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ABSTRACT
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In winter, snowfall and icing below 0 °C cause disruption of transportation on roads and
airlines, as well as accidents with loss of life and property damage. Within the scope of
the mechanical methods (ploughing, sweeping, etc.) applied for cleaning snow and ice,
labor, equipment and operator costs affect the resources of our country negatively. On the
other hand, the deicing salt method, which is frequently used to melt snow and ice, when
applied to asphalt pavements, can cause disintegration, deterioration, and the adherence
between aggregates and bituminous mixture significantly weakening and decomposition
of aggregates, together with freeze-thaw effects. In addition, freezing and thawing cycles
and de-icing salts cause spalling damage on concrete pavements, causing significant
damage to the surface of the pavement, and in later stages, the de-icing salt solution leaks
into the pavement and causes reinforcement corrosion. In order to eliminate the negative

properties of mechanical methods and deicing salts, which are within the scope of



traditional applications, Phase Change Materials (PCM), which is a renewable energy
source and has the ability to store and release the heat energy of the sun, potential of
melting snow and ice in concrete and asphalt road pavements has been started to be
investigated in recent years. However, some problems with the direct use of PCM on
asphalt and concrete pavements need to be eliminated. If PCM is used in hot bituminous
mixtures, it is necessary to produce microencapsulated PCMs resistant to high
temperatures (140-160°C) during the mixing, placing and compaction stages of these
mixtures. Otherwise, it is expected that the PCMs will leak from the microcapsules and
lose their effectiveness and affect the physical and rheological properties of the asphalt
mixture. In case PCMs are used directly on concrete pavements, it is predicted that the
heat energy that will be released or absorbed at the phase change temperature will remain
at low levels due to the insulating nature of the concrete material. On the other hand, in
recent years, the structural performance, energy consumption, sustainability, safety and
efficiency of infrastructure and superstructures have been improved thanks to
multifunctional cementitious composites. It is known that conductive cementitious
materials, which are classified as multifunctional cementitious composites and obtained
by incorporating different types of functional materials into the composite, find
applications in heating systems, which are generally costly, in order to melt snow and ice.

Within the scope of the thesis, a new approach was exhibited by departing from the
previous studies. In the first part of the thesis, cement-based composites with self-
levelling properties and sufficient strength were produced. In the second part,
multifunctional cement-based composites with increased thermal conductivity were
developed by adding conductive materials to this composite produced. In the third part,
microencapsulated organic PCM were included in the multifunctional cement-based
composites developed. Thus, it is aimed to produce pavements that can melt snow and
ice by providing rapid transfer of the heat energy to the surface where the snow/ice is
found thanks to the improved thermal conductivity of the composite. In addition, thanks
to the improved conductive feature, it is aimed to achieve snow/ice melting performance
with a lower amount of PCM compared to the usage rates in the literature. In the last
section, studies were carried out to create sufficient bond strength with the substrate



concrete and asphalt in order to apply the composite, which has the ability to melt

snow/ice on its own, as a pavement on asphalt and concrete roads.

Keywords: De-icing salts, Phase Change Materials, Multifunctionality, Conductive
cementitious composites, Strength and durability



OZET

KAR/BUZ ERITME OZELLIGINE SAHIP, FAZ DEGISTIREN
MALZEME iCEREN MULTIFONKSIYONEL ILETKEN
CIMENTO ESASLI KOMPOZITLER

Fatih ACIKOK

Doktora, insaat Miihendisligi Boliimii
Tez Damismani: Prof. Dr. Mustafa SAHMARAN

Aralik 2023, 156 sayfa

Kis mevsiminde olusan kar yagislar1 ve 0 °C’nin altinda meydana gelen buzlanma,
karayolu ve havayollarinda ulagimin aksamasina ve bununla birlikte can kayipl ve maddi
hasarli kazalara sebep olmaktadir. Kar ve buzun temizlenmesi amaciyla uygulanan
mekanik yontemler (kiireme, siipiirme vs.) kapsaminda is giicii, ekipman ve operator
maliyetleri iilkemizin kaynaklarini olumsuz anlamda etkilemektedir. Diger yandan kar ve
buzu eritmek icin siklikla kullanilan buz c¢oziicii tuz yontemi, asfalt kaplamalara
uygulandiginda donma c¢oziilme etkileriyle birlikte pargalanmaya, bozulmaya ve
agregalar ile bitlimlii karisim arasindaki aderans1 6nemli derecede zayiflatip agregalarin
ayrismasina sebep olabilmektedir. Bununla birlikte donma ¢oziilme ¢evrimlerinin ve buz
¢oziicli tuzlarin beton kaplamalarda pullanma hasar1 meydana getirmesi sonucu oncelikle
listyapinin yiizeyinde onemli seviyede hasarlar olusturup ileri ki agamalarda tuzlu su

¢ozeltisinin iistyapinin igerisine s1zip donati korozyonuna neden olmaktadir. Geleneksel
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uygulamalar kapsaminda olan mekanik yontemlerin ve buz ¢oziicli tuzlarin belirtilen
olumsuz 6zelliklerini gidermek amaciyla yenilenebilir enerji kaynagi siifina giren ve
glinesin 1s1 enerjisini depolayip salabilme 0Ozelligine sahip olan Faz Degistiren
Malzemelerin (FDM) beton ve asfalt yol kaplamalarinda kar ve buzu eritebilme
potansiyeli son yillarda arastirilmaya baslanmistir. Fakat FDM’nin asfalt ve beton
kaplamalarda dogrudan kullanilmasiyla ile ilgili bazi problemlerin giderilmesi
gerekmektedir. FDM’nin bitliimlii sicak karisimlarda kullanilmast durumunda bu
karigimlarin karistirma, yerlestirme ve sikistirma agamalarinda yiiksek sicakliklara (140-
160°C) dayanikli mikrokapsiillii FDM’lerin liretilmesi gerekmektedir. Aksi takdirde
mikrokapsiillerin igerisinden FDM’lerin sizmasi ve etkinligini yitirmesiyle birlikte asfalt
karisiminin fiziksel ve reolojik oOzelliklerini etkilemesi beklenmektedir. FDM’lerin
dogrudan beton kaplamalarda kullanilmasi durumunda ise faz degisim sicakliginda
salacagi veya absorbe edecegi 1s1 enerjisinin beton malzemesinin yalitkan yapisi
nedeniyle diisiik seviyelerde kalacagi ongoriilmektedir. Diger yandan son yillarda altyapi
ve lstyapilarin yapisal performansi, enerji tliketimi, siirdiiriilebilirligi, glivenligi ve
verimliligi multifonksiyonel ¢imentolu kompozitler sayesinde gelistirilmektedir.
Multifonksiyonel ¢imentolu kompozitler sinifina giren ve farkli tipte fonksiyonel
malzemelerin kompozite dahil edilmesiyle elde edilen iletken ¢imentolu malzemelerin
kar ve buzu eritmek amaciyla genellikle maliyeti yiiksek olan 1sitmali kaplama

sistemlerinde uygulama alani buldugu bilinmektedir.

Tez kapsaminda ise gecmis calismalardan ayrigsarak, yeni bir yaklasim sergilenmistir.
Tezin ilk boliimiinde kendiliginden seviyelenebilme 6zelligine ve yeterli dayanima sahip
¢imento baglayicili kompozitler iiretilmistir. Ikinci béliimiinde ise iiretilen bu kompozite
iletken Ozellikte malzemeler dahil edilerek 1s1l iletkenligi arttirilmis multifonksiyonel
cimento baglayicili kompozitler gelistirilmistir. Ugiincii boliimde ise gelistirilen
multifonksiyonel ¢imento baglayicili kompozitlere mikrokapsiillenmis organik FDM
dahil edilmistir. Boylelikle FDM’nin salacagi 1s1 enerjisinin kompozitin gelistirilmis 1s1l
iletkenligi sayesinde kar/buzun bulundugu ylizeye hizli transferinin saglanarak
kendiliginden kar ve buz eritebilen kaplamalarin iiretilmesi amaclanmistir. Ayrica
gelistirilmis iletken 6zellik sayesinde literatiirdeki kullanim oranlarina kiyasla daha diisiik

miktarda FDM orani ile kar/buz eritme performansi alimmasi hedeflenmistir. Son
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boliimde ise kendilinden kar/buz eritebilme 6zelligine sahip olarak iiretilen kompozitin
asfalt ve beton yollar lizerinde kaplama olarak uygulanmasi i¢in alt tabaka beton ve asfalti

ile yeterli bag dayanimi olusturmasina yonelik ¢calismalar yapilmistir.

Anahtar Kelimeler: Buz ¢oziicii tuzlar, Faz degistiren malzemeler, Multifonksiyonellik,

Iletken ¢imento baglayicili kompozitler, Dayanim ve durabilite
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1. INTRODUCTION

1.1. Problem Definition

In our country and around the world, cement-based composites are widely used because
they are affordable, simple to make and use, and have a high compressive strength.
However, factors including high brittleness, low toughness, and low tensile strength have
a negative impact on the durability of these materials. In order to avoid the
aforementioned drawbacks, multifunctional cementitious composites with high durability
and enhanced mechanical properties have been developed (Yildirim et al., 2015; Gomis
et al., 2015). Multifunctionality refers to the ability to assess and use non-structural
functions without the usage of an external power source or device. Creating
multifunctional cementitious composites with the extra features is the goal in order to
achieve high durability, sustainability, safety and efficiency together with satisfying
structural performance and low energy consumption. Conductive cementitious materials,
on the other hand, are employed in heating, anti-static, anti-corrosion, and
electromagnetic protection applications and are also categorized as multifunctional
cementitious composites. The production of conductive composites is often achieved with
steel fibers/powders, but mostly, carbon-based materials (carbon fibers, carbon nanotubes
and nanofibers, carbon black etc.) (Faneca et al., 2018). One of the aims using conductive
composites is to melt the snow/ice on superstructures such as highways, bridges and
airports. Thanks to its conductivity, electrical or heat energy is transferred in the pavement

surface rapidly allowing snow/ice to melt faster (Wu, Liu and Yang, 2015).

Snow/ice melting applications are becoming important in Tiirkiye which many regions
and cities where long-term snowfalls are effective in. Especially in Central Anatolia and
Eastern Anatolia, which have continental climates, the snow thickness and the duration
of snow on the ground cause transportation challenges for village roads, city roads and
highways, and accidents resulted from the ice formation at temperatures below 0 °C. In
Tiirkiye, the General Directorate of Highways (GDH) is responsible for preventing
accidents and reopening snow-covered roads as soon as feasible. GDH has a hierarchical
action plan, and it begins with preventive maintenance (anti-icing) prior to snowfall and

icing. After snowfall and icing, within the scope of de-icing application, snowplow and
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snow removal operators serve (mechanical methods) and de-icing salt method (chemical
methods) is applied (KGM, 2018). De-icing salts, however, damage metal components,
environment, plants (Seferoglu, Seferoglu and Akpinar, 2015; KGM, 2018) and cause
spalling and disintegration in concrete pavements with freeze-thaw cycles, and over time,
they leach into the pavement, causing rust in reinforcements, if any (Neville, 2011).
Furthermore, particularly the chemicals, used to deice airport concrete pavements and
based on alkali metal salts (potassium acetate-KAc, sodium acetate-NaAc, etc.), cause
alkali-silica reactions (ASR) (Rangaraju et al., 2006). The use of heated pavement
systems (electrical heating, hydraulic heating etc.) as an alternative to mechanical and
chemical processes is still limited because of their expensive installation/maintenance
requirements (Zhang ve Das, 2009; Anand et al., 2014). Due to the drawbacks of
mechanical methods, de-icing salts and heating system methods, the needs of other ways

for melting snow and ice on roads have emerged.

1.2. Scope and Objectives

In recent years, phase change materials (PCM), which are used for thermal purposes in
many industries and have the ability to store and release the solar energy depending on
weather conditions, have been studied for their potential to melt snow/ice. The PCMs
tend to reduce the temperature variations of the system they were involved in, by releasing
and absorbing heat energy at the phase change temperature and thus minimizing freeze-
thaw damage in concrete structures (Fernandes et al., 2014; Manning et al., 2015; Gao et
al., 2016; Savija, 2018). PCM is used in cement-based composites in snow/ice melting
applications, it is expected that the heat energy efficiency of PCM will be low due to the
insulating property of composites. If PCMs are used in hot bituminous mixtures, it affects
the physical and rheological properties of the asphalt pavement (Anupam, Sahoo and
Rath, 2020).

The goal of this study is to create new PCM-containing cement-based composites that
can be used as an overlay for concrete and asphalt pavements having high thermal
conductivity because of the inclusion of carbon fiber (CF) and steel fiber (SF). In addition,

it is also aimed that the proposed design has self-leveling, high strength and durability
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properties. Thanks to the increased thermal conductivity in overlay, the heat energy that

PCM will release at the phase change temperature reaches the surface where snow and

ice is located in a much shorter time and more effectively, even in the case of much lower

dosages of PCM. The drawbacks of using PCMs on concrete and asphalt pavements are

anticipated to be eliminated by this overlay, which is designed for usage on roadways,

airports, and bridges. Furthermore, this composite is anticipated to offer self-leveling,

high strength, and durability qualities. In Figure 1.1, the visual of the conductive cement-

based composite overlay containing PCM which is aimed to be produced within the scope

of the thesis, is given.

Phase Change
Material (PCM)

Enough adherence
between two layer

Produced heat energy
benefited from PCM  ~_

1-3cm
thickness

Fibers

Figure 1.1. Multifunctional conductive overlay containing PCM with melting snow/ice

capability

The following specific objectives have been set in order to get to the aim of this thesis

study;

To determine the appropriate matrix content (reference matrix) that has the self-
leveling ability and sufficient strength.

To create composites with low, medium and high thermal conductivity levels by
adding CF and SF to the reference matrix.

By adding certain amounts of PCM to these composites to produce composites
that have snow/ice melting capacity reducing the freeze-thaw effect.



e To ensure adequate adherence between composites produced with PCM and the

concrete/asphalt road pavement.

1.3. Thesis Outline

The are five main sections in this thesis.

The purpose, scope, and objectives of the thesis study are described in the "Introduction”

part.

Extensive literature review about the multifunctional cementitious materials, conductive
cementitious composites, thermal conductivity, snow/ice melting methods, PCMs are

given in the 2" part of the thesis , titled "Literature Review".

Detailed informations are presented regarding the materials utilized, specimen
preparation, mixing techniques examined, and tests conducted in the 3" part, titled
"Materials and Methods".

The results of the experimental research are reported in the 4™ section, titled "Results and
Discussion”. This section includes the developed of (i) composites with appropriate
consistency and sufficient strength (ii) conductive composites with optimum fiber ratio
(iif) composites with abilitye snow/ice melting feature (iv) composites of sufficient
strength with substrate concrete/asphalt.

The 5™ part, “Conclusion” includes a summary of the results and discussion.



2. LITERATURE REVIEW

2.1. Snow/lIce Melting

As aresult of snowfall in winter, roads are covered with snow and transportation problems
arise. Tiirkiye has many places with a great number of snow-covered days. According to
Turkish Meteorological Service (MS), while the average number of days covered with
snow is around 100 days in the last 50 years in the elevated parts of the Eastern Anatolia
Region such as Erzurum, Kars and Mus, this number can reach up to 125 days in Hakkari
and Ardahan. Again, while the provinces of Van and Erzincan in Eastern Anatolia are
covered with snow for an average of 75 days, this is the case for an average of 60 days in
the provinces of Sivas and Yozgat in Central Anatolia. An average of 25-30 days of snow
cover is effective in a large part of the Western Black Sea and Eastern Black Sea Region,
Central Anatolia (Figure 2.1) (MS, 2021).
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Figure 2.1. Analysis of Tiirkiye Annual Average Number of Snow Covered Days (1970-
2020) (MS, 2021)

Eastern Anatolia, Central Anatolia, and the Eastern Black Sea Region of Tiirkiye, have
high snow thicknesses. The highest snow thicknesses measured in the period between
1970-2011 belongs to the Eastern Anatolia Region (Bitlis: 341 cm, Agr1: 225 cm, Tunceli:
285 cm etc.) and the Black Sea Region (Artvin: 142 cm, Bayburt: 110 cm, Zonguldak: 91

cm etc.). In the Central Anatolia Region, the average snow thickness varies between 30-



80 cm (Giinal, 2013). On the other hand, apart from snowfalls, icing is also effective in
this country. In Figure 2.2, the "2020-2021 Winter Season Minimum Temperature Map"
is given. According to the map, temperatures in almost all parts of the country fall below
0°C, even at least once in winter (MS, 2021). It is predicted that especially the Central
Anatolia and Eastern Anatolia Regions, which have heavy snowfall, are exposed to icing

in a large part of the winter season according to Figure 2.2.
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Figure 2.2. 2020-2021 winter season minimum temperature map (Extreme temperature
map) (MS, 2021)

The icing, which is resulted from the collected snow on roadways, with weather
conditions is responsible from the 10-15 % of traffic accidents which cause fatalities and
property damage in winter seasons (Yehia and Tuan, 2000). In order to eliminate this
drawbacks, the GDH of Tiirkiye acts with a series of action plans detailed in the "Dealing
with Snow and Ice Guide" (Karayollar1 Genel Midiirliigii, 2018). In accordance with this
strategy, the "Pre-Icing Application (Anti-icing)" approach is used, initially. De-icers
(wet salt or liquid solution) are used prior to snowfall to prevent ice formation on
pavement. If de-icers are not applied before snowfall, icing must be removed after
snowfall, and this application is called "After Snowfall and Icing Application (De-icing)".
In this method, de-icing materials (wetted salt, NaCl, MgCl,, CaClz) penetrate into ice
and snow, lowering the freezing point of water. This breaks the bond between the road

and the snowl/ice, allowing snowplows to remove it from the surface of the road. The anti-



icing method requires less material consumption and labor force than the de-icing
method. Furthermore, instead of using de-icers during snowfall, as stated in the guide, it
is more appropriate to remove snow from the road surface with mechanical methods to
reduce the amount of salt to be used. Trucks with snow blades are used as snowplow
vehicles, and in regions experienced with heavy snowfall, rotary snowplow that removes
snow by spraying or self-propelled rotary trucks are used (Figure 2.3) (Karayollar1 Genel
Midiirliigt, 2018). According to GDH 2020 State and Provincial Roads Maintenance -
Operation Costs data, 8.309 TL is spent per kilometer within the scope of dealing snow
and ice. Also, it is well known that the damages caused by de-icing salts to the road
pavement also cause asphalt road maintenance costs (Figure 2.4). For snow/ice removal,
GDH spent approximately 74.5 million TL in 2020, and also the costs of the tendered
were about 283.5 million TL. (Karayollart Genel Midiirliigii, 2021).

Figure 2.3. Vehicles of dealing with snow and ice a.) Trucks with snow blade equipment

b.) Rotary snowplow (Karayollar1 Genel Midiirliigii, 2018)
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Figure 2.4. GDH Safety Road Maintenance and Operation Costs in 2020 (Karayollar1
Genel Mudiirliigii, 2021)

2.1.1. De-icing Salts

To remove snow and ice on roads, the de-icing salts are used in conjunction with costly
and labor-intensive mechanical methods (Farnam et al., 2017; Ding et al., 2023). These
can cause, however, damages in metal components as well as the environment (Seferoglu,
Seferoglu and Akpinar; Karayollari Genel Miudiirliigii, 2018). It also brings out spalling
and disintegration in concrete pavements with freeze-thaw cycles, and over time, they
leach into the pavement, rusting the reinforcement, if any (Abdulla, 2018). Furthermore,
particularly the deicers used to deice airport concrete pavements and based on alkali metal
salts (potassium acetate-KAc, sodium acetate-NaAc, etc.) can lead to alkali-silica
reactions (ASR) (Rangaraju et al., 2006). General properties of alkali metal salts and other
deicing chemicals used in roads/airports are given in Table 2.1. Studies have shown that
these salts also weaken the asphalt pavements technically. As de-icing salt solutions,
potassium acetate, sodium formate, urea, sodium chloride, calcium chloride, and distilled
water solutions were utilized in the study of Hassan (2002), and limestone and quartzite
were used as aggregates. The bituminous mixture with urea solution and quartzite
aggregate was the most fragmented sample after 30 freeze-thaw cycles, with
approximately 70% material loss, while the bituminous mixture with pure water solution
and limestone aggregate was the least affected, with 5-10% material loss. This shows that

de-icing salts caused the asphalt mixture to breakdown by reducing the bond between the



aggregate and the bitumen. In another study, it was found that especially potassium
acetate (KAc) and potassium formate (KF)-based deicing salts caused the asphalt binder
to soften and separate from the aggregate (Fay et al., 2008). As a result of this situation,
both road pavements (Shi et al., 2009) and airport pavements (Shi, 2008) can suffer
serious damage. In addition, de-icing salts cause loss of skid resistance on asphalt surfaces
(Shi et al., 2009).

Table 2.1. Deicing Chemicals (Berberoglu, 2011; Zhang and Das, 2009; Y chia and Tuan,
1998)

Operating range of

Material type temperature (°C) Cost Properties
CST:)I?)IrLiJ(rj: Between $26/ton
(NaCl) 1°C and -10 °C 1)They . are more
Chloride Calcium economic. .
based chloride -25°C $267/ton 2)They have corrosive
salts (CaCly) effects on steel.
Magnesium 3) They are harmful for
; not living environment.
Chloride -15°C available
(MgCly)
m(;glnc;;rSm . Betweeno $670/ton  1)They are not corrosive.
acetate (CMA) 0°Cand -5 °C 2)Their effect on living
environment is lower.
Potassium Between -30°C and - 3)Their performance is
acetate 60 °C (at sol_ution rTOt lower. _
(KAQ) concentration available ~ 4.)They are expensive.
. between 35-50%)
Organic
products .
Agricultural not
products i available i
Manufactured
organic not
products i available i
(Glycaol,
methanol)
Nitrogen o $130-
produ%:ts Urea B 260/ton i

The water present in air/capillary voids of concrete is highly sensitive against variable air

conditions. The cold weather, which the concrete is exposed to, causes the freezing of



water and forms ice in its pores of a limited volume. Because of its expansive nature, this
newly formed ice creates tensile stresses to the pore walls, and correspondingly, causes
damage and even strength reduction. However, when the temperature warms up, the ice
melts and the pores is filled with water, again. The experience of concrete against that
cycle is called "freeze-thaw effect” or "frost action” and for a durable concrete, the
concrete should have sufficient resistance to it (Powers and Helmuth, 1953; Neville,
2011). In cold climates, the frost action causes serious problems such as cracking and
spalling of concrete surfaces for important infrastructures (e.g., bridges, roads and airport
pavements) (Mehta and Monterio, 2011) (Figure 2.5).

Figure 2.5. Typical surface scaling on concrete pavements as a result of freeze-thaw
cycles and bursting of aggregate particles forming cavities on the concrete
surface (Damage at an airport in our country after two years)

De-icing salts, cause substantial damage to the concrete material when combined with the
frost action. The osmotic pressure created by the salts on the pavement surface pulls the
water in the concrete towards upper layer of the pavement. As a result of re-freezing of
the water on upper layer and creating hydraulic pressure, scaling damage occurs (Figure
2.6). Additionally, it is well known that reinforcement corrosion is resulted from salt
solutions that leak into the pavement (Neville, 2011). The frost action damage in concrete
structures is generally reduced by a uniform air void system, produced adding air-
entrainment agent to the fresh state of concrete (Du and Folliard, 2005). In addition, the
anti-freezing agents (Polat, 2016) and mineral additives (Whiting, 1989; Acikok, 2019)
are also used to increase freeze-thaw resistance of concrete. Acikok (2019) produced three
mixes with no mineral additions, 20 % fly ash (by weight of cement), and 20% slag (by
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weight of cement) to measure the effect of different types of mineral additives with de-
icing salts under the influence of freeze-thaw cycles. Under the effect of a 3% NaCl
solution, 28 freeze-thaw cycles were applied. It was found that material loss was 0.10 kg
/ m? in the reference mixture, 0.09 kg / m? in the mixture with 20% fly ash, and 0.05 kg /
m? in the mixture with 20% slag. It was determined that mineral admixtures increase the

freeze-thaw resistance by filling the pores of the concrete due to their very fine grains.

Figure 2.6. Damages in a test sample containing sodium chloride (NaCl) solution and

exposed to freeze-thaw cycles (GDH Concrete Laboratory)

The formation of snow/ice on airport runways make landing and take-off operations
dangerous, and can cause flights to be cancelled and postponed (Seferoglu, Seferoglu and
Akpinar, 2015). Furthermore, it is stated that particularly the chemicals used to deice
airport concrete pavements and based on alkali metal salts (potassium acetate-KAc,
sodium acetate-NaAc, etc.) cause ASR. Rangaraju et al. (2006) determined the alkali
silica reactivity of Spratt limestone aggregate in 50% by weight potassium acetate (KAc)
solution and 1N sodium hydroxide (NaOH) solution. While the expansion for 14 days in
potassium acetate solution is about 0.7%, it is 0.3% in NaOH solution, approximately.
Also, the expansion of Ottawa aggregate with low alkaline reactivity in potassium acetate
solution for 28 days increases up to about 0.1%. The indicated study shows that alkali
metal salt-based deicers significantly increase the expansion of aggregates with high
alkali reactivity and also trigger alkali silica reaction in aggregates with low alkali
reactivity. In Figure 2.7, the photographs of ASR-induced damages on airport runways

are given.
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a.) b.)

Figure 2.7. Caused by ASR damage in airport rigid pavements; a) Cracking b) Expansion

of concrete pavement adjacent to asphalt pavement (Shi, 2008)

2.1.2. Heated Pavement Systems

The use of heated pavement systems (electrical heating, hydraulic heating etc.) as an
alternative to mechanical and chemical processes is still limited because of their
expensive installation/maintenance requirements. These systems use electrical wires or
hydraulic pipes to supply heat energy, which can be used to melt snow and ice. In electric
cable heating systems, the electric current encounters resistance as it passes through the
cables embedded in the pavement or the grid/strapped conductors. The heat energy
produced is a function of the current flowing through the conductor and the composition
of the conductor resisting the current. Hydraulic systems, on the other hand, are closed-
circuit systems formed when the hot fluid in the hydraulic pipes (metal or polyethylene)
embedded in the pavement releases the heat energy and then returns to the heat source.
The fluid that generates heat is derived from a variety of energy sources, including fossil
fuels, geothermal wells, and waste heat (Anand et al., 2014). On the other hand, there are
conductive concrete heating systems, which are formed by connecting the pavement,
whose electrical conductivity is increased thanks to conductive material addition, to a
power source (Yehiaand Tuan, 1998). Apart from this, there are also systems that provide
heating with infrared lamps or microwaves installed outside the pavement (Zhang and
Das, 2009). Heated systems eliminate the damage caused by chemical solvents to the
environment and pavement, and help to shorten the cleaning time of snow/ice in critical

areas in airports. However, the drawback of these systems is the complex installation
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procedures and expensive installation/maintenance requirements. (Anand et al., 2014;
Zhang and Das, 2009). According to the study of Lun (2005), the cost of installing a
geothermal system with heating pipes in bridge decks ranges between $1075 and $1615
per m?. It is mentioned that using this system only in critical sections of road, bridge and
airport pavements provides economy and benefit (Lund, 2005). The high costs of some

heating systems based on data from different studies are presented in Table 2.2.

Table 2.2. Costs and power consumptions of various heating systems (Seferoglu,
Seferoglu and Akpinar, 2015; Yehia and Tuan, 1998).

Heating System Installation Cost Operating Cost Power Consumption
:_n frared Heating $96/m? Not available 75 W/m?

amp
Electric Cable $54/m?2 $4.8/m? 323-430 W/m?
Heating
Hot Water Heating $161/m? $2.5/m? 473 W/m?
Gas Heating $378/m? $2.1/m? Not available
Heating with $48/m? $5.4/m? 516 W/m?

Conductive Concrete

2.1.3. Phase Change Materials

One of the most recent ways to remove ice/snow collected on roads and pavements is to
use renewable energy sources. While non-renewable energy sources such as oil and coal
are used and consumed once, renewable energy sources that serve sustainable
development and the environment can be reused cyclically. Wind, solar, hydraulic,
biomass and geothermal energy systems are considered among the main renewable
energy sources (Karali, 2017) and Phase Change Materials (PCM), which is based on
solar heat as a renewable energy source (Aydin and Okutan, 2010). They have already
been used for thermal purposes in many sectors thanks to their ability to store/release heat
energy. For example, they can serve for cold storage of food products, transportation of
medical materials such as drugs and blood source (Aydin and Okutan, 2010), insulation
in construction structures (Kuznik et al., 2011; Ansuini et al., 2011; Weinlader, Klinker

and Yasin, 2017) and de-icing applications (Farnam et al. 2017). They store energy during
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the transition from the solid phase to the liquid phase and reduce the temperature rise of
the system in which they are included. In contrast, they reduce the cooling rate of the
system by releasing the thermal energy that they store by transitioning from the liquid
phase to the solid phase (Fernandes et al., 2014) (Figure 2.8).

Isothermal Conditions

Solid to Liquid ;

-+ (Heat Absorbed)

Phase Transition Temperature

Temperature (°C)

g Liquid to Solid

(Heat Released)

Energy Absorbed or Released (J/g)

Figure 2.8. Energy-temperature relationship of PCMs (Fernandes et al., 2014)

PCMs play a significant role in keeping the system between the desired temperatures and
they are considered as solution to reduce freeze-thaw effects, which concrete exposes
(Manning et al., 2015; Savija, 2018; Yeon and Kim, 2018) (Figure 2.9). Bentz and Turpin
(2007) studied the effect of the PCM on the deterioration resulted from the freeze-thaw
cycles through numerical simulations. They inputted the actual number of freeze-thaw
cycles experienced in 12 distinct locations annually in the United States as data and the
PCM, having a latent heat of 250 J/g and a melting temperature of 30-40 °C, was used in
concrete at the rate of 15% by weight in their simulation. It was found that in concrete
containing PCM, the number of the freeze-thaw cycles and thus the frost action decreased
by approximately 30 % on average for all locations compared to the control concrete
without PCM. Sakulich and Bentz (2012) simulated a concrete having PCM (50 kg/m?)
suitable for various locations in the United States. It was concluded that in 104 of 237

locations, light aggregate-saturated different types of PCMs reduced the effects of freeze-
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thaw and increased service life by at least one year. In another study, Yeon and Kim
(2018) added microencapsulated organic paraffin-based n-tetradecane (CisHso) (latent
heat value of 124.5 J/g and a phase change temperature of 4.5 °C) as PCM to the cement
at rates of 10 % and 20 % by weight. They formed a sinusoidal freeze-thaw cycle with
the maximum and minimum cabin temperature of 9 °C and -5 °C, respectively. The results
revealed that the maximum and minimum temperatures measured from the specimen
varied almost linearly with the PCM addition rate and the addition of 1% PCM reduced
the temperature rise or fall by approximately 0.06 °C.

T ——— Control Sample ——————— Sample Containing PCM

High Temperature Damage

Temperature (°C)

Low Temperature Damage

Time (hour)

Figure 2.9. Effect of PCMs on temperature amplitudes in asphalt and concrete pavements
(Manning et al., 2015)

The effectiveness of PCMs on roads, bridges and airports, reducing freeze-thaw damage
and high performance in snow/ice melting depend on certain factors. First of all, one of
these factors, the latent heat (AH) of PCMs, shows that the quantity of heat will be
transferred to the pavement surface at the phase change temperature. Another factor is the
phase change temperature. The phase change temperature of the PCM is the temperature
that the structure will protect and resist falling, thanks to the heat energy released by the
PCM as the ambient temperature decreases. Other factor is the thermal conductivity of
the structure in which the PCM is included. Sakulich and Bentz (2012) investigated the
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effects of increasing the thermal conductivity of bridge deck composites with different
PCM types from 1.5 W/m.K to 3 W/m.K on the durability in freeze-thaw cycles for 237
locations in the USA in the numerical model they created. As seen in Table 2.3, adding
PCMs with ideal phase change temperature range (according to the aforementioned
publication, this range is 3.55°C and 6°C) to composites with a thermal conductivity of 3
W/m.K has been determined that the service life of the structure is extended according to
composites with thermal conductivity of 1.5 W/m. The PCM contributed more to reduced
freeze-thaw effect at ambient temperatures where its melting/freezing points and thermal
differentials were low in their simulation. In such cases, the ambient temperature drops
to the minimum temperature before the thermal energy of the PCM is depleted, and a high
thermal conductivity prevents freezing on the surface, creating an even temperature
distribution. When PCMs that do not have an ideal phase change temperature are used
(for example, relatively high temperatures such as 7-8 °C and further than 0 °C) and the
thermal differentials are high, the opposite effect occurs and the service life of composites
with a thermal conductivity of 3 W/m.K is shortened. Before the ambient temperature
drops to the minimum value that the energy released by the PCM is exhausted. Thus, heat
from the interior of structure would be rapidly drawn to the surface and dissipated into

the environment, resulting in rapid cooling of the entire body.

As shown in Table 2.4, the PCMs are chemically divided into three groups: organic,
inorganic and eutectic. The organic PCMs are classified into paraffin (CnH2n+2) and non-
paraffin. With the hydrocarbon chain length in paraffins, the phase change temperature
increases. The organic PCMs have low thermal conductivity, are resistant to corrosion
and can remain thermally and chemically stable for a long time without phase segregation.
The non-paraffin PCMs are fatty acids, alcohols, esters and glycols. These PCMs have
high latent heat energy, low thermal conductivity, moderately corrosive properties,
toxicity, flammability and instability at high temperatures. Inorganic PCMs are salt
hydrates and metallic PCMs. Although these materials have high latent heat energy, they
have a highly corrosive effect. They also show supercooling properties. Eutectic PCMs
have two or more components, which melt and freeze simultaneously without phase
segregation. The percent mass of the components can be modified by adjusting (Anupam
et al., 2020).
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Table 2.3. Data on the number of locations predicted to extend the service life by at least

1 year as the thermal conductivity of bridge deck composites with different

PCM types increases from 1.5 W/m.k to 3 W/m.k in the simulation model
(Sakulich and Bentz, 2012)

Different PCM Melting Number of locations whose service life is
PCM Types  Tempereature (°C) expected to be extended by at least 1 year
1 0 -1
2 1.7 18
3 3.55 19
4 4 8
5 4 10
6 4.55 6
7 5 8
8 55 -1
9 6 -5
10 6.1 -3
11 7.8 -2
12 8 -2

Table 2.4. Classification and technical specifications of PCMs (Savija, 2018)

Avantages

Disadvantages

Organic PCMs

-Has high latent heat energy
-Does not show supercooling
-Chemically stable and
recyclable

-Compatible with traditional
building materials

-Has low thermal conductivity
-More volume change
compared to other types
-Moderately flammable

Inorganic PCMs

-Has high latent heat energy
-Has high thermal conductivity
-Has low volume change

-Has lower costs

-Has sharp phase change

-Not flammable

-Has a corrosive effect
-Indicates supercooling

Eutectic PCMs
(Combination of 2
or more PCMs)

-Has sharp melting point
-Can be adjusted to meet
specific needs

-High volume heat storage

-High cost

-Limited data on the thermo-
physical properties of many
PCM combinations

17



Thermally, physically and chemically suitable PCM should be used in concrete
pavements and cementitious composites. In order to have a high snow and ice melting
performance, the PCM should have a phase change temperature close to 0°C, a latent heat
as high as possible (>150 J/g), high heat capacity and high thermal conductivity. In terms
of physical properties, the PCM should show a small volume change during the phase
change. It should melt and freeze harmoniously without phase segregation. Also, the
PCM should be chemically non-flammable, compatible with the alkaline environment of
the concrete material, non-corrosive and chemically stable. For their high efficiency,
PCMs should not have overcooling problem caused by a high nucleation/crystallization
rate (Hawes, Banu and Feldman, 1992; Farnam et al., 2015; Liston, 2015).

In addition to serving as an insulation materials, the PCMs also aid in lowering heat of
hydration. Due to high hydration temperatures, mass concretes develop thermal cracks at
an early age. The PCMs play a key role in reducing the difference in temperature gradients
between the core and surface of mass concretes. Mihashi et al. (2004) added
microencapsulated paraffins to the concrete mixture in their study and determined that
the maximum hydration temperature reached decreased. Qian et al. (2010), on the other
hand, added PCM in the embedded pipes at the rates of 0%, 3% and 6% of the cement
weight. It was found that as the PCM ratio increased, the maximum hydration temperature
decreased and delayed. Hunger et al. (2009) added microencapsulated PCM to the self-
compacting concrete at the ratios of 0, 1, 3, and 5% of the concrete mass, and as seen in
Figure 2.10, the maximum temperature decreased as the PCM ratio increased. It was
determined that the addition of 5% PCM reduced the maximum hydration temperature by
28%.
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Figure 2.10. Effect of PCM on heat of hydration (Hunger et al., 2009)

Farnam et al. (2017) investigated at the time-dependent snow melting capability of
paraffin oil, which has a latent heat of 157.8 J/g and a phase transition temperature of 5.7
°C. This PCM was added to the concrete by both the impregnation method with light
aggregates (22.1 %, by volume) and the embedded pipe system method (14 %, by
volume). They added 3000 g of handmade snow to the reference sample without PCM
and the samples having PCM under a cycle created with a maximum temperature of 7 °C
and a minimum of 2 °C in cabinet. The reference sample melted all the snow in 65 hours,
whereas the ones having PCM did in 35 hours (Figure 2.11). In another study, a composite
sample simulating a bridge deck with anti-freezing capabilities was produced by Gao et
al. (2016). It had a phase change functional layer made up of embedded steel pipes filled
with PCM to reduce the amount of ice and snow formed. 12.5 mm of ice was melted by
providing 3775.9 kJ of energy in a steel pipe containing 15.7 kg of PCM in a layer at a
depth of 50 mm. Their research supported the view that using PCM-filled pipes was an

effective technique to prevent ice from forming on structures like bridge decks.
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Figure 2.11. Effect of PCM in concrete on snow melting (Farnam et al., 2017)

In literature studies, some problems are encountered regarding the direct use of PCM in
asphalt and concrete pavements. If PCM is used in hot bituminous mixtures, it is
necessary to produce microencapsulated PCMs resistant to high temperatures (140-
160°C) during the mixing, placing and compaction stages of these mixtures. Otherwise,
it is expected that PCMs will leak from the microcapsules and lose their effectiveness and
affect the physical and rheological properties of the asphalt mixture (Anupam, Sahoo and
Rath, 2020). In case PCMs are used directly on concrete pavements, it is expected that
the heat energy that will be released or absorbed at the phase change temperature will

remain at low levels due to the insulating nature of the concrete material.

The methods of incorporation of PCM into concrete and cement-based composites are
shown in Figure 2.12. Different incorporation methods have advantages and
disadvantages compared to each other. Thanks to the embedded pipe method, the physical
and chemical interaction of the PCM with the matrix is prevented (Figure 2.12 (a)). In
addition, there is no PCM leakage into the matrix in this method. But the disadvantage of
this system is that PCM is effective around the pipe. That is, the PCM effect does not
occur at every point of the matrix but remains regional. As another method, homogeneous
distribution can be achieved by using lightweight aggregates (through vacuum)
impregnated with PCM (Figure 2.12 (b)). Thus, the heat effect of PCM can reach every
area of the matrix. The drawback of this method is that PCM directly interacts with the
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matrix and changes its chemical and physical characteristics (Savija, 2018).
Microencapsulation method shown in the Figure 2.12 (c) is preferred cementitious
composites containing self-healing agents (Lv et al., 2016) and corrosion inhibitors
(Xiong et al., 2015). Its helps maintain PCM purity, provided optimized heat transfer with
a high surface area, and offered flexibility for phase change (Norvell, Sailor and Dusicka,
2013; Anupam et al., 2020). The possibility of damage to the microcapsule and leakage
of PCM during mixing and casting of concrete or cement-based composites is a

disadvantage of this method.

PCM

concrete
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Figure 2.12. Methods of incorporation of PCM into concrete and cement-based
composites; a) Using pipes filled with PCM b) Using lightweight
aggregate particles saturated with PCM c) Using microcapsules containing
PCM d) Filling surface voids with PCM absorption (Savija, 2018)

Studies have shown that the addition of PCM to concrete adversely affects the strength.
In the use of lightweight aggregate saturated PCM, the bond between aggregate and
cement paste is damaged when the PCM comes into contact with the matrix (Sharifi and
Sakulich, 2015). In addition, PCM leaking from the lightweight aggregate chemically
interacts with the hydration products, causing cracking and expansion (Farnam et al.,
2015). Also, it was observed that the compressive and flexural strengths decreased as a
result of the addition of microencapsulated PCM to the concrete. Yeon and Kim (2018)
added microencapsulated PCM to concrete at 0%, 10% and 20% of the cement mass. The
compressive and flexural strength results of the producing samples are given in Figure
2.13. It was determined that the compressive strength value decreased by approximately
50% with the addition of 20% PCM. On the other hand, there are few studies in the
literature on the effects of the addition of PCM to concrete or cementitious composites
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on durability. The drying shrinkage of PCM microencapsulated cement paste was found
to be higher than cement paste containing the same volume of quartz sand, indicating that
the addition of PCM causes shrinkage deformation. (Fernandes et al., 2014). This is
because the microcapsule structure, which is softer than quartz sand, cannot limit the

shrinkage of the cement paste.
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Figure 2.13. Effect of PCM on compressive and flexural strength of concrete (Yeon and
Kim, 2018)

2.2. Multifunctional Cementitious Materials

Ordinary concrete materials are widely preferred in various applications of infrastructures
and superstructures due to their advantages such as high compressive strength, affordable
cost, and ease of production and application. However, such materials have a high
brittleness, low toughness, and low tensile strength, also. Under the influence of tensile
forces, cracks occur in these materials due to their low tensile strength, which adversely
affects the mechanical and durability properties of the structures and shortens their service
life (Yildirim et al., 2015). Recently, to eliminate the problems caused by the weakness
of ordinary concrete materials, the composites have been introduced a new concept:
Multifunctionality, meaning to use of the structural material itself to assess/use non-
structural functions without the need for any external power source or device (Gomis et

al., 2015). With the additional functions, it is aimed to develop multifunctional
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cementitious composites providing satisfying structural performance, low energy
consumption, high durability, sustainability, safety, and/or high efficiency. For this
purpose, the cementitious composites having improved electrical, thermal, magnetic, and
optical properties are produced for years (Yehia and Tuan, 2000). Besides these, the
materials with self-sensing capability (Sun et al., 2