course Asphalt 60 1.0
Base / Sub-base course CRA 640 0.9
Lower Sub-base course CRA 600 0.9
Drainage course Sand 400 1.0

> 1700

Table 16.  Frost protection calculation results on the original structures.

Pavement Sa2 (mm) Rred (Mm) SaRred ta (%) RNcaic (mm)
type (mm)
CSCP 1600 2636 -1036 3 0
9 0
16 0
CRA 1600 1576 24 3 0.7
9 2.2
16 3.8

The results shown in Table 16 indicate that the total thickness of the CSCP embankment
is unreasonable in the investigated situation. The total thickness of the CRA embank-
ment on the other hand is almost big enough to prevent the frost front from proceeding
into the subsoil. To better understand the benefits of CSCP in frost protection design,

let’s modify the structures in such a way that the maximum theoretical frost heaving value
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RNz does not exceed 10 mm which is the maximum allowable frost heaving value on
main roads and regional roads built on soft, heterogeneous subsoil without a steel grid.
The modified structures are presented in Table 17 and the frost protection calculations

on these structures are presented in Table 18.

Table 17.  Modified frost protection design calculation parameters.

Pavement type Layer Material Ri (mm) a
CSCP Surface course Asphalt 60 1.0
Base / Sub-base course CRA 640 0.9
Lower Sub-base course CSCP 460 2.0

> 1160
CRA Surface course Asphalt 60 1.0
Base / Sub-base course CRA 600 0.9
Lower Sub-base course CRA 600 0.9
Drainage course Sand 400 1.0

> 1660

Table 18.  Frost protection calculation results on the modified structures.

Pavement type Sa (mm) Rred (Mm) SaRred t; (%) RN;aic
(mm) (mm)

CSCP 1600 1556 44 3 1.3

9 4.0

16 7.0

CRA 1600 1540 60 3 1.8

9 5.4

16 9.6

As can be seen from Table 17 the total thickness of the modified CSCP embankment is
1160 mm whereas the total thickness of the modified CRA embankment is 500 mm
greater. Both structures are thick enough to restrict the factor RN¢ac below 10 mm on all
investigated values of t; as can be seen from Table 18. This means that in these circum-
stances with the use of captured solid carbon products it is possible to decrease the total
embankment thickness by 0.5 m when compared to conventional construction materials
in frost protection design. Let’s investigate the accomplished material savings. Total vol-

umes of both embankments and embankment materials are calculated in Table 19.
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Table 19. Total volumes of both embankments.

Pavement Layer Roadway Thick- Length Slope Volume
type material width (m) ness (m) (m) gradient (m?3)
CSCP Asphalt 7.5 0.06 1000 - 450
CRA 7.5 0.64 1000 1:3 8202
CSCP 7.5 0.46 1000 1:3 4084.8
>1.16 2 12736.8
CRA Asphalt 7.5 0.06 1000 - 450
CRA 7.5 1.20 1000 1:3 16786.8
Sand 7.5 0.40 1000 1:3 3480
> 1.66 ¥ 20716.8

The values in Table 19 indicate that the total embankment volumes differ notably from
each other. The total volume of rock aggregates is only 8202 m?® in the CSCP embank-
ment whereas in the CRA embankment the total volume of aggregates, including
crushed rock and sand, is 20266.8 m?3. In this case the utilization of captured solid carbon
products saves roughly 12000 m?®, corresponding to roughly 59 % of rock aggregates.
Another benefit of the CSCP embankment is that if the slope gradient is kept constant

the CSCP embankment requires less space than the CRA embankment.

Use case 3

In this case the road is built on weak subsoil. The benefits accomplished with utilization
of captured solid carbon products in reducing settlements are examined. The modified
embankments of use case 2 presented in Table 19 are investigated. The subsoil condi-
tions are in accordance with clay 2, soft clay typical in the Pirkanmaa region. The dry
crust thickness is 1.5 m. The subsoil parameters are given in Table 7. Table 20 contains
the embankment material parameters and total settlements for both embankments on a
10 m thick clay layer. The settlements are calculated the same way as in Chapter 5.2.3.
The settlements occurring in the dry crust and clay layers are visualized in Figure 29. A

dashed line is drawn in Figure 29 to highlight the 400 mm settlement.

Table 20.  Material parameters and total settlements for the embankments on a

10 m thick clay layer.
Embank- Layer Thickness Y Load Embank- Total set-
ment type | material (m) (kN/m?3) width (m) ment load tlement
(kN/m?) (mm)
CSCP CRA 0.7 21 10.98 18.84 370
CSCP 0.46 9
CRA CRA 1.20 21 12.48 34.06 590
Sand 0.40 19




65

Total thickness of dry crust and clay layers (m)
0 2 4 6 8 10 12 14

100

200

300

400

Settlement (mm)

500

600

700

—&—CSCP —8—CRA

Figure 29. Settlements of the CSCP and CRA embankments on soft clay typi-
cal in the Pirkanmaa region with a 1.5 m thick dry crust layer.

Captured solid carbon products are assumed to be lighter than crushed rock aggregates
and therefore the total settlements of the CSCP embankment are moderate in compari-
son to the settlements of the CRA embankment as presented in Table 20. The same

thing is also noticeable in Figure 29.

Based on the results in Table 20 and the data in Figure 29 the CRA embankment cannot
be constructed without subgrade reinforcement measures if the maximum allowable set-
tlement is 400 mm, and the thickness of the clay layer is greater than 5 m. The red line
in Figure 29 is drawn to highlight the thickness of the clay layer at which the CRA em-
bankment cannot be constructed without subgrade reinforcement. The CSCP embank-
ment on the other hand can be built without subgrade reinforcement measures even
when the clay layer is roughly 5-10 m thick. In this case the costs and the emissions
associated with subgrade reinforcement measures can be completely avoided if the
CSCP embankment is built instead of the CRA embankment.

Conclusions regarding the use scenarios

Based on the examined cases replacing large volumes of rock aggregates with captured
solid carbon products seems possible. Anyway, there are some uncertainties associated

with the grain size distribution of captured solid carbon products. In the investigated
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cases the material savings are only accomplishable if the grain size distribution of cap-
tured solid carbon products enables constructing the CSCP embankments with conven-

tional earth construction machinery.

In this study, captured solid carbon products are assumed to have better thermal insula-
tion properties than conventional rock aggregates. Insulating properties enable reducing
the total thickness of structures in frost protection design. Thinner structures require less
materials in total and inflict less stresses on the subsoil and therefore reduce the occur-

ring settlements.

Another assumption is that captured solid carbon products are lighter compared to rock
aggregates which in turn reduces the settlements even more. Lighter structures also
reduce the need for expensive and emission intensive subgrade reinforcement
measures, like piling, soil replacement, or soil stabilization. In addition, lightweight struc-
tures are also beneficial in terms of stability design. Finnish road design guidelines allow
the use of lightweight construction materials in road embankments, approach embank-
ments of bridges, transition structures, noise embankments, and pipeline fillings

(Liikennevirasto 2011). This list does not include all possible applications.

As the information regarding the mechanical properties of captured solid carbon products
is still lacking, it is not possible to evaluate how they withstand heavy and frequent traffic
loading. Therefore, according to present knowledge, captured solid carbon products
should not be utilized in structures exposed to heavy traffic loads, such as heavily traf-
ficked highways, or in structural layers subjected to high loads. Based on the frost pro-
tection and settlement calculations captured solid carbon products can be used at least
in pedestrian and bicycle ways or in the lower layers of low-class roads. Field and yard
structures and noise embankments are other possible applications because when it
comes to these structures frost protection and settlement resistance characteristics have

a greater importance than loading resistance properties.

5.4 Factors affecting the demand of captured solid carbon
products in earth construction

Captured solid carbon products are compared to recycled aggregates when discussing
the factors that may influence their demand. Torniainen (2017) conducted a comprehen-
sive study in which professionals and officials working in the construction sector were
interviewed on utilization of recycled aggregates in earth construction. The study did not
focus on the technical feasibility of recycled aggregates but rather on the factors affecting

their demand.
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Motivational drivers

The greatest motivational drivers for utilization of recycled aggregates were green com-
pany values, ecological impact and positive image caused by the use of recycled aggre-
gates, and taxation of dumping recyclable materials on landfill sites. Spreading aware-
ness of positive experiences with recycled aggregates, and in general spreading aware-
ness of the recycled aggregates through education, design guidelines, and public affairs
was also noted to increase the demand. Spreading awareness and productization of the
recycled aggregates also decreases resistance among other interest groups such as

nearby residents, contractors, and officials. (Torniainen 2017)

Captured solid carbon products are at least theoretically more ecological than conven-
tional construction materials as they are manufactured from pure CO,. However, the
ecological impacts of a large-scale electrolysis processes are yet to be analyzed.
Productization and standardization of captured solid carbon products is unlikely to take
place anytime soon due to the electrolysis process still being in development phase. The
first step towards productization is finding optimal conditions for producing carbon prod-

ucts that are best suited for earth construction.

Attitudes

According to Torniainen (2017) lack of knowledge and design guidelines, earlier negative
experiences, and negative attitudes towards recycled aggregates decrease their de-
mand. As captured solid carbon products are a completely new material in this field,
parties and interest groups of construction projects may have negative attitudes towards

this material at first.

Production

In general, long hauling distances and the imbalance in supply and demand of recycled
aggregates are major problems in their utilization. In other words, the demand for recy-
cled aggregates is strongly affected by the local supply. Long hauling distances for ex-
ample increase the material cost, decrease the demand, and cause emissions. The sup-
ply of certain recycled aggregates is also heavily seasonal. For example, ashes from
energy production are mainly produced during wintertime when the biggest earth con-
struction projects on the other hand are most often inactive. Uncertainties in material
supply are not a good combination with usually inflexible project timetables on the con-

struction site. (Torniainen 2017)

In case of captured solid carbon products long hauling distances and variations in supply
might not become a major problem if the production is decentralized and continuous

throughout the year. The electrochemical carbon recovery equipment are, at least in
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principle, applicable to the proximity of every centralized CO, emission source. Continu-
ous and decentralized production would also decrease the pressure caused by inflexible

timetables.

Different electrolysis process parameters cause variations in the characteristics of the
resulting carbon products. In terms of earth construction applications, the ideal material
characteristics are yet to be determined. It can be assumed though that a homogenous

product morphology is not a necessity.

Economy

The cost inputs of the electrochemical carbon recovery process include electrode mate-
rials, molten salt electrolytes, and energy. Electricity has been recognized as the single

most significant expense in the process. (Weng et al. 2019, Wang et al. 2021)

Weng et al. (2019) have made an economic analysis of electro-splitting one ton of CO..
The total cost inputs for the process are 1619 $. The anode material is expected to be
non-consumable and inert and the feedstock CO- is expected to be free. When the CO;
is used to produce carbon nanotubes the total profits are estimated to be 80311 $. The
profit evaluation is based on assumptions that the electricity price is 0.1 $ per kWh, the
average retail price per one ton of carbon nanotubes is 300000 $, and that 273 kg of
carbon nanotubes can be obtained by electro-splitting one ton of CO,. This means that
producing one ton of carbon nanotubes would cost roughly 6500 $. Other economic anal-
yses conducted by Ren & Licht (2016) and Wang et al. (2021) state that the upper cost

limit for producing one ton of carbon nanotubes with molten salt electrolysis is 2000 $.

The retail prices of captured solid carbon products are at the moment many orders of
magnitude greater than the retail prices of crushed rock aggregates. Table 21 contains
data on the retail prices of selected rock aggregates in Finland in an imaginary road
construction project located in built environment. The presented prices are estimates of

average prices in the selected circumstances.

Table 21.  Retail prices of selected rock aggregates in Finland (lhku-allianssi

2023).
Material Retail price (€ per ton)
Gravel 7.94
Crushed rock aggregate, 0/16 mm 8.08
Crushed rock aggregate, 0/56 mm 7.08
Crushed rock aggregate, 0/63 mm 6.55
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In an economic perspective it may be more appealing to produce high value carbon
nanotubes instead of other solid carbon products that could be utilized in infrastruc-
tures. In Finland the low price of rock aggregates makes the competition very challenging
for captured solid carbon products. For captured solid carbon products to be an appeal-
ing material in earth construction, the electricity price should be lowered, the use of nat-
ural aggregates should be taxed heavily, and the use of captured solid carbon products
should be compensated economically. The CO- used as feedstock should also remain

free of charge.

Workability

The behavior of captured solid carbon products when being worked on is completely
unknown. For example, it is unknown whether the material dusts easily when dry or be-
comes sludgy when wet. If the material is light hauling is not a major problem. If the
material is easily abraded or crushed, then it may possibly not be compacted with con-

ventional construction equipment like a vibrating roller.

Health effects

As discussed in Chapter 2.6 long term exposure to nanoscale carbon particles may pose
a potential health risk (Chernova et al. 2017). However, there are still many uncertainties
regarding the health effects of nanocarbons. For example, the effect of exposure condi-
tions and the factors affecting the toxicity of nanocarbons are not properly understood.
(Liu et al. 2013)

The possible negative health effects may cause resistance towards the material among
contractors, nearby residents, or other interest groups. To avoid unnecessary health
risks, adequate protection equipment should be used when captured solid carbon prod-
ucts are handled. The products should be handled with care and their spreading to the

nearby environment of the construction or demolition site should be restricted.

Impurities and environmental aspects

The conditions in the electrolysis reactor cell are highly oxidative and corrosive. There-
fore, the carbon products may contain traces of the electrode materials or the electrolyte.
The metal release from the anode cannot be controlled but it can be prevented by using
inert material such as platinum. Lower operation temperature could also reduce corro-

sion, but it would require using a different electrolyte. (Laasonen et al. 2022)

The amount of impurities in the captured solid carbon products is affected by the elec-
trode materials and the electrolyte. Laasonen et al. (2023) studied the effect of different

cathode materials on the product purity and morphology. Clean nickel, used nickel, stain-
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less steel and galvanized steel were selected as the cathode materials. The nickel cath-
odes were most prone to corrosion causing defects in the morphology and impurities in

the structure. Stainless steel cathode produced least impurities.

In case of recycled aggregates heterogenous material composition creates challenges
for designing and constructing different structures (Torniainen 2017). In an environmen-
tal perspective leaching of poisonous trace elements from captured solid carbon prod-
ucts with seepage water must be accounted for. As discussed earlier the material may
contain traces of the electrolyte, electrode materials or washing agents. Leaching of
harmful substances is however unlikely if the material is of high purity, but it may hinder
the material’s utilization potential in sensitive environments or near aquatic systems that

are important for water supply.
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6. CONCLUSIONS

The utilization potential of solid carbon products obtained with molten salt electrolysis as
an alternative earth construction material in infrastructures is examined in this thesis.
The technical characteristics, possible earth construction applications, factors hindering
the utilization potential, and the scale in which captured solid carbon products could be
utilized are discussed. To the author's knowledge no earlier research has been con-

ducted on this subject.

In this work the technical feasibility and the scale in which captured solid carbon products
could be utilized in infrastructures were evaluated on a theoretical basis. For this pur-
pose, preliminary frost protection design and settlement analysis of an imaginary road
embankment, in which captured solid carbon products were utilized, were done accord-
ing to the Finnish road design guidelines. Three use cases, in which a 1 km long road
embankment was investigated, were also created to investigate the benefits in frost pro-
tection design, reducing settlements, and reducing the use of natural aggregates, that

are achievable by using captured solid carbon products.

Frost protection design

In frost protection design, the performance of CSCP and CRA embankments was com-
pared in different subsoil conditions. The obtained maximum frost heaving values were
compared to the maximum allowable frost heaving values of different road types. It was
assumed that captured solid carbon products are non-frost susceptible and due to their
porous structure, their thermal insulation properties are better than those of sand but not
as good as those of actual frost insulation materials like expanded clay or crushed foam
glass aggregate. In the investigated circumstances the CSCP embankment prevented
the frost front from proceeding into the subsoil and therefore no frost heaving was taking
place. However, the frost front proceeded through the CRA embankment causing mild
frost heaving. With these assumptions and observations, the utilization of captured solid
carbon products seems viable and beneficial at least in the lower structural layers of

roads or similar structures when it comes to frost protection design.

Settlement analysis

In settlement analysis the settlements occurring under road embankments built of differ-
ent materials were investigated in varied subsoil conditions. An idealized calculation
model, which calculates the consolidation settlement of the subsoil beneath the embank-

ment with Janbu’s tangent modulus method, was created in Excel for this purpose. The
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obtained results were then compared to the maximum advisable settlements of different

road types.

The unit weight of captured solid carbon products was assumed to be roughly half the
unit weight of sand but double compared to that of actual lightweight construction mate-
rials like expanded clay or crushed foam glass aggregate. According to the settlement
calculations the greatest settlements were caused by the CRA embankments and the
least by the CFGA embankments. The CSCP embankments performed relatively well in
comparison to the CRA embankments. Based on the obtained results partial replace-
ment of crushed rock aggregates with captured solid carbon products seems to be pos-
sible in road embankments. Utilization of captured solid carbon products as lightweight
construction materials reduces the overall stresses, settlements, as well as stability is-
sues on structures built on soft subsoil. The reduction in overall stresses also reduces

the need for expensive and emission intensive subgrade reinforcement procedures.

Technical feasibility

The first use case investigated the achievable material savings when a 1000 mm thick
layer of crushed rock aggregates is replaced with captured solid carbon products in a
1.7 m thick road embankment. Replacing the crushed rock aggregates in the layer with
captured solid carbon products enabled reducing the amount of crushed rock aggregates

by 10500 m? which roughly corresponds to 49 % of the total embankment volume.

The second use case investigated the benefits that are achievable in frost protection
design with utilization of captured solid carbon products. Originally 1.7 m thick CRA and
CSCP embankments were redesigned to limit the theoretical frost heaving value to 10
mm. The thickness of the CSCP embankment could be reduced by 540 mm whereas the
thickness of the CRA embankment could only be reduced by 40 mm. In this case the use
of captured solid carbon products allowed reducing the total embankment thickness re-

markably and at the same time it saved roughly 12000 m?® or 59 % of rock aggregates.

The point of the third use case was to evaluate the settlements occurring under the re-
designed CRA and CSCP embankments. The total settlements of the CSCP embank-
ment remained below the 400 mm limit value. The total settlements of the CRA embank-
ment were roughly 600 mm and the 400 mm limit value was exceeded when the clay

layer thickness was more than 5 m.

The load bearing capacity of captured solid carbon products could not be tested so it
was decided not to make any assumptions in that matter. Also, it is assumed that cap-

tured solid carbon products are utilized in the lower layers of structures where the traffic
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induced stresses are significantly lower. Therefore, load bearing capacity is not assumed

to be the most important characteristic.

Utilization potential

To sum up all the observations, utilization of captured solid carbon products in road em-
bankments may be beneficial in terms of frost protection design and reducing settle-
ments. It may also save remarkable amounts of natural and crushed rock aggregates as
well as reduce the need for expensive subgrade reinforcement procedures. However,
there are some uncertainties regarding the material’s technical characteristics as they

could not be examined thoroughly within the scope of this work.

Towards the end of the work, a total of approximately 2 g of captured solid carbon prod-
ucts were obtained for examination. The carbon products were produced with experi-
mental molten salt electrolysis equipment developed at Tampere University. Various
technical characteristics were determined for the carbon products, including unit weight,
water content, water adsorption capacity, and specific surface area. The tests could not
be carried out according to present standards due to the limited availability of the mate-
rial. Appendix C contains more detailed information on the conducted tests, and the de-

tailed test results are also available in Appendix C.

The unit weight of the carbon products was determined at two different water content
levels in both loose and compacted states. According to the results, in loose state the
unit weight was roughly in the same order of magnitude as that of crushed foam glass
aggregate. However, in settlement analysis, a value of 9 kN/m? was used for the unit
weight of the carbon products as it is not expected to exceed this value even when the

material is highly compacted.

More laboratory tests were planned to be conducted within this work, but unfortunately
the tests were delayed for the most part due to difficulties in development of the experi-
mental molten salt electrolysis equipment. Therefore, the material parameters used in
the calculations had to be approximated. The lack of earlier research only added to this

challenge.

Hindering factors

The factors hindering the utilization potential of captured solid carbon products in infra-
structures were evaluated on a theoretical basis as well. The greatest challenges are
assumed to be the retail price and general lack of knowledge regarding the mechanical
characteristics of captured solid carbon products. Other challenges include uncertainties

in workability, health effects, material impurities, and environmental effects. Variations in
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regional supply might also decrease the demand but it is not conjectured to be a major

problem if the production is decentralized and continuous throughout the year.

It has been speculated that CO2 could be utilized as a raw material for cement produc-
tion, or for novel, lightweight and high strength construction materials. The development
of CO; based construction materials is still in an early phase, and the technical feasibility
of these materials has not been discussed or tested yet in large-scale applications espe-

cially when it comes to earth construction.

Proposals for further research

To better understand the utilization potential, a large-scale laboratory test program is
needed to evaluate the technical performance of captured solid carbon products in earth
construction applications. Tests are needed to obtain more precise and reliable infor-
mation on the material’s unit weight in heavily compacted state, thermal properties, water
adsorption or retention capacity, strength, stiffness, load bearing capacity, and freeze-
thaw resistance. Designing, constructing, and monitoring experimental roads, noise em-
bankments, or other earth structures in which captured solid carbon products are utilized
is also recommended. Before the experimental structures can be built the electrolysis
process and equipment should be further developed in order to scale up the process and
to find the optimal conditions for producing carbon products that are best suited for earth

construction applications.
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APPENDIX A: THE EFFECT OF ELECTROLYSIS
PROCESS PARAMETERS ON RECOVERED
CARBON PRODUCTS

Process conditions and parameters from literature that have been used to produce different forms of carbon via electrochemical reduction of CO3.

Electrolyte Product I, [A] A T, ['C] Anode Cathode Nucleation  Reference
em ]

Li,COs Straight CNT 1 - 750 Nickel Galvanized steel Yes

LizCOs *CNT 1 - 750 Nickel Galvanized steel ~ Yes

LioCO5 3CNF 1 - 750 Nickel Galvanized steel ~ Yes

Li~COs Straight CNF 1 - 730 Nickel Galvanized steel Yes

Li~CO5 Spherical structures 1 - 770 Iridium Galvanized steel Yes

Li~COs Solid carbon and CO (molar ratio - - 750 Platinum Nickel No

20:1)
Li~CO5 Solid carbon and CO (molar ratio - - 850 Platinum Nickel No [12
1)

Li~CO5 with ZnO Spherical structures 1 - 770 Iridium Galvanized steel Yes [

Li>CO;5 with CuO Tubular structures 1 - 770 Iridium Galvanized steel Yes [

Li~COs5 with CoO Tubular structures 1 - 770 Iridium Galvanized steel Yes [

Li,COs Carbon nanoplatelet 1 - 770 Platinum Iridium Galvanized steel Yes [13]

foil
Li~CO5 CNT 0.5,1, - 770 Galvanized steel Nickel - [14]
2 Chromium

Li~COs CNT 1 - 770 Nickel Chromium Galvanized steel - [14]

LioCO5-Li-0 Tangled CNF 1 - 750 Niekel Galvanized steel ~ Yes [a]

LizCO5-Li-0 Tangled '*CNF 1 - 750 Nickel Galvanized steel ~ Yes [10]

Li»COs-Li-0O Tangled CNF 1 - 730 Nickel Steel Yes [

Li,CO,-Li,0 Amorphous and platelet structure 1 - 730 Platinum Steel - [11]

Li»COs-Li-0 Carbon nanoplatelet 1 - 730 Platinum foil Galvanized steel Yes [13]

Li»COs-Li-0O CNO 1 0.2 770 Iridium Platinum Galvanized steel Yes [1

Li»CO5-Na.CO5- Platelets - 0.2 577 Nickel Chromium Iron No [1¢
K-CO5

Li>CO5-Na.CO5- Platelet + tubular structures - 0.4 602, 627, 652, Nickel Chromium Iron No [16
K-COs 677

Li>CO5-Na.CO5- Carbon powder with varying - - 450-700 Graphite Nickel - 7
K,CO, domains

Li»CO5-Na-CO3- Graphite - - 500-800 Graphite Titanium - [1s
K2COs

Li»CO5-Na-CO5- Carbon powder - - 450 Glassy carbon Nickel - [19
K2COs

Li»CO3-NasCO5- Carbon powder + amorphous - - 450, 550, 650 Sn0s Nickel - [20
K-CO5

Li,CO5-Na,CO5- Porous, spherical carbon - - 500 5n0, Nickel - [21]
K-CO5

Li»CO5-Na-CO3- Spherical structures - - 450 Platinum titanium Zinc - [22
K2COs

Li»CO5-Na-CO3 CNT - - - - - -

Li>CO5-K.CO3 Carbon powder - - 540-700 Stainless steel Mild steel -

Li>CO3-BaCO3 CNT - - - - - -

Li,CO5-CaCO5- Spherical and tubular structures - 0.2 750 Nickel Galvanized steel ~ Yes
NasCOs

Li»CO5-CaCO5- Spherical structures - 0.2 750 Nickel Galvanized steel Yes [24]
K2COs

Li~COs-K-COs Tubular and spherical structures - 0.2 750 Nickel Galvanized steel Yes [24]

Li»CO5-CaCOs- Tubular structures - 0.2 750 Nickel Galvanized steel Yes [24]
BaCOs

Li,CO4-BaCO; Tubular structures - 0.2 750 Nickel Galvanized steel ~ Yes

NaCl-MgCl, Mixture of nanostructures 0.25 - 825 Glassy carbon Graphite -

NaCl-CaCl, Mixture of nanostructures 0.25 - 825 Glassy carbon Graphite -

CaCl>-CaCOs-LiCl- Solid carbon - - 579 Sn05 Mild steel -
KCl

LiCl-Li~CO5 Spherical, graphitic structures - - 700 Platinum Tungsten Yes

NaCI-KCl CNT - 0.005-0.2 750 Glassy carbon Platinum -

Figure A1. The effect of process parameters on carbon products recovered
with electrochemical CO: reduction (Laasonen et al. 2022).



APPENDIX B: SETTLEMENT CALCULATIONS
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Figure B1. Settlement calculation results for soft clay typical in the Pir-
kanmaa region with 0.5 m thick dry crust layer.
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Figure B2. Settlement calculation results for soft clay typical in the Pir-

kanmaa region with 1.5 m thick dry crust layer.
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Figure B3. Settlement calculation results for soft clay typical in the Pir-
kanmaa region with 2.5 m thick dry crust layer.
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Figure B4. Settlement calculation results for stiff Finnish clay with 0.5 m

thick dry crust layer.
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Figure BS5. Settlement calculation results for stiff Finnish clay with 1.5 m
thick dry crust layer.
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Figure B6. Settlement calculation results for stiff Finnish clay with 2.5 m
thick dry crust layer.
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APPENDIX C: PRELIMINARY LABORATORY
TESTS

The carbon product samples were delivered to Research Centre Terra in sealed glass
test tubes which were placed inside closed plastic test tubes. Two samples were deliv-
ered, labeled as J2_5 and J2_6. The sample masses were approximately 1.2 g and 0.8
g, respectively. When the test tubes were rotated upside down the carbon products
dusted heavily indicating that the samples were dry. Small amounts of the sample also

adhered to the inner surface of the glass test tube. The carbon samples are presented

in Figure C1.

Figure C1. Carbon samples in petri dish.
8.2.2024

The unit weight and water content were determined first. To determine the unit weight, a
measuring glass was weighed on a precision scale. Next, the carbon sample was poured
from the test tube into the measuring glass using a glass funnel in a fume hood. A very
small amount of the sample was lost at this point due to the strong airflow in the fume
hood. Once the sample was in the measuring glass, its surface was leveled by gently
tilting the glass and tapping its edges. The sample was not compacted at this stage. After
leveling, the sample’s volume in loose state was checked with a precision of 0.1 ml using
the scale marked on the side of the measuring glass. Subsequently, both the sample
and the measuring glass were weighed and the material loss up to this stage was as-
sessed. The sample J2_6 was not compacted at this point, but its water content, w, was

determined. The unit weight in loose state, y_|, was calculated by dividing the product of
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mass and acceleration of gravity by volume. In order to determine the degree of satura-
tion in loose state, S_rl, the specific gravity of carbon products was approximated to be
2,0 g/cm?.

The unit weight of the sample J2_5 was mainly determined as described above. After
assessing the volume and the mass in loose state the sample was compacted using a
light glass rod. The compaction was achieved by gently pressing the sample with the rod
approximately 30 times. During compaction, some of the sample adhered to the surface
of the glass rod. Following compaction, the mass of the sample and the measuring glass,
as well as the sample volume, were rechecked. The unit weight and the degree of satu-
ration in compacted state, y_c and S_rc, respectively, were calculated. Finally, the water

content of the sample J2_5 was determined.

9.2.2024
The water adsorption test was performed according to standard PANK 2108:2009. The

goal of the test is to examine the material’s ability to adsorb water steam in 100 % relative

humidity. The water adsorption index is marked with A_n.

The water in the exicator was changed on the previous day, and the water temperature
was let to stabilize overnight before initiating the test. The samples were put in the exi-
cator and left there for 7 days after which they were weighed. Then the samples were
returned to the exicator. Regarding the carbon samples the test could not be performed
completely according to the standard as their masses differed from the standard. The

reference sample masses were in accordance with the standard.

22.2.2024

The unit weight and water content determinations were performed similarly as on Feb-
ruary the 8" except this time the unit weight was determined for both samples in both
loose and compacted states. Due to the samples being stored in the exicator since Feb-
ruary the 9™ they were a bit moist. The moist sample did not stir up dust, but it adhered
to the glass surfaces which led to the funnel clogging up. The funnel was opened by
pushing the clogged sample with a thin metal rod. The samples were not weighed as

they were removed from the exicator.

The dried samples were put back to the glass test tubes which were sealed with plastic
test tubes. Based on the results obtained from the water adsorption test and the water
content determination conducted during the unit weight determination, it can be inferred

that the samples dried partially during the handling process.
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25.-27.3.2024

The specific surface determination was conducted by nitrogen adsorption method ac-
cording to standard PANK 2401:2009. The point of the test is to adsorb liquid nitrogen
on the surface of a dried sample, and then to calculate the sample’s surface area by
assuming that a monomolecular layer of nitrogen is adsorbed on its surface. The specific
surface area, marked with A_s, describes the total surface area of the grain surfaces of

the material per mass unit.

Detailed laboratory test results

Detailed laboratory test results are given in Tables C1, C2, and C3. Annotations for ab-

breviations used in the tables are given below:

y_| Unit weight in loose state

y C Unit weight in compacted state

y_dl Dry unit weight in loose state

y_dc Dry unit weight in compacted state

w Water content

Sl Degree of saturation in loose state

S rc Degree of saturation in compacted state
A_n Adsorption index

A_s Specific surface area

Table C1.  Unit weight and water content test results.

Test Unit weight and water content
Date 8.2.2024 22.2.2024
Specimen J2 5 J2_ 6 J2 5 J2_6
v_l (kN/m?3) 3,6 3,3 3,2 2,4
w (%) 29 2,5 20,7 14,8
y_dl (kN/m3) 3,5 3,2 2,7 2,1
S_rl (%) 1 1 7 4
v_c (kN/m3) 4,2 - 4,6 4,2
w (%) 2,7 - 20,6 14,7
y_dc (kN/m3) 4.1 - 3,8 3,6
S_rc (%) 1 - 10 7
w(%) 0,9 0,8 13,2 5,8

Table C2.  Water adsorption capacity test results.

Test Water adsorption capacity
Date 9.-16.2.2024
Specimen J2 5 J2 6
A_n (%) 20,8 9,6




Table C3.  Specific surface area test results.
Test Specific surface area
Date 25.-27.3.2024
Specimen J2_5 J2_6
A_s (m?kg) 5924 5121
6005 4625
4348 3812
- 4556
- 4273
Average (m?/kg) 5426 4477
Average (m?/g) 5,4 4,5




