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Abstract

Concrete, the most widely used building material, significantly impacts the environment, with
cement production contributing up to 8% of global CO2 emissions. To address this, low-carbon
concrete (LCC) mixes with supplementary cementitious materials (SCMs) have been
developed. Fly ash (FA) is a well-established SCM, but with the decline of coal-fired power
plants, alternatives like volcanic pozzolans from Iceland (VPI) are needed. This research
evaluated the durability of concrete with VPI through freeze-thaw (F-T) resistance,
compressive strength, and chloride migration tests. Results showed VPI enhanced long-term
strength more than FA, although higher VVPI percentages reduced strength. VPI significantly
improved chloride migration resistance, with higher percentages yielding greater resistance.
Concrete with VPI performed well in F-T tests but generally worse than FA. Different curing
methods significantly influenced F-T performance, with the effect dependent on factors such

as air percentage, spacing factor, W/B ratio, specific surface area, and pore size distribution.

Keywords
Low carbon concrete « supplementary cementitious materials « volcanic pozzolan « VP « fly
ash « freeze-thaw ¢ chloride migration « compressive strength



Extended abstract

Concrete is the most widely used building material, but its environmental impact is significant,
with cement production contributing up to 8% of global CO2 emissions. To address this, low-
carbon concrete mixes incorporating supplementary cementitious materials (SCMs) have been
developed. Fly ash (FA), a by-product of coal-fired power plants, is a well-established SCM.
However, with the phasing out of these plants, alternative SCMs are needed. Natural pozzolans
(NPs), such as volcanic pozzolans from Iceland (VPI) introduced by “Heidelberg Materials

Sement Norge”, are promising alternatives.

This research evaluated the durability performance of concrete made with VVPI through freeze-
thaw (F-T) resistance, compressive strength, and chloride migration tests. The results showed
that VPI enhanced strength development more after longer curing periods compared to FA,
although strength decreased with higher VPI percentages. VPI also significantly improved

chloride migration resistance, with higher percentages correlating to greater resistance.

While concrete with VPI performed well in F-T tests, it generally performed slightly worse
than concrete with FA. Different curing methods significantly influenced F-T performance.
However, the effect of the curing methods was highly dependent on various factors. The use of
VPI did not show a consistent pattern of improved or worsened F-T performance under certain
curing methods. This indicated that the binder alone did not dictate the effect of the curing
method. It was essential to consider additional factors such as air percentage, spacing factor,

W/B ratio, specific surface area, and pore size distribution.

In conclusion, VPI was found to be a viable SCM for enhancing concrete durability, but its
performance was influenced by a complex interplay of factors. Further research is needed to
optimize curing methods and mix designs to fully realize the potential of VPI in low-carbon

concrete applications.

Keywords
Low carbon concrete « supplementary cementitious materials « volcanic pozzolan « VPI « fly
ash « freeze-thaw < chloride migration « compressive strength



Dutch translation:

Beton is wereldwijd het meest gebruikte bouwmateriaal, maar de milieu-impact ervan is
aanzienlijk. Dit komt doordat de cementproductie bijdraagt aan maar liefst 8% van de
wereldwijde CO»-uitstoot. Om dit probleem aan te pakken, zijn laag-koolstof betonmengsels
ontwikkeld die gebruik maken van supplementaire cementachtige materialen (SCM's). Vliegas,
een bijproduct van kolengestookte elektriciteitscentrales, is een bekende SCM. Echter, nu deze
centrales geleidelijk aan verdwijnen, zijn alternatieve SCM’s nodig. Natuurlijke puzzolanen
(NP's), zoals vulkanische puzzolanen uit IJsland (VPI) geintroduceerd door “Heidelberg

Materials Sement Norge”, zijn veelbelovende alternatieven.

Deze thesis evalueerde de duurzaamheidsprestaties van beton gemaakt met VVPI door middel
van vorst-dooi (V-D) testen, druksterktetesten en chloride migratietesten. De resultaten toonden
aan dat VPI meer bijdroeg aan sterkteontwikkeling na langere uithardingsperioden vergeleken
met vliegas, hoewel de sterkte afnam bij hogere VPIl-percentages. VPI verbeterde ook
significant de chloride migratieweerstand, waarbij hogere percentages aan VPI correleerden

met een grotere weerstand.

Hoewel beton met VVPI goed presteerde in vorst-dooi testen, presteerde het over het algemeen
iets slechter dan beton met vliegas. Verschillende uithardingsmethoden hadden significant
invioed op de V-D prestaties. Echter, het effect van de uithardingsmethoden was sterk
afhankelijk van verschillende factoren. Het gebruik van VPI toonde geen consistent patroon
van verbeterde of verslechterde V-D prestaties onder bepaalde uithardingsmethoden. Dit gaf
aan dat het bindmiddel alleen niet het effect van de uithardingsmethode bepaalde. Het was
essentieel om aanvullende factoren zoals luchtpercentage, afstandsfactor, W/B-verhouding,

specifiek oppervlak en poriéngrootteverdeling in overweging te nemen.

Concluderend, VPI bleek een goede SCM te zijn voor het verbeteren van de duurzaamheid van
beton, maar de prestaties werden beinvlioed door een complexe wisselwerking van factoren.
Verder onderzoek is nodig om uithardingsmethoden en mengselsamenstellingen te
optimaliseren om het volledige potentieel van VPI in laag-koolstof beton toepassingen te

realiseren.

Kernwoorden:
Laag koolstof betone aanvullende cementachtige materialen evulkanische puzzolaans VPI

svliegas *vorst-dooi *chloride migraties druksterkte

Vi
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Introductory

1.1 Introduction

One of the most used construction materials worldwide is concrete, which is made by mixing a
binder, aggregates, and water. During this process, the binder will react with the water, forming
a matrix that binds the aggregates together. Typically, cement serves as the binder in traditional
concrete production. (S.Druart & L.Taerwe, 2018) When focusing on the environmental impact
that concrete has, it is noticeable that cement production is a prominent contributor to carbon
dioxide (CO.) emissions. It accounts for approximately seven to eight percent of the world’s
annual CO. emissions. (Singh et al., 2020) However, it wasn’t until the 1990s that the
construction industry, including the cement industry, began to acknowledge its environmental
impact. (Nidheesh & Kumar, 2019)

In response to these environmental concerns, researchers have embraced the task of
investigating alternatives to traditional cement in concrete production. This exploration has led
to the formulation of low-carbon concrete (LCC), achieved by incorporating supplementary
cementitious materials (SCMs) alongside ordinary Portland cement (OPC). (Nukah et al., 2022)

Research has shown that incorporating SCMs into concrete production can lead to a significant
reduction of up to 80% in CO2 emissions. This reduction is primarily attributed to the fact that
cement production is the main source of CO> emissions associated with concrete
manufacturing. Additionally, SCMs, often derived from waste products of other industrial
processes, offer an environmentally friendly alternative to OPC. Unlike cement production, the

manufacturing process for SCMs is typically less resource-intensive. (Singh et al., 2020)

The most widely recognized SCMs include fly ash (FA), ground granulated blast furnace slag
(GGBFS), micro-silica/silica fume (MS/SF), and limestone powder (LP). Nevertheless, other

materials can serve as alternatives to cement such as natural pozzolans (NP).
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The research conducted in this thesis is part of the Ar2CorD project. This is a collaboration
project between different Nordic countries to research the optimization of LCC with the use of
both known and unknown SCMs. In this project mixes are used with a substitution percentage
of at least 30% (UIT, 2023).

1.2 Problem

The most widely recognized and utilized SCM is FA. However, the availability of FA is
decreasing due to the phasing out of coal-fired power plants. (Norge, 2023) This necessitates
the exploration of alternative materials like NP. Within the group of NP, Volcanic pozzolans
(VP) have emerged as a promising candidate for fulfilling the role of SCMs in concrete
production.(Hamada et al., 2023)

As new types of SCMs, including VP, are being investigated, there is a pressing need for further
research into their durability characteristics. Many natural SCMs remain unexplored, with
limited data available regarding their durability performance. The properties of concrete are
dependent on various factors such as curing conditions, the input materials, and the ratios in
which they are used (S.Druart & L.Taerwe, 2018). Therefore it is crucial to investigate how
altering these variables can impact the durability performance of concrete. This investigation
can illuminate the mix designs that show the most promising results in terms of durability

performance.

1.3 Scope of the research and research questions

The research conducted in this thesis was limited to four different concrete mixes. Three of
these mixes were made with a NP, specifically a volcanic pozzolan (VP). The VP that is used
in this thesis, originates from Iceland. It is referred to as VVolcanic pozzolan Iceland or VPI. The
fourth mix is a reference mix, made with FA-cement. Within the mix design different cement

replacement ratios were used.

Since this research aims to evaluate the durability performance of LCC with VPI different
durability tests were conducted. These tests were limited to freeze-thaw (F-T) tests under
various curing conditions including CO. treatment and prolonged CO. curing, chloride

migration (CM) tests, and compressive strength tests.

To conclude the following research questions were asked:
3
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e  What effect does the mix design have on the durability of low-carbon concrete?
o How does concrete with VPI perform in terms of compressive strength compared to the
reference mix?
o How does concrete with VPI perform in terms of freeze-thaw resistance compared to
the reference mix?
o How does concrete with VPI perform in terms of chloride migration resistance
compared to the reference mix?
o How does the replacement ratio of VPI affect the durability performance
e What effect does the curing method have on the freeze-thaw performance of low-carbon
concrete?
o What effect does CO,-curing have compared to normal curing?

o What effect does prolonged CO,-treatment have compared to normal curing?

1.4 Research methodology

This thesis consisted of two distinct phases: the initial stage involved preparation and planning,
while the subsequent phase entailed conducting laboratory work and analyzing the results.
Figure 1 shows the two phases divided over the entire school year along with the corresponding

smaller work packets associated with each phase.

Research
Making a plan for lab work
Literature study

Preparation

Jan
2024

June
2024

May
2024

Dec
2023

Nov
2023

Apr

Oct
2024

2023

Feb Mar
2024 2024

Lab work

Make concrete
Testing

Processing of results
Final changes thesis

Figure 1: Research methodology

The majority of the preparation took place in Belgium at the University of Ghent, with a smaller
portion of the preparation and the entirety of the laboratory work being conducted in Norway
at the guest institution, UiT. Initially, research was undertaken to comprehend LCC by

conducting a search on “Web of Science” for previously published studies on this topic.

4
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Additionally, European standards were studied to enhance comprehension of the testing

procedures planned for the second semester.

The second phase mainly consisted of laboratory work, which started with making the concrete
mixes necessary for this research. Since this master thesis resides within the program of
Ar2CorD it was important to create a mix design that aligns with the expectations of the project.
The reference mix used in this thesis aligned with the one from Einar who resides in BM-Valla,
Iceland. The other mixes, containing VVPI had different substitution percentages based on the
mix design that was provided by Iveta Novakova, associate professor at UiT. To investigate the
impact of varying binder replacement ratios, mix designs were formulated with this as the sole
differentiating factor. This means using identical admixtures and aggregates across all mix
variations. The concrete aimed for a slump with a slump class of S4 (200-220 mm) and an air

percentage of 4-6% which was tested on the fresh concrete according to standard procedures.

Furthermore, preparations were made to start the testing process of the three tests this thesis
was limited to. This consisted of F-T tests, compressive strength tests and chloride migration
tests. Since three different curing methods were used for the F-T tests, many of the samples
had their own planning. This made it extremely difficult to keep up with the testing days.
Therefore a very detailed plan was made to keep track of the different test pieces. This plan is
shown in appendix A. More detailed information regarding the test procedures are given in

section 3.

To answer the previously established research questions, the test results were compared with
each other and with the reference mix. Despite the relative scarcity of VP as SCMs, several
research papers have delved into their durability performance. By using previous studies it
could be established whether the outcomes of the test results aligned with expectations.

1.5 Thesis outline

This thesis is structured into four primary sections. The first part is the preliminary, presenting
the practical details about the thesis and conducting a literature review to delve into LCC and
its ingredients. It also elucidates the concept of concrete durability and the factors impacting it.
The second section entails the core research, detailing the tests, mix design, and other crucial
aspects. Following that, the third part unveils the findings, while the fourth section offers the

concluding remarks.
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Concrete, as previously mentioned, is composed of aggregates bonded together through a
reaction between a binder and water. In efforts to mitigate the environmental impact associated
with traditional concrete, researchers delved into the possibility of partially substituting OPC
with SCMs. Over the years, a key research inquiry has been whether LCC can match or surpass
the durability standards set by conventional concrete. It is crucial to explore alternative binders
and their durability performance. Subsequent sections will provide a more detailed
examination of various binders and the factors influencing the durability of concrete.

2.1 Ordinary Portland cement

Binders are the materials that are used within concrete to bind the inert materials such as sand
or gravel together (Boel, 2006). There are two distinct categories. The first category is the
hydraulic binders, which experience a hydration reaction. The second category involves
pozzolanic binders, which undergo a pozzolanic reaction. The most used binder worldwide is
OPC. ltis classified as a hydraulic binder and undergoes a hydration reaction when mixed with
water. This forms a paste that subsequently solidifies resulting in the making of concrete when

mixed with aggregates. (S.Druart & L.Taerwe, 2018)

Portland cement is produced from Portland clinker, which is manufactured using either the wet
or dry milling process. In both methods, limestone (CaCQO3), clay, and other clay-like materials
are added into a rotating kiln. Water is included in the wet milling process. (Boel, 2006) The
main reactions that take place when making Portland cement are shown in reactions 2.1 and
2.2.(Durastanti & Moretti, 2020)

CaC05(s) + heat - CaO(s) + C0O,(g) (2.1)
MgCO05(s) + heat » MgO (s) + CO, (g) (2.2)

To produce OPC, the resulting clinker is ground, and gypsum (CaSQs) is added. This final step
ensures the desired properties of the cement. The fundamental elements of OPC include calcium

silicates (C2S, C3S) and calcium aluminates (CsA, C4AF), which are generated through the heat-
6
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induced reactions among the existing oxides present in the Portland clinker. The full chemical
names for these elements are given in Table 1. (Boel, 2006)

Table 1: chemical constituents of OPC

Abbreviation Full chemical name
C.S 2Ca0.Si0;
CsS 3Ca0.Si0;
GA 3Ca0.Al20;
C4AF 4C30.A|203.F€203

When OPC is used to make concrete, the calcium silicates will initiate a hydration reaction
when combined with water leading to the formation of calcium silicate hydrate (C-S-H gel) and
calcium hydroxide (Ca(OH)2) as shown in the simplified reactions 2.3 and 2.4. The C-S-H gel
plays a crucial role in interconnecting particles within the concrete, thereby influencing its
strength and durability. The calcium hydroxide on the other hand is a by-product that does not
directly influence the strength of the concrete. It does however, contribute to the alkalinity of
the concrete. (S.Druart & L.Taerwe, 2018)

C,S + H,0 » C — S — H + Ca(OH), (2.3)

C3S + H,0 » C — S — H + Ca(OH), (2.4)

The calcium aluminates will immediately react when in contact with water, resulting in a high
heat development and low strength. To avoid this, gypsum (CaSO.) is added to the Portland
cement as previously mentioned. This ensures that the reaction will slow down, thereby
diminishing the adverse side effects it induces. The CsA will react with water, producing a C-
A-S-H gel as long as gypsum is present, as depicted in simplified reaction 2.5. However, once
the initial gypsum content in OPC is depleted, the reaction of C3A with water will yield a C-A-
H gel instead, as illustrated in reaction 2.6. (Boel, 2006)

CsA + CaSO, + H,0 > C—A—S—H (2.5)

C:A+ H,0>C—A—H (2.6)
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The C4AF reacts with a reaction product of one of the previous reactions, resulting in the
forming of C-A-H gel and C-F-H gel as shown in reaction 2.7.(Boel, 2006)

C,AF + Ca(OH), +H,0 > C—A—H+C—F—H 2.7)

These reactions all contribute to what is known as the hydration process of cement. Physically
the cement will first have a high workability but after a while the cement paste will start to
harden until it becomes a solid consistency. The hardening of the concrete will continue until

the concrete reaches a curing time of approximately 28 days. (Boel, 2006)

Because Portland cement causes up to seven percent of the global CO emissions, it is necessary
to find alternatives for this binder (Abhishek et al., 2022).

2.2 Supplementary cementitious materials

Cement can partially be replaced by Supplementary cementitious materials to produce low-
carbon concrete. SCMs are typically by-products of industrial processes (Nandhini &
Ponmalar, 2018). Various types of SCMs are known and new types are still being tested today.
The most commonly known types of SCMs are FA, GGBFS, and MS/ SF (Ralli &
Pantazopoulou, 2021). However, natural pozzolans can also be used as SCMs (Papadakis et al.,
2002). The term "supplementary cementitious material™ typically refers to materials that either
have pozzolanic activity or can react with the hydration products of cement to enhance the

properties of concrete. (Ralli & Pantazopoulou, 2021)

As previously mentioned there are two types of binders, being the hydraulic and the pozzolanic
binder. Pozzolanic binders will react in the presence of water and calcium hydroxide (Ca(OH)2)
(Pacewska & Wilinska, 2015). The formation of Ca(OH)2 is a consequence of the hydration
reaction triggered by OPC, as detailed in section 2.1. When a combination of OPC and FA is
used as a binder, the hydraulic reaction will occur first. The calcium hydroxide that is then
formed will subsequently react with the FA as a result of the pozzolanic reaction. This reaction
results in the formation of C-A-S-H or C-A-H gel. However, certain varieties of FA have high
concentrations of calcium compounds, enabling them to exhibit self-cementing characteristics.
This implies that they can harden in the presence of water without the need for additional
Ca(OH).. (Pacewska & Wilinska, 2015) OPC is a hydraulic binder, while FA and VPI can be

categorized as pozzolanic binders.
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2.2.1 Fly ash

Fly ash, a by-product of power plants generating pulverized coal is the most dominantly used
SCM when making low-carbon concrete (Ralli & Pantazopoulou, 2021). It is a pozzolanic
binder which means that it reacts chemically with calcium hydroxide in the presence of water.
(Shania Zehra Naqvi 2022)

When powdered coal is burned in thermo-electric power plants, fine dust particles will be
transported with the gasses that are released during the burning process. In the chimney, there
are electrostatic or mechanical dust removers present. These dust removers will catch the dust
particles which are then quenched in water to achieve the fly ash that can be used as a SCM.
(Boel, 2006)

There are two categories in which fly ash can be classified. These are class C fly ash and class
F fly ash. Class C stands for high calcium fly ash that contains more than 20% limestone, whilst
class F is low calcium fly ash that contains less than 7 % limestone. (Ralli & Pantazopoulou,
2021) Class F fly ash is typically produced by burning high-quality coals, such as anthracite
and bituminous coals. These ashes possess pozzolanic properties, which means they react with
calcium hydroxide (Ca(OH)2) and water to form compounds that contribute to the hardening of
concrete. However, Class F fly ash lacks inherent cementitious characteristics and thus requires
mixing with either Portland cement (OPC) or limestone powder (LP) to create concrete. On the
other hand, Class C fly ash is generated from the combustion of lower-quality coals, including
lignite and sub-bituminous coal. This class of FA not only exhibits pozzolanic properties but
also possesses cementitious properties. As a result, Class C fly ash may not necessarily require
the addition of OPC or LP to initiate the hydraulic reactions necessary for concrete formation.
(Shania Zehra Naqvi 2022) Class F fly ash is used the most to produce LCC since it is easier to

find and has a slower hardening process than class C. (Ralli & Pantazopoulou, 2021).

By partially replacing cement with fly ash, a reduction of CO2 emissions is made. By partially
substituting cement with fly ash there is a small risk of getting cracking at an early age due to
the reductions of hydration heat (Shania Zehra Naqvi 2022). A study done by Khan et al. (2017)
similarly states that drying shrinkage reduces. However, this reduction is relatively small and
therefore the shrinkage-induced stress development in FA-concrete and OPC-concrete were
similar. Substituting OPC with FA does not negatively affect the concrete properties in terms
of shrinkage-induced stress development. Moreover, the use of FA results in a concrete mix

that requires less water for achieving the desired workability. Consequently, this contributes to
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greater long-term strength of the concrete (lynx, 2023). However, it's crucial to acknowledge
that an excessively high substitution ratio can lead to a reduction in initial strength, as FA
concrete necessitates a longer curing period to reach its optimal strength. (Bouzoubaa et al.,
2011)

According to a study conducted by Wang et al.(2017) incorporating FA and SF into concrete
leads to a notable enhancement in its resistance against a combined F-T and sulfate attack,
particularly when the substitution level of fly ash reaches 25%. A later study conducted by
Wang et al. (2022) confirms this by stating that concrete containing FA can lead to improved
F-T durability when an appropriate dosage is used. The study stated that a substitution
percentage of 5-20% is recommended. The pozzolanic reaction and filling effect of FA particles
enhance cementation, thereby limiting external water infiltration. FA-concrete possesses a
denser internal structure with fewer pores and fine cracks compared to non-FA concrete.
However, a study done by Bouzoubaa et al. (2011) states that a very high fly ash substitution
ratio (>50%) may exhibit decreased durability against freeze-thaw cycles or carbonation at an
early age. Wang et al. (2022) confirms this by stating that due to the slower pozzolanic reaction
of FA in the early stages compared to cement, concrete with very high FA content (> 50%) is

not recommended for use in salt freezing conditions.

The substitution percentage of FA lies within the range of 15-33wt% but can go up to 70wt%
for different types of concrete structures. (Shania Zehra Naqvi 2022) The Norwegian standard
NS-EN 206 ("NS-EN 206," 2022) however, recommends not exceeding a substitution
percentage of 35% of the total binder mass. The standard also states that frost-resistant concrete

consisting of a FA percentage over 20% needs to be submitted to freeze-thaw testing.

10
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2.2.2 Limestone powder

Limestone powder does not contain hydraulic or pozzolanic properties. This binder will
enhance some properties that cement has, leading to good processability. (Boel, 2006) LP can
be used as a filler material to improve properties such as workability and density. Literature
may classify it as an SCM but it's crucial to distinguish that it doesn't fall under the same

classification as materials like FA, which actively engage in chemical reactions within concrete.

LP is almost inert but it does partially react with aluminates, producing carbo-aluminate and
carbo-silicate hydrates. LP will also dilute the binder phase in concrete which contributes to a
higher porosity. This negatively impacts durability properties associated with porosity, such as
resistance to carbonation.(Marinkovic et al., 2023)

Celik et al.(2019) found that incorporating FA as a partial substitute for OPC increases early-
age strength in concrete when LP is added to the mix. Similar observations were made when
natural pozzolans were used as a partial substitute in the concrete instead of FA. This
observation is supported by Marinkovic et al. (2023), who highlight that LP usage in concrete
leads to higher early-age strength due to the early formation of carbo-aluminates. However, this

phenomenon does not necessarily extend to the concrete's strength over time.

LP also attributes to improved particle packing within the concrete due to the filler effect. This
means that LP can fill the space between cement particles, subsequently improving the packing
density (Marinkovic et al., 2023)

11
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2.2.3 Natural pozzolans

Natural pozzolans (NP) can serve as substitutes for cement in concrete manufacturing. The
utilization of natural pozzolans in concrete dates back over 3000 years when they were initially
combined with lime to create concrete and mortars. Historical evidence reveals that Romans
utilized volcanic tuffs and pumice in their concrete. The Greeks also used natural pozzolans, as
evidenced by the discovery of a concrete-lined water storage tank in the city of Camiros on the
island of Rhodes. (gcca, 2023) However, with the rapid expansion of the construction industry
and the widespread adoption of cement, natural pozzolans fell out of favor. In light of
contemporary climate concerns, there is a renewed interest in reintegrating these pozzolans into

construction practices.

NP needs to have pozzolanic activity for them to be considered as a SCM to use in concrete.
Several methods exist for assessing the pozzolanic activity of a material, with two prominent
ones being the chemical test and the strength activity index (SAI) outlined in ASTM C618
("ASTM C618," 2023). The chemical test mandates that the combined oxides of silicon, iron,
and aluminum (SiO2, Fe203, and Al203) should comprise at least 70% of a natural pozzolan's
composition to meet concrete usage criteria. The SAI test evaluates the ratio of compressive
strength between mortar containing 20% natural pozzolan as a supplementary cementitious
material (SCM) and control mortar. The water-to-binder ratio of the control mortar remains
fixed at 0.484, while that of the SCM-mortar is adjusted to achieve a flow within £5 of the
control mortar. The compressive strengths of SCM-mortars must reach at least 75% of the

control mortar's strength at either 7 or 28 days. (Parhizkar et al., 2010; Wang et al., 2023)

However, several studies have begun questioning whether the tests stated by ASTM C618 are
accurate in defining the pozzolanic reactivity of the materials. Kalina et al. (2019) states that
these tests may result in false positives, indicating that inert natural pozzolans could wrongly
be categorized as pozzolanic materials based on the standard. Hence, it is crucial to explore
alternative testing methods. Parhizkar et al. (2010) made a similar statement and highlighted
the importance of incorporating multiple test procedures when determining the suitability of a

material to be used as a SCM.

Another renowned method for assessing pozzolanic activity in materials is the Frattini test,
outlined in EN 196-5 ("EN 196-5," 2011). In this procedure, samples are prepared by blending
cement and natural pozzolan with distilled water. These samples are subsequently enclosed in

a sealed plastic container and kept in an oven at 40°C for at least 8 days. Afterward, the samples
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undergo vacuum filtration through filter paper and are allowed to cool in sealed Buchner tunnels
until reaching ambient temperature. The filtrate is then subjected to titration to determine the
presence of OH™ and Ca?*. The obtained results are plotted on a graph featuring a predefined
curve, which delineates pozzolanic and non-pozzolanic regions. The analyzed material is then
positioned on this graph. Materials falling on or above the curve are classified as non-
pozzolanic, while those falling below are deemed pozzolanic. (Parhizkar et al., 2010; Wang et
al., 2023)

Pozzolanic activity can also be assessed using thermo-gravimetric analysis (TGA). Pozzolanic
materials contain crystalline calcium hydroxide, which decomposes when subjected to
temperatures between 400-500°C. In TGA, the material undergoes this temperature treatment,
causing the calcium hydroxide to decompose and resulting water to evaporate. The decrease in
weight is then measured. Effective pozzolans exhibit minimal weight loss, whereas weaker ones
show greater weight reduction. It's important to note however, that this method is not
standardized. (Parhizkar et al., 2010)

Another test to determine the pozzolanic reactivity of VP is the chemical pozzolanicity test
(CPT) according to EN-196-5 ("EN 196-5," 2011). This test compares the amount of calcium
ions in a solution that’s in contact with hydrated cement to the amount of calcium ions that

saturate a solution made of a mixture of OPC and VA. (Presa et al., 2023)

The final test under consideration is the electrical conductivity method (ECM). This test
measures the conductivity shift in the cement-NP slurry as the pozzolanic reaction unfolds. As
the consumption of Ca(OH). due to the pozzolanic reaction intensifies, the conductivity
diminishes. Hence, reduced conductivity signifies heightened pozzolanic activity. While this
method serves well for comparing various types of NP, quantifying activity proves challenging.

Consequently, it is typically employed alongside other techniques.(Wang et al., 2023)

NP can be classified into two categories. The first category consists of those with a sedimentary
origin, commonly known as sedimentary clays and shales. However, these sedimentary
pozzolans typically exhibit minimal pozzolanic reactivity. Consequently, heat treatments are
often employed to enhance their reactivity. (Yuan & Ma, 2021) Since sedimentary pozzolans
such as clays and shales are not relevant to this thesis, they will not be further discussed. Instead,
the focus will be on the second category. These are the natural pozzolans of volcanic origin,
also referred to as volcanic pozzolans (VP).

13
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2.2.3.1 How are volcanic pozzolans formed?

First, it’s crucial to understand the distinction between lava, magma, and tephra. Magma refers
to molten rock beneath the Earth's surface, while lava is the molten rock that emerges onto the
surface during a volcanic eruption (USGS, 2023). Tephra represents the ejected materials
during eruptions and consists of rock fragments, ash, and volcanic glass (Thordarson & Larsen,
2007).

Volcano eruptions are typically categorized based on their eruption style, either as effusive or
explosive. Effusive eruptions involve the gradual movement of lava onto the Earth's surface,
whereas explosive eruptions result in the sudden release of gas and tephra. The behavior of
these eruptions is largely influenced by the amount of gas trapped within the magma. If there
is a significant buildup of gas pressure, it can trigger an explosion. Conversely, magma with
low viscosity allows gas to escape more easily, resulting in slower and more steady lava flows
during volcanic eruptions, as the magma slowly ascends through the volcano's vent. (BGS,
2024). Subsequently, the majority of ejected material will consist of tephra for explosive

eruptions and lava for the effusive eruptions (Thordarson & Larsen, 2007).

Volcanic materials (VM) can be classified based on their geological properties, which relate to
their formation process. The primary categories include volcanic rocks (VR), volcanic glass
(VG), and volcanic ash (VA). (Waikado, 2010) Additionally, these materials can undergo
pozzolanic classification, where their pozzolanic properties are assessed independently of their
geological classification. This classification determines whether the materials exhibit
pozzolanic activity, regardless of their geological origin. This second classification is the most
relevant for the usage of VM in concrete. However, to avoid confusion a clarification will first

be made on the geological classification.

VG forms when lava or magma cools rapidly, preventing the formation of crystalline structures
resulting in the glassy texture characteristic of VG (Britannica, 2024). Another consequence of
volcanic eruptions is volcanic ash (VA). During explosive eruptions, magma undergoes
fragmentation, producing small particles that are ejected into the air, forming VA. As these
particles are propelled into the atmosphere, they cool rapidly due to the lower temperatures,
inhibiting the formation of large crystals. VA can be transported over long distances by wind
and eventually settles onto the Earth's surface. (USGS, 2024)
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When a volcano erupts, volcanic rocks (VR) are formed as a result of magma cooling (Jubera-
Pérez et al., 2024). The type of VR that is formed is highly dependent on the type of magma it
originates from and the respective cooling process. There are three types of magma: basaltic,
andesitic, and rhyolitic. Basaltic magma is characterized by its high iron and magnesium
content and low silica content, with temperatures reaching approximately 1200°C. Andesitic
magma contains less iron, more silica, and typically has temperatures ranging from 800 to
1000°C. Rhyolitic magma, rich in silica and low in iron and magnesium, has lower temperatures
between 750 and 850°C. (Waikado, 2010) On the other hand, the cooling process is also
important to differentiate different volcanic rocks types. Basalt and hyaloclastite for example
both originate from basaltic magma but they have a different cooling process which ultimately
distinguishes the two. The most known types of volcanic rocks and their respective

abbreviations are shown in table 2.

Table 2: types of volcanic rocks

Type of VR Abbreviation
Rhyolite R
Basalt B
Hyaloclastite H
Pumice P

2.2.3.2 Volcanic pozzolans in concrete

Materials of a volcanic origin do not automatically possess pozzolanic activity, which is a
requirement for their consideration as a SCM. Therefore, only the volcanic materials that have
been tested for pozzolanic activity are classified as VP and can be used as a SCM. (Jubera-
Pérez et al., 2024).

Over time, diverse varieties of VP have been gathered from locations across the globe and
subjected to different pozzolanic activity tests. Table 3 displays different types of VP collected
around the world, the conducted tests, and their respective outcomes. Results are categorized
as "good" if the pozzolanic activity meets concrete usage standards set by the performed test,

and as "low" if it falls below qualification criteria.
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Table 3: Pozzolanic activity of various types of VP according to literature

Source Type of Location/origin Test performed Pozzolanic
VP activity
(Jubera-Pérez et VA La palma (canary Islands, Chemical test Good
al., 2024) Spain)
SAl Good
(Sierra et al., VA Tecpan town (Guatemala) Chemical test Good
2022)
ECM Low
Frattini Good
TGA Good
(Sierra et al., VA El Rancho town Chemical test Good
2022) (Guatemala)
ECM Low
Frattini Good
TGA Good
(Rahhal & NM* Olot, Gerona (Spain) Frattini Good
Talero, 2010)
" NM* Almagro, Ciudad Real Frattini Good
(Spain)
" NM* Canary Islands (Spain) Frattini Good
(Presa et al., VA La palma (canary Islands, CPT Good
2023) Spain)
(Danner et al., P Iceland TGA Good
2023)
" R " TGA Good
" B " TGA Good
" H " TGA Good

*NM= Not mentioned

A study conducted by Hamada et al. (2023) states that volcanic pozzolans vary in chemical
composition depending on their origin. Consequently, outcomes obtained with one type of
volcanic pozzolan may diverge from those obtained with another type. The main components
of all volcanic pozzolans, regardless of their geological classification, are silicon dioxide
(Si02), alumina oxide (Al203) and ferric oxide (Fe20s3). Additionally, notable constituents

include calcium oxide (CaO), magnesium oxide (MgO), sodium oxide (Na2O), potassium oxide
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(K20) and sulfur trioxide (SOz). The components can be determined using either x-ray
fluorescence (XRF), x-ray diffraction (XRD) or other suitable techniques. Table 4 presents the
chemical compositions of various VP, used as SCMs, documented in the literature. It offers

insight into the range within which the chemical composition of VP may fall.

Table 4: chemical composition of volcanic pozzolans according to literature [wt-%]

Source SiO; AlLO; Fe,03 Cao MgO Na,O K,O SO; Others
(Jubera-Pérezet 38.20 14.10 1860 11.20 6.50 3.00 1.50 0.20 6.30
al., 2024)
(Sierra et al., 70.49  13.57 1.83 1.82 0.50 3.35 4.02 0.11 0.94
2022)

" 72.06 12.67 1.14 1.14 0.40 3.68 4.45 0.19 0.69

(Rahhal & 4512 13.84 13.82 10.48 9.54 3.18 2.40 0.46 0.00
Talero, 2010)

" 41.38 19.36 12.05 11.11 10.58 1.24 0.44 0.00 0.00

" 54.18 20.10 3.12 2.38 2.04 5.64 5.17 0.00 0.00

(Siddique, 2012)  59.32 17.5 7.06 6.10 3.80 2.55 2.03 0.71 0.00

(Pougnong et 39.83 17.74 14.27 8.72 7.65 1.68 0.88 0.02 4.92

al., 2022)
" 4515 1693 1144 814 541 290 183  0.06 3.8
(Presaetal.,  43.40 13.40 1350 1090 810 377 147  0.00 456
2023)
(Taniguchietal., 72.60 1530 230 010 0.10 2.80 630 000 0.0
2018)
" 6780 1650 6.80 1.80 080 270 220 0.00  1.40
" 7460 13.60 23.00 080 020 210 620 000  0.30
" 7330 1400 2.80 110 030 260 550 000  0.30
(Danneretal, 658 1480 650 3.30 050 460 200 0.00  0.00
2023)
" 6040 13.80 800 480 230 270 160 000  0.00
" 4790 1470 1190 12.10 860 1.80 030 001  0.00
" 47.80 14.40 1190 11.80 920 1.80 030 001  0.00
Minimum 3820 12.67 1.14 0.1 124 030 000 000 0.0
Maximum 7460 2010 23.00 12.10 1058 5.64 630 071  6.30
Median 56.75 1455 972 545 305 275 2,02 001 030
Mean 56.63 1535 945 599 425 289 270 010 132
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A study done by Siddique (2012) additionally says that the particle size of the volcanic
pozzolans varies based on the distance from the volcano. This study specifically talks about
volcanic ash (VA), a type of volcanic pozzolan, that is generated when solid rock shatters and
magma separates into very small particles during explosive volcanic activity. These fine
particles of ash settle across the landscape and their particle size decreases with an increased
distance to the volcano it originated from. In a study done by Celik et al. (2019) it is stated that
volcanic ash with a smaller particle size enhances microstructural development of the matrix
when used in concrete. This occurs through the generation of secondary C-S-H gel and calcite,
resulting in increased compressive strength. Similarly, Kupwade-Patil et al. (2018) found that
using VA of smaller particle size in concrete increases strength through the formation of

secondary C-S-H gels compared to concrete with VA that has a bigger particle size.

Generally speaking, the substitution of OPC with VP in concrete will initially decrease its early
compressive strength, which can lead to the extension of construction durations. Nevertheless,
the strength will keep increasing due to the additional pozzolanic reaction that occurs later in
time. (gcca, 2023). When LP is added to the mix the early-age strength can increase (Celik et
al., 2019). The substitution percentage of NP also has an important effect on durability and
compressive strength. According to Hossain & Lachemi (2007) the compressive strength of
concrete with VA will decrease with the increase of the VA substitution percentage compared
to concrete with only OPC. A similar study that was conducted by Aziz et al. (2021) concludes

the same thing.

Yuan & Ma (2021) state that the use of NP in concrete can lead to workability loss, resulting
in a higher need for superplasticizer (SP) or water. Similarly, Liu et al. (2023) states that
utilizing VA in concrete diminishes its workability, requiring a greater amount of
superplasticizer than regular Portland cement concrete to achieve the same slump. However,
replacing some VA with LP can improve concrete workability, thus decreasing the need for

superplasticizer to attain desired workability levels (Liu et al., 2023).

The use of NP in concrete can also improve resistance to chemically aggressive surroundings
such as an improved resistance to carbonation. This generally improves durability and therefore
leads to concrete buildings that have prolonged service lives and require less maintenance.
(gcea, 2023) Taniguchi et al. (2018) similarly states that concrete with a partial substitution of
VA can result in an improved carbonation resistance, but that it severely depends on the reaction
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ratio and fine particle quantity. Yuan & Ma (2021) state that the use of NP leads to lower
chloride migration and improved sulfate resistance.

2.2.3.3 Volcanic pozzolan Iceland

VPI is a SCM that is planned to be introduced by “Heidelberg Materials Sement Norge”. It is
made by using volcanic pozzolans that originates from “Lambafell” in Iceland. Lambafell is a
volcanic mountain that is located in the south-west region of Iceland as shown in Figure 2. The
volcanic pozzolan found at Lambafell originates from nearby volcanic activity. (Norge, 2023)
Since Iceland resides on top of a tectonic boundary where the North American and Eurasian
plates are diverging, it is subject to many volcanic eruptions (Sigmundsson et al., 2020).

Figure 2: Lambafell Iceland (Norge, 2023)

The volcanic pozzolans found at Lambafell are known as hyaloclastites, which are typically
associated with explosive eruptions. Hyaloclastites are created during volcanic eruptions that
take place underwater, beneath ice, or when lava flows on land meet the sea or other bodies of
water. The lava and rock fragments that are created due to the explosive eruption will mix with

the water or ice, forming hyaloclastites through rapid cooling and solidification. (Norge, 2023)
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These volcanic pozzolans have a lot of good properties to be considered as a supplement for
cement. According to research done by “Heidelberg Sement Norge”, VPI is highly resistant to

damaging alkali reactions, chloride intrusion, and carbonatation (Norge, 2023)

The chemical composition of VVPI is given in Table 5. This chemical composition was achieved

by an XRF analysis done by “Heidelberg Sement Norge”.

Table 5: Chemical composition of VPI

Full name Chemical abbreviation Percentage (%)
Silica Oxide SiO; 47.42
Aluminum Oxide Al,O3 13.35
Ferric Oxide Fe;0; 12.32
Calcium Oxide Ca0o 10.98
Potassium Oxide K20 0.409
Sodium Oxide Na,O 1.883
Magnesium Oxide MgO 11.29
Titanium Dioxide TiO, 1.660
Phosphorous P.0Os 0.193
Pentoxide
Manganic oxide Mn,03 0.210
Chloride cl 0.017
Sodium Oxide Na,O Eq 2.15
Equivalent

As previously mentioned there are many different ways in which the pozzolanic reactivity can
be assured. When using the chemical test stated in ASTM C618 ("ASTM C618," 2023) it is
clear that VVPI can be classified as a NP useable in concrete. VVPI contains a high Silica, alumina,
and Ferric content with a total of 74.09% as shown in 2.8, which meets the requirements given

by the standard.
47.42 Si0, + 13.35 Al,05 + 12.32 Fe,05 = 74.09 % (2.8)

“Heidelberg sement Norge” also tested the pozzolanic activity using the TGA method and
found that the material qualifies as a SCM according to this test. VPI has a specific weight of
2.98 g/cm?® and a specific surface area of 686 m?/kg. Since VPI is still a relatively unknown

SCM, it is important to research more of its properties and durability.
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2.3 What affects the durability of concrete?

The durability of concrete represents its ability to resist deterioration, thereby ensuring that it
can reach its designed service life. It is important to design concrete structures in a way that
includes the possible risks concrete structures can have for deteriorating. (Schutter, 2013)

For many years, the durability of concrete structures was often equated solely with their
strength. However, with increased research focusing on concrete and its durability, it has
become evident that numerous other factors play a significant role. A high compressive strength
does not guarantee durable concrete, contrary to previous assumptions. Cracking in reinforced
concrete is inevitable, as concrete and steel must collaborate. Therefore, when designing
concrete structures, it's crucial to limit crack formation to a specific threshold to prevent
structural damage. Nonetheless, even small cracks pose risks to the structure's integrity. These
cracks can allow harmful chemicals to penetrate the concrete, potentially damaging both the

reinforcement steel and the concrete itself, thus compromising durability. (Schutter, 2013)

As shown in Figure 3 3, damage to concrete structures can either be a result of the deterioration
of the reinforcement steel or the concrete itself. However, 60 percent of deterioration cases are

a result of the deterioration of reinforcement steel. (Schutter, 2013)
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Figure 3: common causes of deterioration ("EN 1504-9," 2008)
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The curing conditions are an important factor to consider when making concrete. Inadequate
curing may diminish concrete quality by causing premature water loss, thus halting hydration
prematurely. This can trigger early shrinkage cracks as water loss reduces volume, providing
pathways for corrosive substances to infiltrate, potentially deteriorating reinforcement steel. A
similar problem occurs with thermal cracking due to heat exposure. The binder that is used to
make the concrete can also have a significant effect on the type of deterioration that occurs.
(Schutter, 2013)

2.3.1 Compressive strength

Key factors contributing to the compressive strength of concrete are the binder and aggregates
(S. Druart & L. Taerwe, 2018). The ratios of cement, aggregates, and water in the mix design
are particularly significant. Additionally, the incorporation of additives like admixtures can
exert considerable influence over concrete strength. (lynx, 2023) Although Portland cement
remains the most widely used binder, ongoing research has broadened the scope to include
SCMs. The utilization of SCMs in concrete can impact its compressive strength, often resulting
in lower initial strength due to the delayed onset of the pozzolanic reaction. (S.Druart &
L.Taerwe, 2018)

Another important contributing factor to the compressive strength of concrete is the curing
conditions. By having proper curing conditions, it can be ensured that the concrete is subdued
to adequate moisture and temperature levels. This is necessary to facilitate the hydration process
in a proper manner to ensure that the concrete can gain strength efficiently. Concrete will
continue to gain strength over time and concrete with OPC will typically achieve its maximum
strength at 28 days. However, when SCMs are used in the concrete, it may need more time to
reach its final strength.

The European standard EN 206-1 ("EN 206-1," 2001) categorizes the compressive strength of
concrete mixes into strength classes. These classes are determined according to specifications
outlined in Table 6, which are based on cylindrical specimens with a diameter of 150 mm and
a height of 300 mm, or cubic specimens with dimensions of 150 mm.
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Table 6: compressive strength classes according to EN 206-1

Compressive Minimal cylinder Minimal cube

strength class strength strength

[N/mm2] [N/mm2]
C8/10 8 10
C12/15 12 15
C16/20 16 20
C20/25 20 25
C25/30 25 30
C30/37 30 37
C35/45 35 45
C40/50 40 50
C45/55 45 55
C50/60 50 60
C55/67 55 67
C60/75 60 75
C70/85 70 85
C80/95 80 95
C90/105 90 105
C100/115 100 115

2.3.2 Freeze-thaw

One of the common physical causes of deterioration for concrete structures in colder climates
is freeze-thaw (F-T). The concrete structures that reside in these climates will undergo various
cycles of freezing and thawing. This can occur due to the different temperatures during winter
and summer or sometimes even during day and night. (Nili et al., 2017) F-T can lead to the
development of uneven cracks resulting in internal damage of the structure thereby shortening
their structural life. (R. J. Wang et al., 2022)

2.3.2.1 Principle

Concrete is a porous material consisting of pores that are typically at least partially filled with
water. This means that internal frost damage can occur when the water inside these pores starts
to freeze. The damage that occurs is a result of the rising pressure within the concrete as the
water inside starts to freeze and therefore undergoes a volume expansion. (Schutter, 2013) In
the thawing phase, pressure is released, allowing for either a redistribution or absorption of
moisture from the surroundings. This alternating cycle of freezing and thawing results in the
development of microcracks and surface scaling. Over time, through repeated freeze-thaw

cycles, these microcracks accumulate, ultimately causing the formation of macrocracks and
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consequent structural deterioration.(Nili et al., 2017) Freeze-thaw cycles therefore pose a dual
risk: not only do they threaten the concrete's integrity, but they also increase the likelihood of

steel bar corrosion due to the formation of cracks (Guo et al., 2022).

Deterioration of concrete due to F-T consists of three main phases as shown in Figure 4. These
phases are water absorption, water freezing, and structural failure. The concrete starts out in the
initial phase, which includes two types of cracks: cracks from initial damage and cracks caused
by air bubbles in the concrete. The initial damage cracks allow external water to penetrate and
fill the internal pores. The next phase is triggered by a temperature drop, causing the water
inside the concrete to freeze and expand. This can happen naturally when concrete is exposed
to the environment or be simulated using F-T chambers for testing. As the water freezes, it
expands by approximately 9%, creating pressure within the concrete and leading to the final

stage of the deterioration process. (R. J. Wang et al., 2022)

24



Exploratory literature review

cracks formed by
initial damage

initial
cracks

@ \L Water absorption

-

i

water freezing

<

©
1)_’,(

Figure 4: phases of F-T mechanism (R. J. Wang et al., 2022)
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Many different theories exist, explaining what happens during the final phase of the F-T
mechanism. The most used theories to explain the deterioration process of concrete as a result
of freeze-thaw cycles are the hydraulic pressure theory, the crystallization pressure theory, and

the osmotic pressure theory. (Schutter, 2013)

The hydraulic pressure theory explains internal frost damage based on the mechanism that
occurs as shown in Figure 5. The water in parts of the capillary pores will start to freeze which
leads to an expansion in volume. Because of this there will not be enough room for the non-
frozen water to stay inside the pores. Therefore the non-frozen water is pushed away into the
air voids. If there are enough air voids present within a short distance, then the hydraulic
pressure can be released and the concrete will not be damaged. When this is not the case the
hydraulic pressure will lead to crack formation within the concrete. Because of this theory, it
was assumed that making the spaces between air voids smaller would help the water escape
more easily and therefore reduce the formation of cracks. However, this also caused the
concrete to shrink more when it got cold. When the concrete warms up again the pressure inside

the concrete doesn’t decrease as was assumed with this theory. To conclude, this theory does

not suffice as an explanation for freeze-thaw deterioration anymore. (Schutter, 2013)
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Figure 5: hydraulic pressure theory (Schutter, 2013)

Another theory to explain this concept is the crystallization theory as shown in Figure 6
Depending on the size of the pores, the freezing point of water in concrete changes. Tiny ice
crystals have more surface area compared to their volume, which means the water in the smaller
pores will take longer to freeze because the freezing point is lower. The bigger pores will freeze

first and after that the smaller pores will freeze. When there is no more room for the ice, the
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pressure will build up leading to cracks in the concrete. This theory is based on the fact that ice
grows and causes pressure which is different to the idea that the pressure builds up like water
in a pipe does, as stated in the hydraulic pressure theory. The water in the smaller pores stays
liquid and therefore a thermodynamical equilibrium arises, which works as the driving force to
move the water in the smaller pores to the bigger pores. The crystallization theory is assumed
to be the best explanation for the mechanism that occurs in concrete under the influence of

freeze-thaw cycles. (Schutter, 2013)

O Void
== Pore
C.‘I Paste
Ice formation

A Water flow

Figure 6: crystallization theory (Schutter, 2013)

The last theory that provides an explanation for the freeze-thaw mechanism is the osmotic
pressure theory. This theory says that ice will first form in the larger pores, as was also stated
in the crystallization theory. However, this theory adds that the alkalinity of the remaining non-
frozen water within the larger pores will increase. Since a thermodynamic equilibrium has to
occur, the pore water with a lower alkalinity will move from the smaller pores to the larger
pores. This in itself results in further formation of ice in the larger pores due to an alkalinity
drop of the fluid around the already existing ice. Another effect that occurs is osmotic pressure.
This is the pressure difference between the areas with a higher alkalinity and a lower alkalinity.
After further research it was concluded that the osmotic pressure itself does not contribute to

concrete damage but can be viewed as an additionally occurring phenomenon. (Schutter, 2013)

27



Exploratory literature review

2.3.2.2 Influencing factors

There are different factors that influence the behavior of concrete when it undergoes freeze-
thaw cycles. Those factors can be split into two main categories, being the environmental and
the material characteristics. Environmental characteristics include the cooling rate, minimum
freezing temperature and water saturation. The material characteristics encompass W/B ratio,

aggregates used, the air void system and mineral additives. (R. J. Wang et al., 2022)
The most obvious influence factor is the saturation degree that is shown in formula 2.9

amount of free water in pores (2.9)

sat degree = max amount of water if all pores are filled

When concrete contains no water inside the pores and therefore has a saturation degree of zero
then there will be no damage as a result of freeze-thaw. When the concrete has partially filled
pores, there will be some room for the ice to expand resulting in a relief of pressure. Since there
is a 9% volume increase during ice formation, a saturation degree below 90% will not result in
damage to the concrete. When the saturation degree is below a certain percentage of around 85
or 90% there will be no significant damage to the concrete. This value is called the critical
saturation value. (Schutter, 2013)

The cooling rate can also influence the freeze-thaw deterioration. A slow cooling rate will be
more destructive than a fast cooling rate. The minimum temperature is also an important
environmental factor since it affects the phase transformation and the migration of pore water
in the concrete. Many simulation tests for freeze-thaw will have a minimum temperature of
-20°C. However, the areas in which these concrete structures reside will very rarely reach this
temperature. (R. J. Wang et al., 2022)

Another important factor is the air void system. As previously said there is less chance of
damage when the ice has room to expand. However, it is also important that the available
expansion volume is easily accessible for pressurized water or expanding ice. (Schutter, 2013)
An air entrainer can be used to create air bubbles in the concrete. This provides room for the
water to expand when freezing leading to a reduction of internal pressure. When there is not
enough air present inside the concrete this will lead to an uneven distribution and a large spacing
between the pores. The freeze-thaw durability of concrete is considered bad when the pore
spacing factor exceeds 300 um. To withstand internal cracking in rapid freezing and thawing it
is necessary to have an air void spacing factor of approximately 0.20 mm or less and an air
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content within the range of 3-6%. The smaller air spacing factor results in less distance for the
water to enter an air void during freezing which can reduce the internal pressure. (R. J. Wang
etal., 2022) Pore size distribution is also a crucial factor in F-T resistance (Taylor et al., 2021).
It refers to the distribution of different pores within the concrete, which include capillary pores,
gel pores, and air voids shown in figure 7. (Honorio et al., 2018) Another important factor is
the specific surface which refers to the total surface area of air voids per unit volume of
concrete, indicating the fineness or coarseness of the air-void system. A specific surface value
greater than 25 mm™ is considered beneficial for freeze-thaw performance, as it suggests a well-
distributed air-void system that can effectively resist damage caused by freeze-thaw cycles.
("ASTM C457/457TM-16," 2024)

C-S-H 1pores

\ Capillary pores Air voids

Interlayer pore Gel pores

.

1

-ions

Figure 7: different types of pores (Honorio et al., 2018)

Air voids, created by using an air-entraining agent, improve F-T resistance by providing space
for water to expand upon freezing. Gel pores are tiny pores located within the structure of the
hydrated cement gel. In contrast, capillary pores are larger pores formed from the spaces
between hydrated cement particles. These larger pores facilitate the transport of water and other
liquids through the concrete, which can negatively impact F-T resistance if too abundant. More
water can enter through these pores, leading to worse F-T performance. An overview of the
different pores and their effects on F-T are shown in table 7. (Taylor et al., 2021)
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Table 7: different pore types and their effect on F-T (Taylor et al., 2021)

Pore Diameter Location Effects on F-T
Type
Intra-gel Inside C-S-H Water in gel pores may travel into
Gel <0.6 mm capillary pores to reduce solution
pores Inter-hydrate Space between concentration due to osmotic
0.1nm-100nm C-S-H and CH pressure
Small Between cement  Ice crystals form in capillary pores
Capillary 2nm-50nm grains and (>50 nm) and may generate
pores Large products of stresses that damage the paste
1 um- 10 um hydration
Entrained Provide boundaries for water to be
10 um- 1000 um  Between cement  forced out in capillary pores due to
Air voids grains and ice formation: limit hydraulic
products of pressure
Entrapped hydration No effect
1 mm

Reducing the size and connectivity of the capillary pores enhances F-T durability, which can
be achieved through CO»-curing. This method involves exposing the test pieces to CO2 which
results in the formation of calcium carbonate (CaCOs3) as shown in reaction 2.10. If the CaCOs
fills up the capillary pores, less water will be able to enter the concrete leading to improved F-

T resistance.
Ca(OH), + €0, - CaC0; + H,0 (2.10)

However, not only the capillary pores can be filled. If smaller pores are filled while capillary
pores remain open, it can adversely affect the F-T performance of the sample. (Taylor et al.,
2021) Therefore, CO2- curing can have either a positive or negative impact on the freeze-thaw

resistance of concrete samples depending on the type of pores that are filled.

The W/B ratio can also influence the damage mechanism of freeze-thaw. When the this ratio is
low the concrete has a reduced permeability resulting in a higher resistance to freeze-thaw.
Because of the lower permeability, the critical value of saturation will almost never be reached.
Other than that, the pore volume will also be smaller which means there will be less water inside
the pores that can be frozen. (Schutter, 2013) Conversely, if the W/B ratio is high then more
capillary pores will be present in the concrete which leads to more water absorption and a bigger
risk for F-T damage. (Taylor et al., 2021) A high W/B ratio also results in reduced density and

therefore a larger vulnerability to damage from freeze-thaw cycles (R. J. Wang et al., 2022).
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The type of binder that is used also plays a significant role in freeze-thaw damage. The binder
influences the microstructure development and thus the pore system. (Schutter, 2013) As
previously mentioned in section 2.2.1 the use of FA and SF can improve F-T resistance with
the ideal substitution range being 5-20%. A substitution percentage of FA higher than 50%
will however reduce F-T resistance. Therefore it is important to experiment with the mix design

for different SCMs to see which substitution percentages are optimal.

2.3.2.3 Freeze-thaw with deicing salts

Often chemicals, like salts, are used for deicing especially on roads or bridges to make it safer
for traffic to drive on. Additionally, chloride ions and sulfates can be present in groundwater or
soil. These salts can increase the likelihood of freeze-thaw damage by promoting the
penetration of water into the concrete. When concrete structures suffer from the combination
of freeze-thaw and salt erosion, it can lead to structural failure far before its designed lifetime
is achieved. Ice crystals will be formed when water that contains salt freezes. When this water
resides inside the concrete, the ice crystals that are formed will expand and put pressure on the
concrete. This will cause the concrete surface to break, fleek or peel, in turn exposing the
aggregates. This is called scaling and will weaken the concrete structure, making it more
susceptible to additional damage such as the corrosion of reinforcement steel. Scaling may
occur even without the presence of salts. Many factors such as deficient mix design or
insufficient curing can lead to scaling. However, it will occur more frequently in the presence
of salts. (Li et al., 2021)

2.3.3 Chloride induced corrosion

Rebar corrosion is responsible for approximately 60 percent of damage to concrete structures.
Therefore it is important to find ways to reduce this type of damage. The process of creating
reinforcement steel involves heating iron ore (Fe203) in a blast furnace, transforming it into
steel (Fe) with the infusion of a considerable amount of energy. It is crucial to recognize that
materials inherently strive to revert to their lowest energy state, which is why the corrosion

reaction happens. (Belleghem, 2023)

There are two main reactions involved in the corrosion process, the first being the anodic

reaction (2.10) and the second being the kathodic reaction (2.11).

Fe —» Fe?t + 2e~ (2.10)
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1 2.11
Hy0 + 50, +2e” > 20H" (2.11)

The anodic reaction results in iron giving off free electrons. When the steel comes in contact
with water and oxygen these free electrons will react, resulting in hydroxide-ions. As shown in
reaction (2.13) the iron ions produced at the anode will react with the hydroxide ions that were
formed at the cathode. This reaction results in the formation of rust (Fe(OH)2). The rust will
settle on the rebar as shown in Figure 8. This is known as the corrosion process and leads to
rebar deteriorations which ultimately results in a loss of reinforcement strength. The rust that
settles on the concrete has a bigger volume then the original rebars resulting in a volume
expansion within the concrete. This creates a tension that will ultimately lead to cracks when it

exceeds the tensile strength of the concrete.

Fe?* + 20H™ - Fe(OH), (2.13)
Elektrolyt
Fe2t 20H (e.g. water)
H—/ pH<8
/ Fe(OH), \
S

H,0 + 1/20, + 2e" > 20H-

Figure 8: chloride induced corrosion (Belleghem, 2023)

However, when rebar steel is imbedded in concrete, a protective passivation layer forms around
the steel. This layer consists of oxides that form on the surface of the steel preventing the
corrosion reaction to continue. Nevertheless, this does not mean that the steel is not viable for
corrosion anymore. The passivation layer can be compromised under the influence of either
carbon dioxide or the infiltration of chlorides, initiating a renewed corrosion process. If
depassivation occurs due to carbon dioxide, it is termed carbonation, a topic beyond the scope
of this thesis and therefore not delved into further. Nevertheless, it's essential to highlight that
depassivation can also transpire as a consequence of chlorides infiltrating the concrete, marking

a noteworthy consideration in this thesis. (Belleghem, 2023)
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Chlorides can enter concrete either through its mixing process or infiltration from external
sources. For instance, chlorides may naturally exist in raw materials like sand or water utilized
in concrete production. In the years between 1960 and 1980, calcium chloride served as a
frequently used concrete accelerator. However, it has since been recognized that the use of these
chlorides can lead to corrosion, prompting the end of their widespread application in concrete
production practices. Additionally, chlorides from external sources, such as marine
environments, de-icing salts, or industrial process wastewater can enter the concrete.
(Belleghem, 2023)

Regardless of the source of the chlorides, their effect on concrete remains the same. Chlorides
will migrate through the concrete until they reach the steel rebar as shown in Figure 9. The iron
ions will then react with water and the chlorides, resulting in the reaction products that are

shown in reaction 2.14. (Belleghem, 2023)

Fe?* + H,0 + Cl~ > FeOH* + HCl (2.14)

concrete steel pH 13

cr ebF
Passivation layer Fe2+

H,0
Cl
Cl

Cli

Concrete

Figure 9: chloride intrusion Figure 10: PH reduction due to chloride migration

(Belleghem, 2023) (Belleghem, 2023)

As shown in Figure 10 this will result in a locally low PH value because of the HCI that forms.
The corrosion process will start when the chloride degree surpasses a critical value. The critical
value is usually estimated to be between 0,2-2 m%. Chloride induced corrosion is often called
macrocel corrosion since it leads to the formation of a macroscopical anode resulting in pitting

corrosion. Chloride induced corrosion is usually very local. It is important to get a general
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picture of chloride migration within concrete in order to protect concrete structures from this

phenomenon. (Schutter, 2013)

The porosity of concrete greatly influences transport properties within the concrete, thus
influencing its permeability. The migration of chlorides is therefore highly dependent on the
pore structure and consequently the permeability of the concrete. (Szweda, 2019) When
concrete is made with SCMs it often reduces the permeability due to the filling effect and the
pozzolanic activity. This leads to an improved durability performance such as a high resistance
to chloride migration. (Borosnyoi, 2016). A study done by Kubissa (2016) similarly concludes
that the use of SCMs in concrete can lower the intrusion of chloride ions into the concrete.

2.4 Durability improvement

When working with concrete containing SCMs it is important to conduct research on its
durability. As outlined in section 2.2, various factors influence concrete durability. By adjusting

these factors it is possible to improve durability.

First and foremost it is generally known that concrete made with OPC will have generated most
of its strength ability after a curing period of 28 days. However, when concrete is made with
SCMs, there may be a need for a longer curing period. It is therefore important to consider

prolonged curing before submitting the test pieces to harsh tests such as freeze-thaw.

When concrete is submitted to freeze-thaw cycles, the water in the pores will expand, as
previously established in section 2.2.2. Since many of the influencing factors for freeze-thaw
encompass material characteristics it can be beneficial to test different mix designs to see which
ones are more resistant to the freeze-thaw damage. (Li et al., 2021) The same is true for chloride

migration testing.
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Test procedures

This chapter will provide a short explanation of the tests that were performed during the
research proportion of this thesis. Additionally, the necessary equations for the calculations
are given and explained.

3.1 Fresh concrete tests

The hardened concrete tests that have been explained in earlier subchapters were necessary to
research the durability of the concrete. However, it was also important to conduct some tests

on the freshly made concrete to ensure that it had the desired properties.

First, a slump test was conducted according to NS-EN 12350-2 ("NS-EN 12350-2," 2019). This
IS a test that determines the workability of concrete by filling up a standard cone-shaped mold
with fresh concrete and then lifting it vertically. The slump is then defined as the distance
between the top of the cone and the top point of the concrete that has settled. The slump can be
classified in different slump classes. For this thesis it was important that the slump class of all
the concrete mixes was S4. This is a slump of approximately 200-220 mm. However, when
measuring a slump it is only valid when a true slump occurs. This means that the concrete

slumps evenly and maintains a symmetrical, uniform shape after the cone mold is removed.

Secondly, an air percentage test was performed according to NS-EN 12350-7 ("NS-EN 12350-
7," 2019). A container as shown in Figure 11 is filled with concrete and then the main air valve
is closed. Valve A and B are opened and water is injected through these valves. The air bleeder
valve is then closed and subsequently air is pumped into the chamber. Valves A and B are then
closed and the main air valve is opened, the pressure gauge will then show a value indicating
the air percentage that is present in the concrete. The desired air percentage of the concrete was
4-6% for this thesis.
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Figure 11: air pressure gauge ("NS-EN 12350-7," 2019)

3.2 Compressive Strength

The compressive strength tests were conducted according to EN 12390-3 ("EN 12390-3,"
2019). Each mix was tested at 2 days, 28 days and 56 days. For each age, three cubes were

tested per mix. The average of the test results from these three cubes was then utilized.

The determination of compressive strength involves placing the cube specimen in the machine
depicted in Figure 12 and applying a force to it. It is assumed that the load is uniformly
distributed over the cube. This force is steadily increased until the cube fractures, at which point

the cracks are examined to assess the acceptability of the breaking pattern.

Figure 12: compressive strength machine

The compressive strength is then determined by using equation 6.1.
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£ = F
e p——
Ac (6.1)
With:
fc Compressive strength [MPa]
F Maximum load at failure [N]
Ac Cross-sectional area of the specimen on which the compressive force acts

3.3 Chloride Migration

The chloride migration test was conducted according to NT-build-492 ("NT-build-492," 2018).
Each mix underwent testing at both 28 and 56 days. To perform this test, cylinders were initially
created with a radius of 50 mm and a height of 200 mm. Subsequently, each cylinder was
segmented into three pieces, each approximately 50 mm in height by using a diamond saw.
Henceforth, these segmented portions will be referred to as the test pieces. The test pieces were

always cut one day before the testing day.

After the cutting process, the test pieces were placed inside a vacuum pump for three hours.
Following this, the pump was filled with water and operated for an additional hour. Upon
completion of the four-hour treatment, the pump was deactivated, and the test pieces remained
inside for approximately 18 additional hours before testing commenced. The vacuum pump

apparatus is shown in Figure 13.

Figure 13: vacuum pump
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The testing procedure involves placing the test pieces between a chloride-free and a chloride-
containing alkaline solution. Subsequently, an electric voltage is applied between two external
electrodes to facilitate the migration of chloride ions into the concrete specimen. The

experimental setup is illustrated in Figure 14.

+
_ Potential
(DC)

a. Rubber sleeve e. Catholyte

b. Anolyte f. Cathode

c. Ancde g. Plastic support
d. Specimen h. Plastic box

Figure 14: chloride migration test set-up

After a specified test duration, the samples are broken in half as depicted in Figure 15 and 16,
and a silver nitrate solution is sprayed onto them. This process allows the visualization and

subsequent measurement of the chloride penetration depth.

Figure 15: test piece split in half Figure 16: test piece side profile

The chloride migration coefficient can be determined using Equation 6.2. This offers a broad
indication of the concrete's resistance to chloride penetration and, consequently, its
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susceptibility to chloride-induced corrosion when employed alongside steel in construction

projects.
_ 0,0239(273 + T)L 0.0238 (273 +T)Lxy
nssm — (U —2)t Xa — Y, T U-—-2 (6.2)

With:

Dnssm Non-steady state migration coefficient [m?/s]

U Absolute value of the applied voltage [V]

T Average value of initial and final temperatures in the anolyte solution [°C]

L Thickness of the specimen [mm]

Xd Average value of the penetration depths [mm]

t Test duration [h]

3.4 Freeze-thaw testing

Freeze-thaw testing was conducted according to SN-EN12390-9 ("SN-EN 12390-9," 2016).
During this test, the samples are placed in a F-T chamber where temperature fluctuations induce
both freezing and thawing. Each day in the chamber equals one complete cycle of freezing and

thawing. As a result, this chamber accelerates the effects of F-T cycles on concrete.

The freeze-thaw tests were conducted with the use de-icing salts. For this test, cubes of 150 mm
were made and eventually samples with a thickness of 50+ 2 mm were cut. Subsequently, the
samples underwent curing using three distinct methods, as detailed in section 4.3. To
waterproof the samples, they were affixed to a plastic box. They were then insulated by
positioning them within Styrofoam boxes, as depicted in Figure 17, thereby exposing only the
top surface to the freeze-thaw chamber conditions. On top of the samples a layer of water with
de-icing salts is placed. Prior to placement in the F-T chamber shown in Figure 18, the samples
were then covered with a plastic sheet. The samples were marked in two different spots so they

could not be mistaken for one another.
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Figure 17: F-T test piece

Figure 18: samples in F-T chamber

The temperature of the freeze-thaw chamber was closely monitored and the chamber was
always filled to its full capacity. Given that not all samples were introduced into the F-T
chamber simultaneously due to varying mixing dates and curing conditions, old samples were
utilized to occupy vacant slots. This guaranteed the maintenance of constant conditions within

the chamber.

The scaled material is cumulatively added together after each cycle according to formula 6.3.

Mgpn = Mgpefore + (mv+s(+f) - mv(+f)) (6-3)
With:

Ms,n Cumulative mass of dried scaled material after n F-T cycles rounded to the
nearest 0,19 [g]

Mshefore  Cumulative mass of dried scaled material calculated at previous measuring
occasion [g]

My+s(+f) Mass of the vessel containing the dried scaled material rounded to the nearest

0,19 [9]
My(+) Mass of the empty vessel rounded to the nearest 0,19 [g]

The cumulative amount of scaled material per unit area after n cycles can then be calculated
using formula 6.4 for each measurement and each specimen.
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mg 4
Sp= —2*10° (6.4)
With:
Sn Mass of scaled material related to the test surface after the n-th cycle [kg/m?]
Ms,n Cumulative mass of dried scaled material after n F-T cylces[g]
A Effective area of the testing surface, calculated from the length
measurements after the glue string is applied and rounded to the nearest 100

mm? [mm?]
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Research Characteristics

This section provides more information about the specifics of the test samples, mix design and
curing methods. Characteristics such as their chemical properties can have a huge impact on
test results.

4.1 Terminology for the mixes

Four concrete mixes were formulated following the mix design provided by lveta Novakova,
researcher at UiT. Table 8 lists the official names assigned to these blends, along with their
corresponding code names, for easier reference during result analysis. The mixes with VPI get
the code names M 18/6-360, M 18/6-300 and M 25/10-360 where the M stands for mix and the
number correspond to the percentages of VPI and LP that is used in each mix. The top mix gets
the code name REF as it is the reference mix. The full mix design and further details about the

mixes is shown in section 4.2.

Table 8: code names given to the concrete mixes

Official name mix Code name
C25XF1 w/c<0.55 REF-360
VPI+LP 18+6(tot360) M 18/6-360
VPI+LP 18+6(tot300) M 18/6-300
VPI+LP 25+10(tot360) M 25/10-360

In Table 9 the codes are given for the different curing methods for the freeze-thaw tests. The

details of these curing methods are further specified in section 4.3.

Table 9: code names given to the curing conditions

Curing condition F-T test Code name
Normal curing N
CO; curing Cco2
Prolonged CO; curing Cco2pP
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4.2 Mix design and details about the used materials

The objective of this thesis was to assess the durability of these varied concrete compositions
with VPI. Among these mixes, three incorporate VPI, while the fourth serves as a reference
mix, made with FA-cement. FA-cement was chosen as FA is a well-established Supplementary
Cementitious Material (SCM) with numerous test results from various researchers.
Additionally, all mixes incorporate limestone powder as a constituent. Table 10 shows the mix
design for 1 m® of binder for all the mixes. The full mix design including the aggregates,

admixtures and free water can be found in appendix C.

Table 10: mix design of binder for 1 m® of concrete

REF-360 M18/6-360 M18/6-300 M25/10-360
W/B ratio 0.40 0.40 0.47 0.42
W/C ratio 0.48 0.47 0.55 0.54

[kg/m®]  [w%] [kg/m’] [w%] [keg/m?] [w%] [kg/m?]  [w%]

CEM [[*** 360 100 0 0 0 0 0 0
C+G* 273.6 76 0 0 0 0 0 0
LP 21.6 6 0 0 0 0 0 0
FA 64.8 18 0 0 0 0 0 0

CEM [** 0 0 287 79.8 239 79.8 246 68.2
C+G* 0 0 273.5 76 227.8 76 234.4 65

Lp 0 0 13.5 3.8 11.2 3.8 11.6 3.2

LP 0 0 8 2.2 7 2.2 24 6.8
Sum of LP 21.6 6 215 6 18.2 6 35.6 10
VPI 0 0 65 18 54 18 90 25

[kg/m®]  [w%] [kg/m’] [w%] [keg/m?] [w%] [kg/m?]  [w%]

Total SCM 86.4 24 86.5 24 722 24 1256 35
content
Total
binder 360 100 360 100 300 100 360 100
materials

*C+G= Clinker + gypsum
**contains 4.7% LP

***contains 18% FA and 6% LP
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When concrete is made using supplementary materials alongside cement it is important to
determine both the water/binder (W/B ratio) and the water/cement (W/C ratio). The W/B ratio
allows the additional binder to be incorporated into the ratio. This is done by using the principle
of k-values. The k-values for every type of additional binder are specified in EN-206 ("NS-EN
206," 2022) and are shown in Table 11.

Table 11: k-values of binders

Name of binder k-value
Norcem CEM | 1.0
Norcem CEM Il 1.0
LP 0.3
VPI 0.7

The formula to determine the W/B ratio is given in 7.1. The calculations of the W/C ratio and

W/B ratio are shown in appendix D for all the mixes.

_ W (7.2)
WhT = ke A)
With:
wbr Water/binder ratio
W Free water [kg/m?®]
C Cement [kg/m°]
k k-value
A Additional binder [kg/m?]

To make the concrete mixes two types of cement were available: CEM | and CEM Il. Both
were produced by “Heidelberg Sement Norge” and their specifications are respectively shown
in Figure 19 19 and Figure 20. To get the desired ratios as shown in Table 10, it was important
to see how much limestone powder was already present in the two cement types. Based on this,
additional LP could be added to get to desired amount for each mix. For three of the mixes VPI
was also added. The full technical information sheets of the binders can be found in appendix
B.
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Product specification Product specification

Portland cement Portland-composite cement.

Klinker 884 % Klinker 701 %

Gips 6,9 % Gips 59 %

Kalksteinsfiller 47 % Flygeaske 18 %
Kalksteinsfiller 3 %

Technical data:

CEM 1 52,5 R Further information is available at www.norcem.no Technical data:

CEM II/B-M (V-L) 42,5 R Further information is available at www.norcem.no
Figure 19: CEM | product specification Figure 20: CEM Il product specification

The aggregates that were used were the same for all the mixes and originated from northern

parts of Norway. The used aggregates and some specifications about them are shown in Table
12.

Table 12: aggregates

Material Density Water absorption Aggregate percentage
[kg/m?3] [%] used per mix
[%]
Sand 0-8mm 2580 0.8 49
Coarse 8-22mm 2770 0.5 43
Crushed 4-8 mm 2700 0.5 8

Additionally, two types of admixtures were used in all the concrete mixes. The superplasticizer
(SP) that was used came from Mapei and is called DYNOMON SX-23. The air entrainer that
was used, came from the same company and was named MAPEAIR 25. The technical
information sheets for these admixtures can be found in appendix B.4 and B.5. Lastly, the water
that was used in the concrete was normal tap water at room temperature, derived from
“NarvikVann” water company.

4.3 Curing conditions

The curing conditions that were implemented are shown in Table 13. For freeze-thaw, the
samples were divided into three groups based on their curing conditions. The normal curing
conditions are based on the reference method according to the standard SN-EN12390-9 ("SN-
EN 12390-9," 2016). For the CO2 curing with a CO> percentage of 1% the Swedish standard
SS137003 ("SS137003," 2004) was used. Additionally, prolonged curing with a CO-

percentage of 1% was also conducted. For this last curing method, the samples were placed in
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the CO, chamber for an additional period of 1 week. These curing methods were discussed and
agreed upon with Magdalena Rajczakowska (PhD) from Sweden who is also a part of the
Ar2CorD project. Magdalena enforced similar curing methods so results can be compared in
the Ar2CorD project. Introducing CO> during the curing phase can enhance the precision of
testing procedures. As concrete exposed to the environment naturally faces CO> infiltration,
samples subjected to freeze-thaw testing with CO2 exposure yield results more closely aligned

with real-world conditions compared to those without CO, exposure.

Table 13: curing conditions per test

Test Curing conditions
Chloride . o . .
. ) Placed in 100% RH (water bath, 20°C) up until testing
migration
COSTrZ':;::e Placed in 100% RH (water bath, 20°C) up until testing

1 day Place in 100% RH (water bath, 20°C)
7 days Place in 65% RH (20°C)
21days Specimens are sawn and returned to 65% RH
25days  Specimens are insulated and placed in forms + 65% RH
28 days  Water saturation (de-ionizing water)
31days Move to freeze-thaw chamber= start F-T cycles
1 day Place in 100% RH (water bath 20°C)
7 days Place in 65% RH (20°C)
21days Specimens are sawn and returned to 65% RH
CO2(1%) 25days Specimens are insulated and placed in forms + 65% RH
28 days  Place in 1% CO; for 7 days
35days  Water saturation (de-ionizing water)
38 days  Move to freeze-thaw chamber = start F-T cycles
1 day Place in 100% RH (water bath 20°C)
7 days Place in 65% RH (20°C)
Prolonged 21days Specimens are sawn and returned to 65% RH
+ CO; 25days  Specimens are insulated and placed in forms + 65% RH
(1%) 28 days  Place in 1% CO, for 14 days
42 days  Water saturation (de-ionizing water)
45 days  Move to freeze-thaw chamber = start F-T cycles

Normal

Freeze-thaw

4.4 Test pieces

As previously stated, various tests were conducted on the hardened concrete samples, utilizing
three types of test specimens. Detailed specifications for these test pieces are shown in Table
14,
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According to the standards that were mentioned in section 3.2, four cubes per curing method
and per mix should be tested for freeze-thaw. However, due to the limited capacity of the
laboratory and its freeze-thaw chambers, the choice was made to have three samples per curing

method for every mix instead.

Table 14: test pieces

Name test Used for Dimensions (mm) V(l) Total pieces per mix
piece
small cylinder Chloride migration 200*50 1,6 6
testing
Small cube Compressive 100*100*100 1,0 9
strength testing
Big cube Freeze-thaw testing 150*150*150 3,4 9

An overview of the distribution of the test pieces per test is given in Table 15. For the F-T test
the test pieces were divided over the three different curing conditions. Per mix and per curing
condition a total of three test pieces were tested. For the CS test the test pieces were divided
into three groups based on the testing ages. Per testing age and mix a total of three test pieces
were tested. For the CM testing only one test piece was necessary per mix and testing age. This
is because the test piece was cut into three even pieces with a height of approximately 50 mm
to be tested. Hence, the test results per mix and testing age were derived from three concrete

pieces subjected to the chloride migration test, all originating from the same cylinder.

Table 15: overview number of test pieces per test

Mix name F-T test CS test CM test
(150x150x150mm) (100x100x100 mm) (950 X 200 mm)
N CO2 CO2P 2d 28d 56d 28d 56d
REF MIX 3 3 3 3 3 3 1 1
MIX 1 3 3 3 3 3 3 1 1
MIX 2 3 3 3 3 3 3 1 1
MIX 3 3 3 3 3 3 3 1 1
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Results

In this section the results are presented and compared to each other. It’s important to compare
the different mixes with each other and with the reference mix. The test results of different tests
can also be linked to each other. This section thoroughly researches the results found in this
thesis of both fresh and hardened concrete and explains them through knowledge collected in

the literature study.

5.1 Fresh concrete properties

The mixes required a slump ranging from approximately 200 to 220 mm, categorizing them
under slump class S4. The targeted air content fell within the range of 4-6%. Slump (NS-EN
12350-2) and air content (NS-EN 12350-7) were determined using the methods outlined in
section 4.3. The results of these tests are presented in Table 16. Additionally, it was essential
to record the quantities of air entrainer (Mapair) and superplasticizer (SP) added to the mix to
attain the desired fresh concrete characteristics. The slump results were rounded to increments

of 5 mm.

Table 16: fresh concrete properties

Mix name Slump Air* Mapair SP
[mm] [%] [kg/m’] [kg/m’]

REF-360 220 4.5 0.14 4.32

M 18/6-360 220 4.8 0.14 4.80

M 18/6-300 220 5.4 0.16 3.60

M 25/10-360 220 6.0 0.14 4.32

*not the actual air content, reason explained in text

Due to a malfunction of the standardized air pressure gauge typically used to measure the air
content in concrete, a smaller, less precise version was utilized. This led to concerns about the
accuracy of the air content measurements. Upon reviewing some of the test results achieved in

this thesis, it became evident that the measured air contents were likely inaccurate. After
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visually inspecting samples and consulting with Iveta Novakovd, a researcher at UiT, it was
concluded that the actual air content in REF-360, for example, was likely higher than reported.
This conclusion was based on visual comparisons between samples M25/10-360, which had a
recorded air content of 6%, and REF-360. Preliminary visual examination revealed similar

quantities of air bubbles in both sets of samples (see Figures 21 and 22).

Figure 21: surface of REF-360 Figure 22: surface of M 25/10-360

Consequently, it was decided to send four samples, one per mix, to a lab in Iceland for air
content and spacing factor analysis. This test was conducted by Kjartan Bjorgvin Kristjansson,
a lab researcher, following ASTM C457/457M-16 Procedure B. The results are presented in
Table 17. As expected, the initial air percentage measurements were found to be inaccurate.
The air percentages shown in Table 17 are the only values that will be used for further analysis

and discussion of the results.

Table 17: results of test performed according to ASTM C457/457M-16

Mix name Air* Spacing factor  Specific surface
[%] [mm] [mm™]
REF-360 5.3 0.14 33
M 18/6-360 3.8 0.26 22
M 18/6-300 4.0 0.25 22
M 25/10-360 6.0 0.16 28

*measured on hardened concrete according to ASTM C457/457M-16 Procedure B

The amount of SP used in the mixes is also an important factor to discuss. It is evident that the
quantities of SP required to attain the targeted workability were relatively consistent across all
the mixes, ranging between 3.60 and 4.80. However, it's notable that the W/B ratio significantly
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influences the necessary amount of SP to achieve the desired workability. A lower W/B ratio
indicates less free water in the mix relative to the binder leading to a reduced workability.
However, it is worth noting that the W/B ratios are calculated using the k-values as mentioned
in section 4.2. When two types of binders are compared, and the first one has a k-value of 0.7
while the second has a k-value of 1, using the same amount of water will result in a higher W/B
ratio for the first binder. For this reason, it is important to not only include the W/B ratio and

amount of SP but also the amount of free water used for each of the mixes.

Both the REF-360 and M 18/6-360 had a W/B ratio of 0.4, yet M 18/6-360 required more SP
to achieve the desired workability. M 18/6-360 partially uses VPI as a binder, indicating that
its use leads to inferior workability compared to the mix containing CEM Il , which partially
consists of FA (REF-360), thereby necessitating a higher dosage of SP. However, M 18/6-360
had a lower amount of free water compared to REF-360, indicating that the use of more SP
could also be a result of the need to compensate for the lower amount of free water in the mix.
REF-360 had a k-value of 1 whereas M 18/6-360 partially consisted of VPI which had a k-
value of 0.7. Because of this, a different amount of free water translated into the same W/B
ratio. Despite the similar W/B ratios, the difference in free water content suggests that FA (REF-
360) might have a slightly higher water demand or water retention properties compared to VPI
(M 18/6-360). Conversely, M 18/6-300 required less SP compared to REF-360, but its higher
W/B ratio of 0.47 and total binder mass of 300 instead of 360 contributed to this variation.

Equal amounts of SP were applied to both M 25/10-360 and REF-360. M 25/10-360 has a
higher substitution percentage of OPC compared to REF-360. Since the use of VPI reduces
workability, a higher amount of SP of water would typically be required. However, despite M
25/10-360 having a higher W/B ratio, the actual amount of free water is lower than in REF-360
due to the use of k-values in determining these ratios. Additionally, the amount of SP used in
M 25/10-360 is the same as REF-360.

When VPI reduces workability, more water or more SP is generally needed, as supported by
other results and statements in the literature review. An explanation could be related to the
particle size or shape of the materials used. The particle size and shape of the substituted
materials in M 25/10-360 could affect the mix's workability and the effectiveness of the SP.
Finer particles or particles with a more angular shape can increase the surface area, requiring
more water or SP to achieve the desired workability. Conversely, spherical particles or larger
particles might reduce the water or SP demand. Therefore, the differences in particle
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characteristics between M 25/10-360 and REF-360 might have led to the unexpected
workability results, independent of the recorded SP amounts. However, this theory can’t be
checked as long as there is no known knowledge of the particle shape and size for both VPI and
FA. Another explanation for the contradictory results could be a recording error in the actual
amount of SP added.

Table 18: comparison of amount of SP and free water

MIX name w/B SP A REF Free water
[kg/m’] [kg/m?]
REF-360 0.40 4.32 - 143
M 18/6-360 0.40 4.80 +0.11% 136
M 18/6-300 0.47 3.60 -0.17% 132
M 25/10-360 0.42 4.32 +0.00 % 132

5.2 Density evaluation

The density of the hard concrete was determined after 2 days, 28 days and 56 days. These results

are shown in Table 19. All density results were rounded to the nearest 5kg/m?,

Table 19: density results for fresh concrete and hard concrete (2d,28d,56d)

Mix name Density 2 days Density 28 days Density 56 days
[kg/m’] [kg/m’] [kg/m’]
REF-360 2340 2345 2345
M 18/6-360 2385 2390 2395
M 18/6-300 2385 2400 2400
M 25/10-360 2355 2360 2365

A visual representation of the density evaluation is shown in Figure 23. This graph illustrates
that the densities of REF-360 and M 25/10-360 consistently remain lower throughout the entire
process compared to the other two mixes. This is likely due to the higher air content in the
concrete, as increased air content results in lower density. Specifically, M 25/10-360 had an air
percentage of 6%, while REF-360 had an air percentage of 5.3%, contributing to their lower
densities. However, it is noteworthy that REF-360 had an even lower density than M 25/10-
360. This can be attributed to the slightly lower air percentage in REF-360 or the lower density
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of FA compared to VPI. The density of the VPI used in the mixes was 2.98 g/cm?, whereas the
density of the FA was 2.3 g/cmé.

M 18/6-360 and M 18/6-300 exhibit very similar densities throughout the entire curing period,
which can be attributed to their similar air percentages of 3.8% and 4%, respectively. The lower
air percentages result in higher concrete densities. At 28 days, M 18/6-300 has a slightly higher
density, which is due to a higher proportion of aggregates and a lower proportion of binder, as

binders typically have lower densities compared to aggregates.
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Figure 23: density progress of concrete samples

5.3 Compressive strength

The compressive strength results for all the mixes are displayed in Table 20. However, it's
important to note that the compressive strength test was conducted on 100x100x100 mm cubes,
following common practice in Norway, whereas EN 206-1 ("EN 206-1," 2001) specifies
strength classes for cubes of 150x150x150 mm, as explained in section 2.3.1. Although a
conversion factor is often applied to results obtained from cubes with dimensions differing from
the standard, the variance in compressive strength post-conversion is negligible. Therefore, it
is customary in Norway to utilize results obtained from 100 mm cubes without conversing them.
Given that the research portion of this thesis was conducted at UiT Narvik, the Norwegian

guidelines will be followed to discuss the results.
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Table 20: compressive strength results for cubes 100x100x100mm

2 days 28 days 56 days
[MPa] [MPa] [MPa]
REF-360 35.77 55.31 61.88
M 18/6-360 42.25 66.40 75.14
M 18/6-300 34.45 54.00 61.70
M 25/10-360 35.91 58.50 68.62

A visual representation of the results is given in Figure 24. The compressive strength classes
for concrete given in EN 206-1 are based on samples that were tested after 28 days of curing.
When looking at the test results of the samples used in this thesis it is noticeable that all the
mixes can reach a strength class of C40/50 which required a strength of 50 MPa for cubes.
However, the strength of all the mixes is relatively high after only two days as well. This
phenomenon can be attributed to the types of cement used to make the mixes. REF used CEM
11/B-M (V-L) 42.5R, a type of FA-cement, whereas the three other mixes used CEM | 52.5R in
combination with VPI to make the concrete. In the name of these cement types “42.5R” and
“52.5R” are mentioned. The number refers to the compressive strength the mortar prisms made
with this cement should reach after 28 days according to EN-196-1. Additionally, the “R”
stands for “Rapid” which refers to the ability of the cement type to develop strength quite
quickly. However, by partially replacing CEM | with VVPI, the original strength class of 52.5R
will be reduced. According to Iveta Novékova, researcher at UiT, the strength class should be
degraded to 42.5 by using VPI.
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Figure 24: compressive strength for cubes 100x100x100mm (2d,28d,56d)

M 18/6-360 and M25/10-360 had a higher compressive strength than REF-360 at all the testing
ages, whereas M 18/6-300 had a lower compressive strength. Since M 18/6-300 has less binder
then the other mixes, it is normal for the compressive strength to be lower.

Assuming that at 28 days all the concrete samples reach the desired strength, a comparison can
be made of the strength gain throughout the curing. Table 21 gives this strength gain in
percentages compared to 28 days of curing. This table shows that a higher amount of VVPI gives
a more delayed strength gain at two days. Additionally, the mixes with VPI have a slightly
lower strength gain compared to REF-360 with FA-cement at two days. However, when looking
at 56 days it is worth noting that the mixes with VVPI have a bigger strength gain than the
reference mix containing FA-cement. This will be further discussed in the discussion part of
this thesis.

Table 21: strength gain at different curing times [%)]

2 days 28 days 56 days
REF-360 64.7 100.0 110.5
M 18/6-360 63.6 100.0 113.2
M 18/6-300 63.8 100.0 114.3
M 25/10-360 61.4 100.0 117.3
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Table 22 gives the strength of the samples compared to the strength of the reference mix. The
W/C and air percentage are also given. Cement is the primary binding agent in concrete and
contributes significantly to its strength. SCMs like VP can enhance strength due to the
pozzolanic reaction but their contribution is not as significant as that of cement. Therefore the
actual W/C-ratio will be used to make conclusions instead of the W/B ratio. A higher W/C ratio
equals more free water and therefore a lower compressive strength. The air content also
significantly affects the compressive strength results, as a higher air percentage results in lower

compressive strength.

Table 22: compressive strength comparison

MIX name W/C Air 2days AREF 28days A REF 56 days A REF

[%] [MPa] [MPa] [MPa]
REF-360 0.48 5.3 35.77 - 55.31 - 61.88 -
M 18/6-360 0.47 3.8 4525 +27% 66.40 +20% 75.14 +21%
M 18/6-300 0.55 4.0 3445 -3.8% 54.00 -2.4% 61.70 -0.29%

MIX 25/10-360 0.54 6.0 3591 +0.4% 58.50 +5.77% 68.62 +10.89%

First, the three mixes containing VPI will be compared to each other since they all utilizes the
same cement type. M 18/6-360 has the lowest W/C ratio at 0.47 among the trio, correlating with
its highest compressive strength among the VVPI-containing mixes. Conversely, M 18/6-300 and
M 25/10-360 have a W/C ratio of 0.55 and 0.54 respectively with the former showing slightly
lower strength than the latter. The air percentages for these mixes correlate with their strength
results, as M 18/6-360, which has the lowest air percentage, also exhibits the highest

compressive strength.

The reference mix has a W/C ratio of 0.48 and an air percentage of 5.3% , explaining why its
compressive strength is lower than M 18/6-360. However, it is notable that REF-360 has a
slightly higher strength at all ages compared to M 18/6-300, though the difference is minimal.
This result is remarkable considering M 18/6-300 contains 60 kg/m? less binder than REF-360,
yet their compressive strengths are very similar. This suggests that VPI might contribute more

to strength development through the pozzolanic reaction than FA does.

5.4 Freeze-thaw

This section is divided into two parts, each presenting the same results in a different format.

The first part features three separate graphs for each curing condition, allowing for a
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comparison of the mix design effects under each specific condition. In contrast, the second part
includes four graphs for each mix, enabling a comparison of the curing condition effects on
each individual mix. Each graph will be accompanied by a brief explanation of the results,

informed by insights from the literature review.

To avoid confusion, the basics regarding F-T performance are briefly explained again. A higher
air content leads to better F-T performance because it provides space for the water inside the
pores to expand, thereby releasing pressure. The spacing factor refers to the average distance
between the added air voids and is optimal for F-T when it is lower than 0.20 mm. The specific
surface refers to the total surface area of air voids per unit volume of concrete, indicating the
fineness or coarseness of the air-void system. A specific surface value greater than 25 mm™ is
considered beneficial for F-T performance. A higher W/B ratio leads to the formation of more
capillary pores, which is not beneficial for F-T performance since these pores can absorb water.
The pore size distribution refers to the distribution of different sizes of pores within the
concrete. This distribution can change when the pores get filled and their sizes reduce, which
can occur, for example, through CO> curing. These different terms will be used to explain the
results found in the subsequent chapters. A more detailed explanation of these factors was

provided in the literature review in paragraph 2.3.2.

According to EN12390-9 the limit for scaling when doing F-T testing for a concrete slab is 1
kg/m?. NS-EN 206 says that the scaling cannot surpass 0.50 kg/m? for concrete slabs. The
primary requirement for determining freeze-thaw resistance will be the 0.50 kg/m2 limit,
although the 1 kg/m2 limit will also be considered. Additionally, photos are provided of the
samples after enduring the F-T-test in appendix H.

5.4.1 Results: graphs by curing condition
For the F-T tests three samples per mix were used for each of the curing methods. The graphs
and tables for these individual test results are given in appendix G. The graphs presented in the

following subchapters display the average values derived from the three test samples.

5.4.1.1 Regular curing

The results found for the mixes enduring regular curing are shown in Figure 25. This graph

shows the mean value line for each of the mixes as well as both the limits for scaling.
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Figure 25: F-T results for regular curing

REF-360 has the lowest scaling out of all the mixes and stays well below the limit for all the
cycles. Both M 18/6-360 and M 25/10-360 also stay below the limit for all the cycles. M 18/6-
300 is the only mix that surpasses the limit of 0.5 kg/m?. The fact that this mix performs worse
than the other three mixes can be attributed to the fact that less binder was used. Due to the
lower binder volume, the air entrained in the mix is not evenly distributed, which is confirmed
by the spacing factor of 0.25 mm. Additionally, the higher W/B ratio in this mix could lead to

the formation of capillary pores which also negatively affects the F-T resistance.

However, since an air percentage close to 6% is what was strived towards while making these
mixes there were more air bubbles present in the concrete which provides room for the freezing
water to expand. This is most likely the reason that M 18/6-300 does not surpass the limit before
28 cycles. Additionally, both M 25/10-360 and REF-360 have a spacing factor < 0.20mm which
might explain why these two mixes perform the best. M 18/6-360 had a spacing factor greater
than 0.20 and the lowest air percentage among the samples. Despite this, it remained below the
limit at all cycles. This performance can be attributed to the lower W/B ratio of 0.4, which
results in the formation of fewer capillary pores. It is also worth noting that all the mixes stay
below the limit of 1 kg/m? set by EN12390-9.
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The mixes containing VVPI have higher scaling than the reference mix containing FA implying
that concrete with VP is less F-T resistant than concrete with FA. This will be further discussed
in the discussion part of the thesis where the results will be compared to results previously

established in the literature.

5.4.1.2 COz2 curing

An overview graph for CO; curing is given in Figure 26. This graph shows the mean value line

for each of the mixes as well as the limit for scaled material.
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Figure 26: F-T results for CO2 curing

The only mix surpassing the limit is M 18/6-360. This mix surpasses the scaling limit of 0.5
kg/m? between the testing of 14 and 28 cycles. The mix also exceeds the scaling limit of 1 kg/m?
after 56 cycles. The other mixes perform very well, staying below both established limits. The

reference mix containing FA once again has the lowest scaling compared to the other mixes.

The CO:2 curing simulates the effects that would occur for real life samples that are subjected
to CO> intrusion, thus it can be stipulated that these results are more accurate than the ones

found with normal curing.
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5.4.1.3 Prolonged CO:2 curing

An overview graph for prolonged CO curing is given in Figure 27. This graph shows the mean
value line for each of the mixes as well as the limit for scaled material. Only M 18/6-300 goes
below the limit of 0.5 kg/m?. However, all the mixes stay below the limit of 1 kg/m?. It should
be noted that there is no data for scaling at 56 days for M 18/6-300 and M 25/10-360.
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Figure 27: results for prolonged CO2 curing

5.4.2 Results: graphs by concrete mix

This section showcases the previously established results in a different way by splitting the
results up in four graphs. Each graph represents one of the mixes and the results found for the
curing conditions that were implemented on this mix. Explanations are given as to why these
curing conditions might have led to the results found. These explanations are based on the
knowledge gathered in the literature study. The reason why certain mixes behave differently

for certain curing conditions is discussed in the discussion part of this thesis.

5.4.2.1 REF-360

The graph comparing the F-T results of REF-360 for the different curing conditions is given in
Figure 28. The F-T results for this mix are relatively similar for all the curing conditions and

stay below both of the limits (0.5 kg/m? and 1 kg/m?) at all times.
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Figure 28: F-T results for REF-360

This mix had a W/B ratio of 0.4, which is relatively low and therefore results in the formation
of fewer capillary pores. This positively influences the F-T resistance. The air percentage in
this mix was 5.3% which is also very beneficial for F-T performance. Additionally, the spacing
factor was 0.14 mm, below the optimal threshold of 0.22 mm, and the specific surface area was
33 mm', exceeding the ideal minimum of 25 mm™'. The pore size distribution was likely very

good as well due to the low W/B ratio.

Although normal curing performs slightly better than the other two curing conditions, the
difference is negligible. In other words, the scaling with CO2 and prolonged CO: curing is worse
but still within acceptable limits. The slightly worse performance of CO: curing is likely
because more gel pores than capillary pores were filled with CaCOs, resulting in an uneven
pore size distribution and thus worse F-T results. The F-T performance improves slightly with
prolonged CO- curing. This improvement could be attributed to the fact that the CO> had more
time to fully penetrate the concrete, leading to an overall better pore size distribution.

5.4.2.2 M 18/6-360

The graph comparing the F-T results of M 18/6-360 for the different curing conditions is given
in Figure 29. This graph shows that M 18/6-360 surpasses the limit of 0.5 kg/m? at 28 cycles
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for CO; curing and the limit of 1 kg/m? at 56 cycles. In contrast, the results for normal curing

and prolonged CO> curing remain below these limits.
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Figure 29: F-T results for M 18/6-360

This mix had a W/B ratio of 0.4, an air content of 3.8% and a spacing factor of 0.26 mm. The
relatively low WI/B ratio suggests that fewer capillary pores were formed, which is beneficial
for F-T performance. However, the low air content and spacing factor higher than 0.20 mm
contributes to worse F-T results. Additionally, the specific surface area was 22 mm™ which is

lower than ideal minimum of 25 mm™ and therefore also contributes worse F-T resistance.

The standard CO> curing leads to the formation of CaCOs, which fills the pores. The poor F-T
performance under standard CO> curing suggests that more gel pores, rather than capillary
pores, were filled, or that the filling of pores was unevenly distributed. However, prolonged
COz curing performs better, staying below the limits. This improvement is likely because the
extended time in the CO2 chamber allows for more thorough and uniform penetration of COo,

resulting in better F-T resistance.
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5.4.2.3 M 18/6-300

The graph comparing the F-T results of M 18/6-300 for the different curing conditions is given
in Figure 30. It should be noted that there is no data for scaling at 56 days for the prolonged

CO2 curing due to time constraints for this thesis.
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Figure 30: F-T results for M 18/6-300

This graph shows that the results for both normal curing and prolonged curing surpass the limit
of 0.5 kg/m?. The results for CO2 curing however, stay below the limits for all the cycles. In
this case the CO- curing most likely filled the capillary pores, resulting in less water absorption
and thus better F-T results. The normal curing performs well up until 42 cycles, when it
eventually exceeds the limit of 0.5 kg/m?. However, it does not exceed the limit of 1 kg/m? at
any time. The worst performance is this of the prolonged CO:> curing, which exceeds the limit

of 0.5 kg/m? relatively quick.

This mix had an air percentage of 4% which is not very high but can still contribute to better F-
T performance. However, the mix does have a relatively high W/B ratio (0.47) which can lead
to the formation of more capillary pores. The air percentage might explain why the concrete
doesn’t exceed the limit for normal curing at first despite the fact that there are probably more

capillary pores present in the concrete. However, this mix does have a spacing factor of 0.25
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mm and a specific surface of 22 mm™. Both of these values are not optimal and also contribute

to worse F-T performance.

CO2 curing likely produced the best results because the capillary pores were partially filled with
CaCOs, improving the F-T performance by reducing the pore size. However, the fact that
prolonged CO> curing resulted in the worst performance suggests that the extended time in the
CO2 chamber led to excessive carbonation, which may have filled both gel and capillary pores

unevenly. This uneven pore structure might have led to poorer F-T performance.

5.4.2.4 M 25/10-360

The graph comparing the F-T results of M 25/10-360 for the different curing conditions is given
in Figure 31. It should be noted that there is no data for scaling at 56 days for the prolonged
CO2 curing due to time constraints for this thesis. For this mix, all three curing conditions
resulted in scaling that remained below both limits (0.5 kg/m2 and 1 kg/m?) throughout all

testing cycles.
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Figure 31: F-T results for M 25/10-360

This mix contained a relatively high substitution percentage of 25% VPI. The VPI reacts with
Ca(OH). to form additional compounds that fill the capillary pores, resulting in consistently
excellent F-T performance that remains below the limit at all times. Additionally, the mix had
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a measured air content of 6%, which is relatively high and contributes to a good spacing factor
(0.16 mm) and thus to the good F-T results. The W/B ratio was 0.42, which could lead to the
formation of more capillary pores but the higher VPI content effectively fills these pores.

Generally speaking, this mix likely had an optimal pore size distribution.

It is noticeable that normal curing resulted in the poorest performance among the three methods,
whereas the standard CO> curing performed the best. CO2 curing results in the creation of
CaCOs which ideally fills up the capillary pores, which is likely the case for this mix. The high
VPI percentage and the high air percentage already contribute to really good F-T performance,
but the extra filling of the capillary pores due to the CO> curing added to this even more. The
prolonged CO> curing performs slightly worse than the standard CO> curing. This could be

attributed to over carbonization which lead to an uneven pore distribution.

5.5 Chloride migration

The chloride migration coefficient can be categorized based on Table 23 outlined in the NT-
BUILD-492 standard. This table provides the ranges within which chloride migration can be
classified, varying from low resistance to very high resistance.

Table 23: resistance to chloride migration according to NT BUILD-492

Resistance to chloride migration

Dnssm 28 days test
>15 Low
10-15 Moderate
5-10 High
2,5-5 Very high
<2,5 Extremely high

The results for the chloride migration test are given in Figure 32. All the mixes were tested at
both 28 days and 56 days.

When looking at the results it is noticeable that M 25/10-360 was highly chloride resistant at
28 days and could be classified as very high resistant at 56 days. The three other mixes were

classified as moderate resistant to chloride migration at 28 days and high resistant after 56 days.
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Figure 32: chloride migration at 28d and 56d

It is noticeable that M 18/6-360 and M 18/6-300 are both in the same chloride resistance
category as the reference mix. Meaning, the reference mix which contains fly-ash cement does
not necessarily perform better than the mixes with VPI. M 25/10-360 even surpasses the

reference mix in terms of chloride migration resistance.

The reduction rate of the chloride migration tests at different curing times is given in Table 24.
This shows the reduction rate is higher for samples with more VPI. This becomes evident when
looking at M 18/6-360 and M 25/10-360, both containing the same binder mass, with the latter
having the highest substitution percentage of VPI. REF-360 , M 18/6-360 and M 25/10-360
also show that for mixes with the same binder mass, the reduction rate is higher for mixes with
VPI than FA. M 18/6-300 has the lowest reduction rate, meaning the resistance to chloride
migration does not improve that much compared to the other mixes. This fact is most likely

related to the lower mass of binder that can densify over time.

Table 24: chloride migration reduction percentages

28d 56d Reduction: 28d-56d Reduction [%]
REF-360 10.18 5.85 4.33 425
M 18/6-360 10.51 5.79 4.72 449
M 18/6-300 12.12 7.33 4.79 39.5
M 25/10-360 8.64 4.38 4.26 49.3
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Discussion

This section compares the findings presented in section 5 with those documented in the existing
literature. Those results can be correlated with the test results conducted in this thesis to
determine their alignment. The discussion of the results is divided in subsections correlating to

different variables based on the research questions asked in section 1.3.

6.1 Effect of mix design on workability

In section 5.1 a comparison was made between the different mixes regarding their workability
and the need for SP. One of the observations was that the mix with VPI needed more SP
compared to the mix with FA-cement with the same W/B ratio. Meaning, VPI generally lead
to a loss of workability. This aligns with the results found by Yuan & Ma (2021) and , Liu et
al. (2023) who both state that using VP will lead to workability loss.

6.2 Effect of mix design on F-T resistance

When looking at the F-T-test results in section 5.4.1, it is noticeable that the mixes with VPI
generally have higher scaling than the mix with FA for all of the curing conditions. This implies
that concrete made with VVPI is less F-T-resistant than concrete made with FA. This is similar
to the finding stated in a study conducted by Mousavinezhad et al. (2023) which stated that
concrete made with pumicite, a type of VP, performed worse in F-T testing compared to
concrete made with FA. A study conducted by Peng et al. (2017) similarly stated that F-T

performance for concrete made with volcanic tuff was worse than concrete made with FA.

Nevertheless, all mixes tested in this thesis performed well in general. Zhang & Shao (2018)
state that concrete with a strength exceeding 40 MPa is very resistant to surface scaling when

exposed to F-T cycles. The results found in this thesis align with this statement since all of the
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mixes perform very well under F-T exposure and they all have a compressive strength
exceeding 40 MPa at the age of 28 days.

6.3 Effect of mix design on compressive strength

According to Hossain & Lachemi (2007) the compressive strength of concrete with VA will
decrease with the increase of the VA substitution percentage compared to concrete with only
OPC. A similar study that was conducted by Aziz et al. (2021) concludes the same thing. The
results from this thesis also find a similar trend. The compressive strength of M 25/10-360 is
lower than the compressive strength of M 18/6-360 which both have the same amount of binder

but a different substitution percentage of OPC.

Another statement made in section 5.3 is that VVPI has a higher strength gain after a long curing
period (56 days) but FA has a higher strength gain in the beginning (2 days) , based on the
results that were found. A study conducted by Mohsen et al. (2023) states that the particle size
of the binder can influence the speed of the pozzolanic reaction. Finer particles usually have a
larger surface area to volume ratio which allows for a quicker reaction with calcium hydroxide,
leading to faster strength gains in the initial stages of curing. Assuming that the VPI had larger
particles than the FA, this could explain why the strength gain of FA is bigger at first whereas

VPI has a bigger strength gain after a longer curing period.

6.4 Effect of mix design on chloride migration

As mentioned in section 2.2.3 a high resistance to chloride migration is associated with a lower
permeability and porosity. Concrete made with SCMs usually have a lower permeability and
porosity due to the filling effect and the pozzolanic reaction that occurs. Based on the results
that were found it can be concluded that M 25/10-360 has a lower porosity than the three other
mixes who are more likely to have a similar porosity since they are all in the same chloride
migration class. This result corresponds to what can be found in the literature since M 25/10-
360 has the highest substitution percentage of volcanic pozzolan. A study conducted by
Borosnydi (2016) stated that concrete made with SCMs leads to a higher resistance to chloride

migration.

Celik et al. (2014) found that concrete samples using a combination of natural pozzolan (NP)

and limestone powder (LP) performed better than those made with only ordinary Portland
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cement (OPC). In this thesis, there were no samples made with only OPC, so this finding cannot
be directly confirmed or denied. However, the mixes in this study that included both NP and
LP showed very good performance in chloride migration tests. Celik et al. (2014) attributed the
improved resistance to the lower porosity of concrete with SCMs, meaning it has fewer gel
pores for chloride to penetrate. Additionally, adding LP can form carbo-aluminates, further
reducing pore size and blocking chloride entry. These results are clearly supported by the

findings in this thesis.

6.5 Impact of curing conditions on F-T resistance

CO- curing of concrete reduces the volume of capillary pores accessible to water, meaning there
is less water available to freeze, which generally improves the concrete’s performance in F-T -
tests (Zhang & Shao, 2018). A study by Zhang and Shao (2018) examined concrete with 20%
FA replacement, cured in the open air for 5.5 hours to reduce free water and facilitate CO>
diffusion. The samples were then CO- cured, reducing the pore size, followed by water curing.
These samples absorbed less water and performed better in F-T tests compared to samples cured
without CO..

Conversely, Hasholt et al. (2022) found that CO> curing can also make concrete perform worse
in F-T tests, depending on the water content before CO2 exposure. Their study used a RH of
65% and a CO- concentration of 1%, resulting in increased scaling. This suggests that if the
water content is not adequately reduced before CO> curing, the smaller pores can lead to higher
internal tension when water freezes, worsening F-T resistance. Thus, the relative humidity of

the CO. chamber and the initial water content are crucial factors in determining the outcome.

Similarly, the results of this study were achieved by curing in a CO2-chamber with a RH of
65% and a CO3- percentage of 1%. However the results differed immensely between the mixes
even though all the mixes were cured in the same way according to each of the curing
conditions. Table 25 shows the scaling ratio of CO»-curing over the normal curing. If the ratio
> 0, the CO, sample performed worse and if the ratio < 0 than the sample performed better.
Each of the ratios were rounded to 0.1. Both REF-360 and M 18/6-360 performed worse when
CO2-curing was performed similar to what was found in the study by Hasholt et al. (Hasholt et
al., 2022). Conversely, M 18/6-300 and M 25/10-360 performed better when CO»-curing was

performed.
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The impact of CO2- curing relies on the presence of Ca(OH)2, which is a byproduct of cement
hydration. The reaction that forms CaCOz from CO> and Ca(OH): fills the pores in the concrete,
reducing space for ice formation during freeze-thaw cycles. Higher substitution percentages of
SCMs typically result in less Ca(OH)2 being available for this reaction, which could lead to
worse freeze-thaw results with CO»- curing. However, the addition of LP can enhance the
carbonation process by providing additional sources of carbonate, compensating for the reduced
Ca(OH)2. (Y. C. Wang et al., 2022)

Additionally, SCMs contribute to the formation of more C-S-H gel through pozzolanic
reactions, which densifies the concrete matrix and improves F-T performance (Su et al., 2022).
This could explain why M 25/10-360 performs better for curing with CO, compared to the
normal curing as the higher SCM content already densifies the concrete and the CO2-curing
adds to that. The reason why M 18/6-300 performs better with CO2- curing compared to normal

curing was previously explained in section 5.4.2

Table 25: comparison of normal curing to CO2-curing

REF-360 M 18/6-360 M 18/6-300 M 25/10-360
N CO2 Ratio| N CO2 Ratio| N CO2 Ratio| N CO2 Ratio
[kg/m?] [kg/m?] [kg/m?] [kg/m?]

7d | 001 005 50 o022 034 15 1028 019 07 |o11 o010 0.9
14d [ 0.02 0.10 50 | 026 047 18 |043 026 06 | 022 014 06
28d | 004 0.12 30 | 030 057 19 047 030 06 | 029 0.16 06

42d | 0.06 0.14 23 | 034 076 22 052 034 07 [034 019 06
56d | .09 0.17 1.9 | 043 102 24 | ops58 038 07 [043 024 0.6

The same comparison was made for the prolonged CO2-curing samples. A ratio was made to
easily compare the amount of scaling found with normal curing compared to the amount found
with prolonged CO»-curing. For REF-360 and M 18/6-300 the samples performed worse with
prolonged CO»-curing as shown in Table 26. M 18/6-360 and M 25/10-360 performed better
with prolonged CO2-curing.
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Table 26: comparison of normal curing and prolonged CO:2 curing

REF-360 M 18/6-360 M 18/6-300 M 25/10-360
N CO2P Ratio| N CO2P Ratio N CO2P Ratio| N CO2P Ratio
[kg/m?] [kg/m?] [kg/m?] [kg/m?]
7d {001 001 1.0 022 0.06 03 |028 037 13 |o.11 0.06 06
14d 1 0.02 0.04 20 |026 013 05 | 043 065 15 022 0.17 038
28d | 0.04 008 20 (030 017 06 | 047 084 18 [029 o021 07
42d |1 0.06 0.12 20 (034 o022 07 |o052 092 18 [034 024 07
56d [ 0.09 0.15 1.7 {043 0.27 0.6 | 058 ND* - 043 ND* -

*ND=NO DATA

Lastly, a table was made to compare CO. curing to prolonged CO- curing. A ratio was made to

easily compare the amount of scaling found with CO> curing compared to the amount found

with prolonged CO: curing. Table 27 shows that prolonged CO> curing performed better than
regular CO; curing for REF-360 and M 18/6-360 , but worse for M 18/6-300 and M 25/10-360.

Table 27: comparison of CO2 curing and prolonged CO2 curing

REF-360 M 18/6-360 M 18/6-300 M 25/10-360

CO2 CO2P Ratio | CO2 CO2P Ratio | CO2 CO2P Ratio | CO2 CO2P Ratio
[kg/m?] [kg/m?] [kg/m?] [kg/m?]

7d | 0.05 001 50 [034 006 57 019 037 05 o010 006 17

14d | 0.10 004 25 [047 013 36 | 026 065 04 |014 017 038

28d0.12 008 15 057 017 34 (030 08 04 (016 021 038

42d | 0.14 012 12 |076 022 35 |034 092 28 |019 024 13

56d | 0.17 0.15 09 |[1.02 0.27 03 | 038 ND+ - 0.24 ND* -

*ND=NO DATA

To give visual representation of the scaling for the different curing methods a graph was made

of the amount of cumulative scaling measured at 28 days for all the mixes and the different

curing methods. This graph is shown in Figure 33. This graph shows that REF-360 performs

the best with normal curing, it has the worst scaling when implementing CO- curing but the

scaling lowers a little bit when prolonged CO: curing is used. M 18/6-360 has the best scaling

for prolonged CO- curing and the worst for standard CO> curing. M18/6-300 performs the best

in standard CO2 curing and performs the worst in prolonged CO: curing. M 25/10-360

however, performs best in CO> curing and worst in normal curing.
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Figure 33: visual representation of scaling for different curing conditions

Table 28 gives an overview of the curing method that performed best and the one that performed
worst for all of the mixes. Hereby W= worst, B= Best and M= middle. The absence of a visible
pattern in these results is evident, making it worthwhile to discuss several potential factors that

could have contributed to this lack of pattern.

Table 28: best and worst curing method for each mix

REF-360 M 18/6-360 M 18/6-300 M 25/10-360
N B M M W
C0o2 W w B B
cozp M B W M

One possible reason for these results is the placement of the samples in the F-T chamber, as
shown in Appendix J. Although the F-T conditions should be uniform throughout the chamber,
it is worth considering if the placement might have influenced the results, given that the
temperature regulation mechanism is located at the top. This suggests that samples positioned
higher in the chamber might have experienced the full effect of the F-T cycles, while those
lower down might not have fully frozen. For instance, sample M 18/6-360, which was placed
at the bottom of the chamber, should have shown better performance for CO> curing but worse
for normal curing, given its position. However, the results show the opposite trend for this and
other samples, indicating that the F-T chamber functioned correctly and the sample placement

did not affect the results.
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It is possible to explain the individual results based on factors such as air percentage, spacing
factor, W/B ratio, and pore size distribution, as discussed in Chapter 5.4. However, this does
not account for why certain mixes behave differently. The key question remains: Why did REF-
360 and M 18/6-360, both performing poorly with standard CO- curing, show better results with
prolonged CO; curing, while M 18/6-300 and M 25/10-360, initially showing the best results
with CO> curing, experienced worse outcomes with prolonged CO> curing? One explanation
previously proposed is that M 18/6-300 and M 25/10-360 suffered from over carbonation,
whereas REF-360 and M 18/6-360 benefited from prolonged CO. curing due to a more even
filling of the pores. But why does prolonged CO- curing lead to over carbonation in some mixes
and more even pore filling in others? As Su et al. (2022) explains there are many factors
influencing CO> penetration in concrete. This makes it difficult to pinpoint a specific reason for

the behavior of these mixes.

There is no universal curing condition that suits all concrete mixes, even those made with the
same type of binder. This variability is evident in Table 24, which shows that the optimal curing
conditions differ significantly across the three mixes made with VPI. Each mix responds
differently, highlighting the complexity of the F-T mechanism. More research is needed to
obtain additional test results that can help form explanations, especially concerning curing
conditions performed according to Swedish standards, as these results do not show a clear
pattern.
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Conclusion

In this master's thesis, the durability performance of concrete incorporating VPl was
investigated, with a primary focus on F-T resistance. This research was conducted as part of
the larger collaborative project Ar2CorD, aiming to optimize LCC through the utilization of
various SCMs, including VPI.

The findings revealed that the inclusion of VPI in concrete led to a loss of workability,
necessitating adjustments such as a higher W/B ratio or increased SP dosage. Moreover,
compressive strength decreased with higher substitution percentages of OPC. Notably, concrete
containing VPI exhibited greater strength gain at later ages compared to concrete with FA. Even
with a lower binder content, mixes with VP1 showed comparable compressive strength to those
with higher binder content, suggesting a significant contribution of VPI to strength

development through pozzolanic reactions.

Furthermore, the chloride resistance of concrete mixes varied, with M 25/10-360 demonstrating
high resistance at 28 days and very high resistance at 56 days, while the other mixes exhibited
moderate to high resistance over time. Generally, the inclusion of VVPI resulted in good chloride

resistance, with higher resistance observed at higher VVPI substitution percentages.

Regarding F-T resistance, all tested mixes performed relatively well, with VPl mixes showing
higher scaling compared to FA mixes under all curing conditions. However, the choice of
curing condition significantly influenced F-T performance. While some mixes surpassed

scaling limits under certain conditions, they remained within acceptable limits for others.

In conclusion, concrete incorporating VPI demonstrated good durability performance overall,
affirming its suitability as an SCM in concrete applications. However, the complexity of F-T
mechanisms and the variability of mix responses highlight the need for further research,
particularly regarding curing conditions according to Swedish standards. Additional studies in
this area can provide valuable insights for optimizing concrete performance and informing

future construction practices.
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Sustainability reflection

Sustainability has become a critical concern in many industries, including the concrete sector.
The concrete industry has made efforts to reduce its carbon footprint by incorporating SCMs,

yet there remains significant potential for further improvement.
Use of natural pozzolans and transportation impact

In the current study, volcanic pozzolans sourced from Iceland were transported to Norway.
While these pozzolans effectively reduce carbon emissions when used in concrete, their
transportation contributes additional CO> emissions. Future research should explore the
viability of locally sourced natural pozzolans in Norway, such as sedimentary clays, to
minimize transportation-related emissions and enhance sustainability. Another option could be
to conduct a study regarding the environmental impact of different types of SCMs and their
transportation methods. This way it can be assessed if the use of certain materials would still
result in less CO2 emissions compared to just using OPC. It could also give insights into which
SCMs are the best options for certain regions.

F-T testing standards and SCM performance

The standards for F-T testing are strict, particularly regarding permissible scaling. The testing
chambers typically range from -25°C to +25°C. However, temperatures as low as -25°C are
infrequent even in Northern Norway, raising questions about the applicability of these limits.
Some SCMs might fail under these strict conditions despite performing adequately in real-
world scenarios. Historical evidence shows that structures made with sedimentary clays and
volcanic ashes have endured well before the advent of Portland clinker. Reevaluating and
potentially lowering these standards could increase SCM usage, thereby further reducing CO>

emissions. However, research would have to point out the best limit for the F-T tests.
Waste reduction and sample reuse

Efforts to minimize waste were evident during this research. Scrap pieces from sample
preparation were allocated for other research projects, which is a sustainable practice. If these

scraps were not repurposed in this manner, they could have been reused as aggregates in new
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concrete mixes. Additionally, these scraps could be turned into art pieces or crushed for

alternative uses.

In Northern Norway, where snow and ice cover the ground for extended periods, preventing
slips and falls is crucial. Currently, small stones are sprinkled on roads to create more grip. An
innovative solution could involve shaping scrap concrete into smaller particles to replace these
stones. This not only provides a practical use for waste material but also contributes to road
safety.

Laboratory practices and personal contributions

Several personal efforts were made to contribute to sustainability. Reusable gloves and dust
masks were used for concrete production. To reduce CO2 loss when opening the chamber, a
plastic sheet was hung inside. This significantly decreased CO2 consumption, allowing the CO-
tank to be replaced only once instead of multiple times. A piece of scrap paper displayed the
exact positions of samples in the CO2 chamber, reducing the time and CO- loss associated with
grabbing certain samples. Additionally, the CO, and humidity chambers were turned off
immediately when not in use to save electricity. Lastly, the plastic sheets used for sealing the

F-T samples and the Styrofoam boxes for insulation were reused.
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Future perspectives

In this study, one type of volcanic pozzolan was investigated and subjected to F-T testing.
However, to understand the effects of volcanic pozzolans on concrete performance, it is
important to expand the scope of research by exploring various types of volcanic pozzolans and
subjecting them to F-T testing. In this thesis the prolonged CO. curing only lasted one week
longer than the normal one due to limited time. However, it might be interesting to see the
results of the samples when they are cured for an even longer period before being submitted to
F-T testing.

Since the number of samples and the implementation of curing methods were limited in this
research it is important to conduct more tests with a broader range of samples. Future research
could consist of testing different mix designs, exploring the effects of alternative curing
methods such as prolonged curing or heat treatment, and comparing concrete containing
volcanic pozzolans with those made with other NP of SCMs. Such comparative studies could
shed light on the unique advantages of volcanic pozzolans and their suitability for various

applications.

Expanding the database of test results with volcanic pozzolans can provide a comprehensive
understanding of their application capabilities and optimal mix designs. Moreover, conducting
research on mix designs with volcanic pozzolans while varying other crucial factors such as
aggregates or admixtures can further enhance our understanding of this material and its

potential benefits.

In summary, future research endeavors should focus on exploring different types of volcanic
pozzolans, investigating the influence of various curing methods, conducting comparative
studies with other SCMs, and expanding the database of test results to optimize the application

of volcanic pozzolans in concrete construction.
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Appendices

A  Detailed planning of lab work

Timeline F-T testing in combination with :

Normal curing (N)

2 F-T chambers can be used

DAY O Make concrete + perform fresh concrete tests + make testing molds

DAY 1 Demold after 24 h + place in 100% RH chamber

DAY 7 Move to 65 % RH chamber

DAY 21 Cut cube in three slices (50 mm] , clean surface with water and brush, mark samples + return to 65 % RH chamber

DAY 25 Fit samples in plastic boxes + insulate with glue + return to 65 % RH chamber

DAY 28 Move samples to room with laboratory condition + deionized water + cover with plastic + load by a wooden board

DAY 31 Check if samples are water tight (no leakages trough edges) = in case there is leakage, fix it and then return to the 65% RH chamber and

after three days move the samples again and repeat the process

When there is no leakage:

Pour away deionized water + dry surface + place sample in polystyrene insolation box + cut overlapping plastic box frame with scissors (little
bit shorter than polystyrene box) + mark sample in different places + pour freezing medium + cover with plastic cover + place in freezing
chamber (freeze chamber always has to be full so place some old samples with new samples which are about to be tested) + prepare test

report sheet
Testing period starts (testing after 7, 14, 28, 42, 56 cycles)
DAY 38 Take samples out during the period when freezing temp is above 10°C (most convenient between 15-24°C)
(7 ycles) For chamber 1 : best time is in the morning hours

For chamber 2: best time is in the afternoon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
Wash off scaled material in bigger bowl + collect scale material in smaller bowl
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
Return sample to freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes
DAY 39/40 | Weigh aluminum bowl with scaled material {record weight to nearest 0,1 g + place in card box file under next testing date)

DAY 45 Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes
DAY 52 Take samples out during the period when freezing temp is above 10°C (most convenient between 15-24°C)
(14 gylces) | For chamber 1 : best time is in the morning hours
For chamber 2: best time is in the afternoon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
Wash off scaled material in bigger bowl + collect scale material in smaller bowl
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
Return sample to freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes
DAY 53/54 | Weigh aluminum bowl with scaled material {record weight to nearest 0,1 g + place in card box file under next testing date)
DAY 59 Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes
DAY 66 Take samples out during the period when freezing temp is above 10°C (most convenient between 15-24°C)
(28 cycles) | For chamber 1 : best time is in the morning hours
For chamber 2: best time is in the afternoon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
Wash off scaled material in bigger bowl + collect scale material in smaller bowl
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
Return sample to freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes
DAY 67/68 | Weigh aluminum bowl with scaled material {record weight to nearest 0,1 g + place in card box file under next testing date)
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DAY 73 Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes
DAY 80 Take samples out during the period when freezing temp is above 10°C {most convenient between 15-24°C)
(42 cycles) | For chamber 1 : best time is in the morning hours
For chamber 2: best time is in the afternoon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
Wash off scaled material in bigger bowl + collect scale material in smaller bowl
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
Return sample to freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes
DAY 81/82 | Weigh aluminum bowl with scaled material [record weight to nearest 0,1 g + place in card box file under next testing date)
DAY 87 Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes
DAY 94 Take samples out during the period when freezing temp is above 10°C {most convenient between 15-24°C)
(56 cycles) | For chamber 1 : best time is in the morning hours
For chamber 2: best time is in the afternoon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
Wash off scaled material in bigger bowl + collect scale material in smaller bowl
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
This was the last collecting of scaled materials:
Measure the area of the tested surface from glue to glue (measure gacht dimension three times and state the average of side A and B)
Note if there is any unusual damage (for ex: extensive scaling + leakage under rubber insclation)
Leave the samples out of the chamber and replace them with old samples to maintain the same condition in the freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium

| | + check the recording of temperature changes |
| DAY 95/96 | Weigh aluminum bowl with scaled material (record weight to nearest 0,1 g + place in card box file under next testing date) |

CO2 curing (C)

DAY 0 Make concrete + perform fresh concrete tests + make testing molds

DAY 1 Demold after 24 h + place in 100% RH chamber

DAY 7 IMove to 65 % RH chamber

DAY 21 Cut cube in three slices (50 mm) , clean surface with water and brush, mark samples + return to 65 % RH chamber

DAY 25 Fit samples in plastic boxes + insulate with glue + return to 65 % RH chamber

DAY 28 Place in 1% CO2 for 7 days

DAY 35 Maove samples to room with laboratory condition + deionized water + cover with plastic + load by a wooden board

DAY 38 Check if samples are water tight (no leakages trough edges) 2 in case there is leakage, fix it and then return to the 65% RH chamber and

after three days move the samples again and repeat the process

When there is no leakage:

Pour away deionized water + dry surface + place sample in polystyrene insolation box + cut overlapping plastic box frame with scissors (little
bit shorter than polystyrene box) + mark sample in different places + pour freezing medium + cover with plastic cover + place in freezing
chamber (freeze chamber always has to be full so place some old samples with new samples which are about to be tested) + prepare test

report sheet
Testing period starts (testing after 7, 14, 28, 42, 56 cycles)
DAY 45 Take samples out during the period when freezing temp is above 10°C (most convenient between 15-24°C)
(7 cycles) For chamber 1 : best time is in the morning hours

For chamber 2: best time is in the afternoon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
Wash off scaled material in bigger bowl + collect scale material in smaller bowl
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
Return sample to freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes
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DAY 46 ‘Weigh aluminum bow! with scaled material (record weight to nearest 0,1 g + place in card box file under next testing date)

DAY 51 Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes

DAY 59 Take samples out during the period when freezing temp is above 10°C (most convenient between 15-24°C)
(14 cylces) | For chamber 1 : best time is in the morning hours
For chamber 2: best time is in the afternoon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
‘Wash off scaled material in bigger bowl + collect scale material in smaller bowl
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
Return sample to freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes

DAY 60 ‘Weigh aluminum bow! with scaled material (record weight to nearest 0,1 g + place in card box file under next testing date)

DAY 66 Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes

DAY 73 Take samples out during the period when freezing temp is above 10°C (most convenient between 15-24°C)
(28 cycles) | For chamber 1 : best time is in the morning hours
For chamber 2: best time is in the afternoon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
‘Wash off scaled material in bigger bowl + collect scale material in smaller bowl
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
Return sample to freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes

DAY 74 Weigh aluminum bow! with scaled material (record weight to nearest 0,1 g + place in card box file under next testing date)
DAY 80 Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free

samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes

DAY 87 Take samples out during the period when freezing temp is above 10°C (most convenient between 15-24°C)
(42 cycles) | For chamber 1 : best time is in the morning hours
For chamber 2: best time is in the afternoon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
Wash off scaled material in bigger bowl + collect scale material in smaller bowl
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
Return sample to freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes

DAY 88 Weigh aluminum bowl with scaled material {record weight to nearest 0,1 g + place in card box file under next testing date)

DAY 94 Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes

DAY 101 Take samples out during the period when freezing temp is above 10°C (most convenient between 15-24°C)
(56 cycles) | For chamber 1 : best time is in the morning hours
For chamber 2: best time is in the afternoon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
Wash off scaled material in bigger bowl + collect scale material in smaller bowl
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
This was the last collecting of scaled materials:
Measure the area of the tested surface from glue to glue (measure gaght dimension three times and state the average of side A and B)
Note if there is any unusual damage (for ex: extensive scaling + leakage under rubber insolation)
Leave the samples out of the chamber and replace them with old samples to maintain the same condition in the freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
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[ [ + check the recording of temperature changes |
[ DAy 102 | Weigh aluminum bowl with scaled material {record weight to nearest 0,1 g + place in card box file under next testing date) |

Extra curing {E}|

DAY 0 Make concrete + perform fresh concrete tests + make testing molds

DAY 1 Demold after 24 h + place in 100% RH chamber

DAY 7 Maove to 65 % RH chamber

DAY 21 Cut cube in three slices (50 mm) , clean surface with water and brush, mark samples + return to 65 % RH chamber

DAY 25 Fit samples in plastic boxes + insulate with glue + return to 65 % RH chamber

DAY 28 Place in 1% CO2 for 7 days

DAY 42 Maove samples to room with laboratory condition + deionized water + cover with plastic + load by a wooden board

DAY 45 Check if samples are water tight (no leakages trough edges) = in case there is leakage, fix it and then return to the 65% RH chamber and

after three days move the samples again and repeat the process

When there is no leakage:

Pour away deionized water + dry surface + place sample in polystyrene insolation box + cut overlapping plastic box frame with scissors (little
bit shorter than polystyrene box) + mark sample in different places + pour freezing medium + cover with plastic cover + place in freezing
chamber (freeze chamber always has to be full so place some old samples with new samples which are about to be tested) + prepare test

report sheet
Testing period starts (testing after 7, 14, 28, 42, 56 cycles)
DAY 52 Take samples out during the period when freezing temp is above 10°C (most convenient between 15-24°C)
(7 cycles) For chamber 1 : best time is in the morning hours

For chamber 2: best time is in the afterncon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
Wash off scaled material in bigger bowl + collect scale material in smaller bowl
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
Return sample to freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium

+ check the recording of temperature changes

DAY 53 Weigh aluminum bowl with scaled material (record weight to nearest 0,1 g + place in card box file under next testing date)

DAY 59 Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes

DAY 66 Take samples out during the period when freezing temp is above 10°C (most convenient between 15-24°C)
(14 cylces) | For chamber 1 : best time is in the morning hours
For chamber 2: best time is in the afterncon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
Wash off scaled material in bigger bowl + collect scale material in smaller bow!
Dy surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
Return sample to freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes

DAY 67 Weigh aluminum bowl with scaled material {record weight to nearest 0,1 g + place in card box file under next testing date)

DAY 73 Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes

DAY 80 Take samples out during the period when freezing temp is above 10°C (most convenient between 15-24°C)
(28 cycles) | For chamber 1 : best time is in the morning hours
For chamber 2: best time is in the afternoon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
Wash off scaled material in bigger bowl + collect scale material in smaller bow!
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
Return sample to freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes




Appendices

DAY 81 Weigh aluminum bowl with scaled material (record weight to nearest 0,1 g + place in card box file under next testing date]

DAY 87 Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium

+ check the recording of temperature changes

DAY 94 Take samples out during the period when freezing temp is above 10°C (most convenient between 15-24°C)
(42 cycles) | For chamber 1 : best time is in the morning hours
For chamber 2: best time is in the afternoon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
Wash off scaled material in bigger bowl + collect scale material in smaller bowl
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
Return sample to freezing chamber
Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes

DAY 95 Weigh aluminum bow! with scaled material (record weight to nearest 0,1 g + place in card box file under next testing date)

DAY 101 Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes

DAY 108 Take samples out during the period when freezing temp is above 10°C (most convenient between 15-24°C)
(56 cycles) | For chamber 1 : best time is in the morning hours
For chamber 2: best time is in the afternoon hours
= But check the computer screen for the actual temp
Prepare small aluminum bowls + give them same mark as sample name + record the weight of the bowls
Wash off scaled material in bigger bowl + collect scale material in smaller bowl
Dry surface of sample (if any scales are on the towel, add them to small bowl)
Place bowl in dryer + when dry pour new freezing medium with thickness of 3 mm on testing surface + cover with plastic
This was the last collecting of scaled materials:
Measure the area of the tested surface from glue to glue (measure gacht dimension three times and state the average of side A and B)
Note if there is any unusual damage (for ex: extensive scaling + leakage under rubber insolation)
Leave the samples out of the chamber and replace them with old samples to maintain the same condition in the freezing chamber

Check if ref the two reference samples in each chamber (one with freezing medium and one with pure water) do not lack liquids + the free
samples = ones not being tested (old ones) have to be maintained the same as the tested ones, check if they do not lack freezing medium
+ check the recording of temperature changes

DAY 109 Weigh aluminum bowl with scaled material (record weight to nearest 0,1 g + place in card box file under next testing date)

Timeline compressive strength testing

DAY 0 Make concrete + Fresh concrete test

DAY 1 Demeold + curing in water 204-2°C until testing
DAY 2 Test compressive strength at 2 days

DAY 28 Test compressive strength at 28 days

DAY 56 Test compressive strength at 56 days

Timeline chloride migration testing

DAY O Make concrete + fresh concrete tests

DAY 28 Place sample between a chloride free and a chloride containing alkaline solution and an electric voltage is applied between two external
elactrodes to drive the chloride ions into the concrete specimen. After a certain amount of time the specimen is split and then the
penetration depth of the chlorides is determined by using a color indicator solution. The chloride migration coefficient is calculated based
on the measured depth of penetration, the magnitude of the applied voltage and other parameters.

DAY 56 Place sample between a chloride free and a chloride containing alkaline solution and an electric voltage is applied between two external
elactrodes to drive the chloride ions into the concrete specimen. After a certain amount of time the specimen is split and then the
penetration depth of the chlorides is determined by using a color indicator solution. The chloride migration coefficient is calculated based
on the measured depth of penetration, the magnitude of the applied voltage and other parameters.




Calendar plan:

Ref mix , M 18/6-360 ,

Chloride migration: CM , freeze-thaw: FT, compressive strength: CS

Fresh concrete tests: FC

M 2
A 2
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MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
29/01 30/01 31/01 1/02 2/02 3/02 4402
Guided tour of the
lab
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
5/02 6/02 7/02 8/02 3/02 10/02 11/02
Mix made: air
Mix 1 made (failed) | Mix 2 made (failed) | measurement Wait till air Wait till air
To much water system doesn't measurement measurement
work = mix failed system is fixed system is fixed
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
12/02 13/02 14/02 15/02 16/02 17/02 18/02
Dry the aggregates MIX REF + FC DAY 1:FT DAY 2:C5
DAY 1: CS
MONDAY TUESDAY WEDMNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
19/02 20/02 21/02 22/02 23/02 24/02 25/02
DAY 2: C5
DAY 7: FT
MONDAY TUESDAY WEDMNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
26/02 27/02 28/02 29,02 1/03 2/03 3/03
MONDAY TUESDAY WEDMNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
4/03 5/03 6/03 7/03 8/03 3/03 10/03
DAY 21:FTN DAY 25:FTN
DAY 21:FTC DAY 25:FTC
DAY 21 FTE DAY 25FTE
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MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
11/03 12/03 13/03 14/03 15/03 16/03 17/03
DAY 28: FT N
DAY 28 FTE
DAY 28 FT C DAY 31:FTN
DAY 28: CS
DAY 28: CM
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
18/03 19/03 20/03 21/03 22/03 23/03 24/03
DAY 35 FT C DAY 38: FTN DAY 39: FT N
DAY 38 FT C
DAY 35 FT C
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
25/03 26/03 27/03 28/03 25/03 30/03 31/03
DAY 42 FTE
DAY 42 FTE DAY 45: FTN DAY 46 FT C
DAY 45 FTE
DAY 45 FT C
DAY 46 FT C
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
1/04 2/04 3/04 4/04 5/04 6/04 7/04
DAY S1FTC DAY S1FTC DAY 53: FT N
DAY 52:FTN DAY 53 FTE
DAY 52 FTE
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
8/04 9/04 10/04 11/04 12/04 13/04 14/04
DAY 56: CS
DAY 56: CM DAY 59: FTN
DAY 59 FTC
DAY 59 FTE
DAY 60 FT C

viil
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MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
15/04 16/04 17/04 18/04 19/04 20/04 21/04
DAY 66: FTN DAY 67: FTN
DAY 66: FTC DAY 67 FTE
DAY 66 FTE
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
22/04 23/04 24/04 25/04 26/04 27/04 28/04
DAY 73:FTN
DAY 73FTC
DAY 73 FTE
DAY 74 FT C
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
29/04 30/04 1/05 2/05 3/05 4/05 5/05
DAY 80: FTN DAY 81:FTN
DAY 8OFTE DAY 81 FTE
DAY SOFT C DAY 80 FTC
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
&/05 7/05 8/05 9/05 10/05 11/05 12/05
DAY 88 FTC
DAY 87: FTN
DAY 87 FTC
DAY 87 FTE
DAY 88 FTC
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
13/05 14/05 15/05 16/05 17/05 18/05 19/05
DAY 94: FTN DAY 35:FT N
DAY 94 FTC DAY 95 FTE DAY 95 FTE
DAY 94 FTE
DAY 94 FTC
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MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
20/05 21/05 22/05 23/05 24/05 25/05 26/05
DAY 102 FT C
DAY 101 FT C
DAY 101 FT E
DAY 101 FT C DAY 102 FTC
DAY 101 FT E
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
27/05 28/05 29/05 30/05 31/05 1/06 2/06
DAY 109 FT E
DAY 108 FT E
DAY 108 FT E
MONDAY TUESDAY WEDNESDAY THURSDAY FRIDAY SATURDAY SUNDAY
3/06 4/06 5/06 6/06 7/06 8/06 9/06

HAND IN THESIS




B Technical data sheets

B.1 VPI
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u Heidelberg
Materials

REPORT ON QUALITY TEST
Costumer: <t A e Yourred: 323
Dhate recenmed: 10004, 2023 Our ref.: ILZ-2023-0e0r1
Sample Marked: ZeroCarbCon - Uttak of analyse av WL, partl 1
Big Bag nr.1 Dunk nr. 1 VR = 90% D50 Gpm 21.11 2022
Parameler. Hesulis: Bemnod:
CHEMIGAL COMPOSITION
Chomilcal Paramaobers
Sulfur Troxde-1R 03 0,04 % PO 752
Loss On igrition L 0.00 % EMN196-2
XRF Analysis
Sikca Cuide 02 4742 % EM196-2
Adumirium Ohdde: 203 13.35 k] EMN186-2
Femc Cuide Fe203 12.32 % EMN196-2
Calsium Ouide Caly 10.98 k] EMN186-2
Polassium Chide 20 0408 % EMN196-2
Sodium Cuide Maz 1.883 k] EN196-2
Magressium Craide Mo 11.29 % EM196-2
Titanium Diooide Tioz 1,660 k] EMN186-2
Phospharous Penlosics P205 0193 % EM196-2
Manganic Cuide Mn200 a2 % EN196-3
Chioride [x] omMr % EM18E-2
Sodium Owide Equivakent Ma20 Eq. 215 % EMN196-2
TECHMICAL PARAMETERS
Finerioss
Spectic surface, Baine BBE miikg EM196-6
Speciic Weight 298 glom3 PO7I7
Partiche Size Distribution
Sieve Fassing <34 prm 5.6 % PD1749
Siove Fassing =3 pm 8.7 % D174
Sigve Remdus =64 um o " 01744
Sieve Residue =00 prm 0.4 % P 744
CQuantil: 5] 0.5 T.A um PO 744
CQuantil: H35) 098] 234 um P 744
| T,
4 Yuch{cchSdar
Brevik, Cement and Concrese Laboratory, 12002004 Qer
Laboralory Manages
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B.3 CEMII

Heidelberg
Materials

Produktdatablad

Appendices

STANDARDSEMENT FA justert

CEMII/B-M (V-L) 425R

Sist revidert september 2023

Sementen tilfredsstiller krovene | NS-EN 1597-1-2011 til Portlond blandingssement

CEM I1/B-M (V-L) 425 R.

Egenskap Deldarerte data Krav ifelga
NS-EN 197-1:2011
Finhet (Blaine md/kg) 470
Spesifikk vekt (ka/dm™) 2,00
Volumbestandighet {mim) 1 = 10
| Begynnende starkning (mim} 150 = &0

1 degn 19
Trykkfasthet (MPa) 2 deagn 29 =20

7 degn 40

28 degn 53 =425 = 625
Sulfat (% S04 = 4 = 4
Klorid (% CI) = 0,085 = 0,10
Vannlesealig krom {ppm Cr) = 2 = 2
Alkaliar (% Mo0w.) 1,2
Klinker (%) 78 65-79
Flygeaske (%) 13 21-35
Falksteinsfiller (%) g

L Ihenhald til EL forordning REACH Vedlegg XVII punkt 47 krom WI-forbindelser.

......
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B.4 Dynamon SX-23

DYNAMON SX-
23

Superplasticizing additive for concrete and mortar

l PRODUCT DESCRIPTION

Dynamon $X-23 is 3 very effective superplasticizing admixture basad on modified acrylic polymers
The product is part of the Dynamon System. This 3
doveloped by Mapet, whs the praperties of the
The Dynamon System is developed from Mapel's ownr

rformance Polyrmers)

nt kinds of concrote

NONOMers.

I APPLICATION AREAS

d for ready-mix concrete production and can be used 1o incresse the workability for

atar consumpton

Some special areas of application

- Wate

te that requiras high or very high strength and strct requirement 1o conce

durability in aggressive

onger cpen times. If necessary, this type of concrete can be stabdised with a

cing admixture, such as Viscofluid or Viscostar

ther

4 Mo 30
artain retarcatio

temperatures can lead

Dynamon SX-23 differs areatly from supe

) on sy [‘."'Z'vr'.l'\“n’f meKamines
&s from ¢ aration acryhc-pased .

a rmr.-"d nakenes, as
r W educing effect an Ope

1 TiIMme.

w usng Dynamon

THe necessary

S$X-23, than with

Ihe time of dasing Dynamon SX-23 is not so impaoartant. but the shartest mixing time is generally obtained when adding
Dynamon SX-23 after at least [ the mixing water & added. 1t i advisable ta do some prefiminary testing to obtain
optimal utilization of the mixng equipment

o)

| PROPERTIES

cement within the mixture.

Dynamon SX-23 15 a water soluble product of active ac ars that effectively disperse

This effect can be utilised in three ways:

the amount of mxing water, but at the same time mantain the conarete workabdity. Lower wic ratio gives
1 durability

ncreased strength, reduced permeability and impros

Ne but ease of

SAME W/C 1ATI0. The strer th rémains the

& MAPEI

Xiv



Appendices

3. To reduce both the water and the cement withaut altaring the mechanical strengthe Through this method it &S possibe
1o reduce costs [less cernent], shrinkage (lkess water) and also the rigk of termperature gradients due to the lower beat of
Fydraticn. This last effect B particularty irportant for concrete containing a high percentage of cement.

I COMPATIBILITY WITH OTHER PRODUCTS

Dynamon SX-23 can be combired withs Mapei’s other conorete additives, for example socelerators like Mapefast arnd
setting retardants like Mapetard

The product can also be combined with air entraining agents for prodisction of frosi-resistant concrele, Mapear producis
Solecting the type needed is done based on the properites of the other ingredients

Whihen combining preducts, it s recommended that testing is dore 1o cbtan the desired effect im the misture Youw may
alsa cartact our techinical depart menl.

I DOSAGE

Dymamian 5X-23 is added to achieve the desired effect, strength, durakbility, workability and cement reduction by varying
1% dasage between 0.3 and 2.0 % of the amaount of cement + fly ash + microsilica.

Higher dosages increase the concrete’'s open time, which means tha time where the concrete can bs waoarked. A highar
dosage and a lower concrete emperature will cause some retardation.

Test mistures using the selected parameters are always recommended

I PACKAGING

Dymaman 5X-23 s avallable In 25 iter cars, 200 liter druames, 1000 liver |BC tanks ard in tank

I STORAGE

Dynamon 5X-2% must be stored at termperatures between +8 and +35%C, and will retain its properties for at least 12
months when stored unepanad in original packagirg, IF the product is exposed to direct suniight, colour variation may
adur, DUl this will net affect the eehnical propesiieg of the prodiect.

I SAFETY INSTRUCTIONS FOR PREPARATION AND INSTALLATION

Irstruetions for the safe use of our products ean be found on the latest versian of the SDS available frarm cur website
WAL apeL.no

PRODUCT FOR PROFESSIOMAL USE.

I TECHNICAL DATA (typical values)

PRODUCT IDENTITY

Appearance: aquid

Calour: yellow-brown

Wiscosiny: ko visoosiny <30 mPas
Solids content [%): 23011

Density jglom®: 105 + 0.02

PH: B=x1

Chigride content (%] < Q.05

Alkall contant [MayO-equivalants) (%) <20

XV
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I WARNING

Althaugih Hee dechnicol details and recommendolions contoined in this product doto sheel correspond o [he best of owr
knowdedie ond experance, oll the above - Information must, in eweny cose, be token of meraly Inoicatéve ong sublect to
confirmation aftar ieng-term proctical apolication: for this reasen, anyone wiha Rlends (o use the progduet must ensune
beforehand that it ks suitable for the envisoged oppboation: in every case, the user aione is fully responsitle for ony
consequences deriing from the use of the product.

Please refar to the curtent version of the technical data sheeat, svailable frorm aur vel site WAL ITIA R MO

I LEGAL NOTICE

The contents of this Technical Dota Sheet (*TDS") may be copied into onother project-redoted document, but the
resuiting decurrrent shall mof supplerment o repioce reguirements per the TOS meffect ot the time of the MAPE! produc
instaliotion. For the most up-to-date TOS and warranty information, pleass wisit our wehsite ot wiswmapeino

ANY ALTERATIONS TO THE WORDING OR REQUIREMENTS CONTAINED IN OR DERIVED FROM THIS TDS SHALL WOID
ALL HELATED MAPEI WARRAMTIES,

£874-7-2017-gb

darvy meprodhsciion of tavis, photos and lerincion published here s pechibiied srd iubject io

[ MADE/
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B.5 Mapei air

MAPEAIR 25

Air entraining admixture

Pl

l AREA OF USE

Mapeair® 25 s a surface active agent which promotes the formation of small air bubbles ard is used to improve the frast
resistance of concrete and mc
Mapeair” 25 also gives impro vorkabulity and reduces the risk or segregation, The product s usually used in
combination with MAREIS ¢ wing or superpla

Mapeair™ 25 = ba

I TECHNICAL CHARACTERISTICS

“ing admbtures

sed on synthatic tensides and tall oil derivatives

crete always contains a certain amo air in fresh

ete, Mapeair® 25 i added, which

thaw resistan

int of ar ( 3%} In orger to meat the usual requirements of 4 -6 %
raduces smaller and more evenly distributed air bubbles, which leads to improved

mprove the workability an 4
trength. A

wated for by the re

also s generally to a decrease

e isthat 1% of air redu

d for water and by

andfor superplas
fove stadllity during transportation by re the rsk of segre

low volume of fine particles and active Yy praventing bieeaing (transporiation of water to the surface of fresh concreta)

I WORKING INSTRUCTIONS

Mapeair™ 28 i deliverod ready for use ard can be added directly into the mixer, To obtain an even distribution of air fram
batch to batch, it s impo t that Mapealr* 25 is added at the same stage of the mixing procedure each time. The

age required o give the desired air content varies with aggregates, coment type and guantity present. Other addtives
may also have an influence. It is Impartant that the addition of Mapealr® 25 is determi

content in the fresh concrate is checked regularly

ed Oy tral mxing and that the air

I DOSAGE

305 - 0.5 kg % weight of cement. As the gquantity of M:lpeaii' 25 used 5 usually small, dilution with water is an advantage
1 part Mapeair® 2510 9or 19 parts w
Q ensure a homo

l ATTENTION

ey for @ more reliable dosage. The product dissolves easily in water. Stir before
PN0US MIXtUTE

Variations in other compoenents in the concrete can graatly influence the formation of air bubbles in concrete. In some

cases duration of transport and rarsportation equiprment used can produce variations in gir cantent. If the aixing time

has been too short the to air content may Iincraase from production to deliver

& MAPEI
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reduction of air centent is observed. Normally this reduction is the result of the rekease of larger, urdesirable air bubbles
The producer must therefore base his calculations on experience with the particular constituents used

| PackacinG
Mapeair™ 25 = availabbke in 25 liter cans, 200 liter droms, 1000 iver IBC tanks and in Lank

| STORAGE

The product must be stored at temparatures between +8°C and <35°C, ard will retain its properties for at least one year if
stxred unopened in its original packaging. Ifthe product is exposed to direct sunlight, colour variation may ecour, but this
will not affect the technical propertios of the product

I SAFETY INSTRUCTIONS FOR PREPARATION AND INSTALLATION

Instructions for the safe use of our products can be found on the latest varsion of tha S05 availablke from our wiebsite
WA MapseLnG

FRODUCT FOR PROFESSIOMNAL USE

I TECHNICAL DATA (typical values)

PRODUCT IDENTITY

Types liquid

Caolour: pale yellow/orown
WViscosity: law viscasity = 10 mPas
Solid eontent, [#): &

Crensity, (gemm®): 100 0.02

pH: 201

Chioride contant, (%] s0.05

Alkal content (MazD-equivalent], %k S0

CHARMACTERISTICS OF CONCRETE CONMTAINING MAPEAIR

Vaolume of air in concrete mixture EN 12350-T: & % at dosage 0.05 % weight of cement (reference 2.2 %)
Spacing factor in hardened concrate, EN 480-11 [mm]: 0190 {requiremsnt = 0.200]

Specific surface, EM 480-11, [mm&mm 25.2 |requirernent = 25)

Frost resistance [scaling] — EN 12390-9 (kgfm? 0.05 |best classification = 01 excellent)

I WARNING

Although the technica! aetqils ond recommenaoiions coniained i DS product 0ato sheet Correspomnd to the best of our
ogr and experience, ail the ehove - information muwst, in every case, be token a5 Mersly indicative ond suhiect ho
rrvaifion after iong-term practical ooplicatian: for this regsan, anyone wha intends o wse the product must ensung
nrehond that it is suitahie for the emvisaged opplication in every case, the user olome ks fully responsible for amy
COrmaquences derhing from Lhe use of the praduct

Please refer to the current version of the technical data sheet, available from our web site www.mapeino

| LEGAL NOTICE

The eontents of this Technicol Data Sheet (“TDS") may be copled info another project-reloted document, but the
resulting document shall not supplement or repiece requiraments per the TDS in effect at the time of the MAPET produc
instolation. For the most up-to-dote TDS ond warranty informotion, please visit our website of www.mapeino

ANY ALTERATIONS TO THE WORDING OR REQUIREMENTS CONTAIMED IN OR DERIVED FROM THIS TDS SHALLAVOID
ALL RELATED MAPEI WARRANTIES.

& MADEI
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C  Full mix design for 1 m3 concrete

Appendices

REF-360 M18/6-360 M18/6-300 M25/10-360
W/B ratio 0.40 0.40 0.47 0.42
W/C ratio 0.48 0.47 0.55 0.54
BINDER CONTENT
[ke/m?  [w%] [kg/m?]  [w%] [kg/m’] [w%] [kg/m’]  [w%]
CEM | 0 0 287 79.8 239 79.8 246 68.2
CEM I 360 100 0 0 0 0 0 0
LP 0 0 8 2.2 7 2.2 24 6.8
VPI 0 0 65 18 54 18 90 25
Total SCM 86.4 24 86.5 24 72.2 24 125.6 35
content
Total binder 360 100 360 100 300 100 360 100
materials
AGGREGATES CONTENT
[ke/m?  [w%] [kg/m?]  [w%] [kg/m’] [w%] [kg/m’]  [w%]
BS sand 0-8mm 849 49.0 856 49.0 891 49.0 861 49.0
RB agg 8-22mm 808 43.0 814 43.0 840  43.0 811 43.0
Crushed 4-8mm 148 8.00 149 8.00 152 8.00 147 8.00
ADDITIVES CONTENT
[kg/m?] [kg/m?] [kg/m?] [kg/m?]
Dinamon SX-32 4.32 4.80 3.60 4.32
Mapei Air 0.14 0.14 0.16 0.14
WATER CONTENT
[kg/m?] [kg/m?] [kg/m?] [kg/m?]
Free water 143 136 132 132
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D W/C-ratio and W/B ratio calculations

The formulas for the W/B ratio and the W/C ratio are the following:

w

whr = (C+kxA)

With: With:

br  Water/binder-ratio

Free water [kg/m®]
Cement [kg/m?]

k-value

Additional binder [kg/mq]

>XOSS

SRS

WCer =

wcr  Water/cement-ratio
W Free water [kg/m°]

Cement [kg/m®]

According to EN-206 the k-values for the used materials are the following:

Name of binder k-value
Norcem CEM I 1
Norcem CEM 11 1

LP 0.3
VPI 0.7

The calculations for REF-360 are the following:

W/C factor
_ w _ 143 048
Wer =" T 295

Note: the cement content equals: binder — FA content

W/B factor

B w 143
 (C+k+A) (287%1)

wbr 0.40

XX



The calculations for M18/6-360 are the following:

W/C factor

w136 0.47
wWCer = I = 287 = V.
W/B factor

A A— 50 = 0.40

WOT = (C+k+A) (287+03+8+0.7+65)
The calculations for M18/6-300 are the following:
W/C factor

_w_12 0.55
W= T 239
W/B factor

br = w = 132 =047

WOT = (C+k+A)  (239+03+7+07%54)
The calculations for M18/6-300 are the following:
WI/C factor

_w_132_ .,
WCr = I = 246 = V.
W/B factor

W 132

wbr = 0.42

T (Ct+k+*A) (246 +03+24+ 0.7 +90)

XXi
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Compressive strength results

. I Print date: 25.04.24
Toni ' Technik
Test report
Test report - Customer
Tester : Test standard : EN19&

Testspeed : 0.6 M/mm’s

Test results:

MAT Compression - Amber master.zs2 Pagel/3
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. I Print date: 25.04.24
Toni J Technik
Date/Clock time D 5o h m [ Frax  Om
Legend Mo. mm* mm g gfcm® kN MPa
L 1 [15/02/2024 12:59:51| A-ref mix-2d|10007.00|104.0| 2432 (23362 |363.02|36.28
2 [15/02/2024 13:06:48| B-ref mix-2d| 9981.00|103.0| 2411 [2.3449|348.14(34.88
= 3 |15/02/2024 13:10:48| C-ref mix-2d| 9985.00(103.9| 2422 |2.3351|361.08|36.16
4 16/02/2024 14:13:11 A-mix 1-2d| 998301 (1001 2390 (2.3903 | 449.55|45.03
E B |16/02/2024 14:18:41 B-mix 1-2d| 997302 (1006 2384 (2.3769|452.63|45.39
T |16/02/2024 14:25:01 C-rnix 1-2d| 9980.071|104.8| 2498 |2.3878|452.28(45.32
E 8 2170272024 12:52:52 A-mix 2-2d| 998401 |102.5) 2431 |2.3757|346.86|34.74
9 2170272024 12:58:06 B-mix 2-2d[10010.99|101.9| 2427 |2.3788|345.32|34.49
10 |21/02/2024 13:07:29 C-mix 2-2d| 9994.99|102.9| 2463 (23943 |341.16|34.13
11 | 22/02/2024 103918 A-mix 3-2d| 998800 (102.3 | 2409 (2.3572|364.53|36.50
12 | 22/02/2024 10:43:57 B-mix 3-2d| 9980.01|102.0| 2382 |2.3402|355.04|35.57
13 | 22/02/2024 10:47:44 C-mix 3-2d| 9964.03101.2| 2385 | 2.3660|355.46(35.67
14 |12/03/2024 11:20:12| D-ref mix-258d| 9988.00(103.0| 2415 |2.3474|554.99|55.57
15 [12/03/2024 11:25:31| E-ref mix-28d| 9981.01|103.6| 2415 | 23346 567.62 | 56.87
16 [12/03/2024 11:30:52| F-ref mix-28d| 9990.40|105.6 | 2407 [2.2809|534.27|53.48
W 17 |13/03/2024 11:03:02| D-mix 1-28d [ 10016.69|106.0 | 2478 | 2.3346|663.35|66.22
Ll 18 |13/03/2024 11:07:55| E-mix 1-28d [10021.00|103.6 | 2442 | 23532 663.51|66.24
= 19 |13/03/2024 11:12:58|  F-mix 1-28d [10021.00)104.5 | 2487 | 2.3660|668.581 (66.74
20 |18/03/2024 10:12:10|  D-mix 2-28d | 1003303 | 101.0| 2423 (23908 | 525.43|52.37
21 |18/03/2024 101717 E-mix 2-28d | 1000000 103.8 | 2499 |2.4075|538.41|53.84
E 22 |18/03/2024 10:2122|  F-mix 2-28d| 9982.01|103.8 | 2487 | 2.4003|556.96|55.80
23 |19/03/2024 12:09:41| D-mix 3-28d[10009.70| 99.8| 2358 |2.3618|585.18|58.46
E 24 119/03/2024 12:14:31 E-mix 3-28d| 9983.01|103.4 | 2426 |2 3497 | 587.68(56.89
25 |19/03/2024 121852 F-mix 3-28d| 1004605 100.6 | 2394 |2 3691 |584.06|58.14
26 |09/04/2024 14:49:41 | G-REF mix-56d | 1003199|103.6| 2413 [23225|613.29]|61.13
27 |09/04/2024 14:55:28 | H-REF mix-56d | 10009.00| 105.4 | 2469 |2.3393|626.73 | 6262
28 |09/04/2024 15:00:59| |-REF mix-56d| 9998.00|102.9| 2421 |2.3525|595.7759.59
29 110/04/2024 13:15:41|  G-MIX 1-56d| 9957.00|101.0| 2382 |2.3582| 720917211
30 |10/04/2024 13:20:47| H-MIX 1-56d| 9993.00|105.2 | 2455 [2.3365|772.51|77.31
31 |10/04/2024 13:26:31 [~ 1-56d [ 10002.00 | 102.8 | 2442 | 23755 | 7e0.28| 76.01
32 |15/04/2024 13:00:35| G-MIX 2-56d[10028.02|101.3| 2439 |2.4019]613.44|61.17
W 33 |15/04/2024 13:05:27| H-MIX 2-56d[100710.00| 102.1| 2452 | 2.35978|622.57 6219
34 115/04/2024 13:18:08 I-MIX 2-56d ] 10023.01 [100.2 | 2404 (2.3942|618.70|61.73
E 35 |160/04/2024 12:16:52| G-MIX 3- 56d| 10020001 | 102.6| 2434 (23668 |698.064|69.72
36 |16/04/2024 12:21:40] H-MIX 3- 56d [ 10028.02| 100.8 | 2385 |2.3588|662.15|66.03
L 37 |16/04/2024 12:35:45]  I-MIX 3- S6d| 9996.00|102.2] 2411 |2.3614| 700.82]| 70.11
MAT Compression - Amber master.zs2 Page2/3
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Toni I Print date: 25.04.24
ONIF Technik
Enoa Enpz £,z Enoa

Legend Mo, % Legend No. % Legend Mo, % Legend Mo, %
1] - 1| - @ |0 - @ [ 2] -
2| - @ | 12| - W | 21| - 0| -
3| - e | 13| - 2 | - 31 | -
4| - 14 | - 23 | - 32 | -
6| - 15 | - 24 | - W | 33| -
7| - 16 | - 25 | - W | 34| -
8| - W [17] - % | - = 35 | -
9 | - W | s - 27 | - /| -
10 | - @ | 19| - @ || - W |37 ] -

Series graph:

=

—

=

S

(=}

L

Test time ins
Statistics:

Series p Frrae
n=36 g/cm® kN
x |23623|543.66
5 |00269(13391
V% (114 | 2463

MA1 Compression - Amber master.zs2 Page3/3

XXiv



Appendices

Chloride migration results
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G F-Tresult graphs and tables

G.1 Normal curing samples

REF 360 N M 18/6-360-N
A B C Average A B C Average
Length 14,0 14,5 13,7 Length 14.2 13.9 14,1
Width 13.8 14.0 13.9 Width 13.4 14,0 13,9
Area 193 203 190 Area 190 195 196
Bowl 29 2.9 2.9 Bowl
7d 21 3 3 7d 35 4 5.4
144 34 3.1 3.4 14d 4.1 47 6.2
28d 3.8 3.5 3.8 28d 46 5.4 7.4
42d 4.3 3.9 42 42d 53 6.3 8.3
56d 48 4.4 47 56d 7.1 7.7 10.4
0 0 0 0 0 0 0 0 0 0
7 0.01 0.00 0,01 0.01 7 0.18 0.21 0.28 0.22
14 0.03 0.01 0,03 0.02 14 0.22 0,24 0.32 0.26
28 0.03 0.03 0,03 0.04 28 0.24 0.28 0.38 0.30
42 0.07 0.05 0.07 0.06 42 0.28 0.32 0.42 0.34
56 0,10 0.07 0,09 0.09 56 0.37 0,40 0.53 0.43
56d/28d 2.11 2.50 2.00 2.20 56d/28d 1.54 1.43 141 1.46
M 18/6-300-N M 25/10-360-N
A B C Average A B C Average
Lensth 13.9 13.7 13.7 . Length 13.6 13.7 13.2
Width 13.9 14.0 13.9 Width 13,6 14,0 13.4
Area 103 102 190 Avea 185 192 177
Bowl 2.9 2.9 2.9 Bowl 2.9 2,9 2.8
7d 10.1 8.8 5.8 7d 5.1 5.4 il
14d 13.1 124 7.9 14d 6.9 6.8 7.1
28d 13.7 13.3 8.6 28d 8.7 7.8 8.1
42d 15.3 14 9.6 42d 9.4 8.8 9.4
56d 16.4 14.7 11.2 56d 12.2 9.8 10.6
0 0 0 0 0 0 0 0 0 0
7 0.37 0.31 0.15 0.28 7 0,12 0,13 0.08 0.11
14 0.53 0.50 0.26 0.43 14 0,22 0,20 0.24 0,22
28 0.56 0.54 0.30 0.47 28 0.31 0,26 0.30 0.29
42 0.64 0.58 0.35 0.52 42 0.35 0,31 0.37 0.34
56 0.70 0.62 0.44 0.58 56 0.50 0,36 0.44 0.43
56d/28d 1.25 1.13 1.46 1.28 56d/28d 1.60 1.41 1.47 1.49
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G.2 CO,-curing samples

Appendices

XXIX

REF-360-CO2 M 18/6-360-CO2
A B C Average A B C Average
Length 13.6 13,7 13,7 Length 14,0 13,6 14,0
Width 139 140 140 Width 140 135 13.8
Area 189 192 192 Area 196 184 193
Bowl 28 28 29 Bowl 5.8 5.7 5.8
7d 32 34 46 37333333 7d 10.8 128 13.1
14d 44 43 53 14d 12.6 15.4 159
28d 53 46 55 28d 144 i 182
24 57 5 6 42d 184 9 215
36d 61 55 6.0 56d 219 26.7 272
0 0 0 0 0 0 0 ) 0 0
7 0.02 0.03 0.09 0,05 ! 0.26 039 038 034
” 0.08 0.08 013 0.10 14 035 0.53 0.52 047
. 013 0.09 014 012 28 0.44 0.63 0.64 057
2 0.15 011 0.16 0.14 42 0.64 0.83 0.81 0.76
5 0.17 0.14 021 0.17 > 082 1,14 L1l 1,02
s6d/28d 132 150 154 145 26d 254 L87 L8] L13 1.80
M 18/6-300-CO?2 M 25/10-360-CO2
A B C Average A B c Average
Length 137 135 136 i Length 134 13.7 13.6
Width 143 140 140 Width 135 13.5 13.8
Area 196 189 190 Area 181 185 188
Bowl o T o Bowl 58 58 57
7d 118 8.5 8.1 /d 7.7 6.7
14d 135 95 96 14d 8.5 9
284 139 103 106 28d 9 9.4 1.7
424 149 10,8 12 42d %6 10.1 ¢
s6d 159 115 12 S6d e __ =
0 0 0 0 0 0 0 0 0 0
5 031 0.14 012 019 7 0.11 0.14 0.05 0.10
14 039 020 020 026 1 0.15 0.7 0.09 0.14
28 041 024 025 030 28 0.18 0.19 0.1 0.16
42 046 026 028 034 = 021 0.23 0.12 0.19
5 052 030 033 038 - 0.25 0.29 0.19 0.4
— = = = = s6d28d 1.41 1,50 1.50 1.57
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G.3 Prolonged CO,-curing samples

REF-360-CO2P M 18/6-360-CO2P

A B C Average A B C Average
Length 140 14.0 14.0 Length 13.7 135 14.0
Width 14.0 14,0 13,8 Width 13.9 14,0 13,7
Area 196 196 193 Ares 190 1589 192
Bowl 5.8 5.8 5.7 Bowl 5.8 50 5.7
7d 5.8 6 6.2 7d 6.3 6.6 7.5
14d 6.1 6.6 72 14d 77 77 3
28d 65 = - 284 86 83 102
4 62 & 0 424 95 9.2 11,1
S6d 8.5 10.1 564 103 104 12
0 0 0 0 0 0 0 0 0 0
! 0.01 0.01 0.03 0.01 7 003 005 0,09 0.06
14 0.2 0.04 0.08 0.04 14 0.10 0.11 0.19 0.13
;S g g’; EE'? E IE g E'S 28 0.15 0.14 023 017
5 0.08 014 023 0.15 4- g li g 19 g_s g-:
56d/28d 2,14 1,59 1,83 185 = = =2 =

56d/28d 1,61 181 1,40 1.60
M 18/6.300-COZP M 25/10-360-CO2P

A B C Average A B c Average
Length 14,0 138 13.9 Length 13.5 13.6 13.6
Width 13,5 13.8 14,0 Width 14.0 14.0 13.9
Area 189 190 195 Area 189 150 189
Bowl 57 57 57 Bowl 5.7 5.7 5.7
7d 12.5 15 10,8 7d 6.2 6.6 7.9
14d 18 213 149 14d 74 7.9 112
28d 214 255 182 28d 8.1 8.6 12.4
42d 23 27.4 19.6 42d 8.6 9.1 13
s6d s6d
0 0 0 0 0 0 0 0 0 ]
7 0,36 0.49 026 037 7 0.03 0.05 0,12 0,06
14 0.65 032 047 0.65 14 0.09 012 029 0,17
28 0,83 1,04 0.64 0.84 28 0.13 0.15 035 021
42 0.92 114 0.71 0.92 42 0.15 0.18 0.39 0,24
0,30 20,30 029 -0.30 5 -0,30 -0,30 -0.30 0,30
56d/28d -0.36 029 0,46 037 56d/28d 238 1.97 0,85 173
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H Pictures of F-T samples after testing

H.1 Normal curing samples

M 18/6-300-N: Sample A-56d M 18/6-300-N: Sample B-56d M 18/6-300-N: Sample C-56d
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3§ e o a5

M 25/10-360-N: Sample A-56d M 25/10-360-N: Sample B-56d

H.2 CO; curing samples

M 18/6-360-CO2: Sample A-56d M 18/6-360-CO2: Sample B-56d M 18/6-360-CO2: Sample C-56d
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M 18/6-300-CO2: Sample A-56d M 18/6-300-CO2: Sample B-56d
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M 25/10-360-CO2: Sample A-56d M 25/10-360-CO2: Sample B-56d M 25/10-360-CO2: Sample B-56d
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H.3 CO; and prolonged curing samples

IS

-

REF-360-CO2P: Sample B-56d REF-360-CO2P: Sample C-56d

AN A N v

M 18/6-360-CO2P: Sample A-56d M 18/6-360-CO2P: Sample B-56d M 18/6-360-CO2P: Sample C-56d

M 18/6-300-CO2P: Sample A-42d M 18/6-300-CO2P: Sample B-42d M 18/6-300-CO2P: Sample C-42d
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25/10-360-CO2P: Sample C-42d M 25/10-360-CO2P: Sample C-42d M 25/10-360-CO2P: Sample C-42d
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Appendices

Spacing factor and air percentage analysis on
hardened concrete

REF-360

Drare 31.5.2024

«” TAKNISETUR

ASTM C457/C457M-16 Microscopical Determination of
Parameters of the Air-Void System in Hardened Concrete

Consultant The Arcic University of Nomray
Sender Iveta Novakova/ Amber Steclandt
Proyesct: Ar2CorD) - Master thesis

Mixing date: 1322024

Sample 1D: Ar2eord REF

Method: ASTM C457 /437M-16 Procedure B
Cryperated by: Kijartan Bjtmgvin Kristjinsson
Drescription of sample: Slab from the end of a 150 mm cube
Direcnon of traverse: Perpendicular o packing direction
Number of points: 1410

Magnificanon: B x

Results

Specific Surface (x): 33 mm’

Spacing Factor (L) 0,14 mm

Percent air {(A): 5I3 a

x|
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.2 M 18/6-360

«” TAKNISETUR

Dhate- 3152024

ASTM C457/C457M-16 Microscopical Determination of
Parameters of the Air-Void System in Hardened Concrete

Consuleant The Arctic University of Norway
Sender lveta Novakova/ Amber Stecland:
Project: Ar2Corl) - Master thesis

Mixing dare: 14.2.2024

Sample 1T Ar2oocly Mix 1

Methiod: ASTM C457/457M-16 Procedure B
Oiperated by Kjartan Bydrgvin Knstpinsson
Description of sample: Slab from the end of 2 150 mm cube
Direction of traverse: Perpendicular to packing direction
Mumber of points: 1380

Magnification: Bl x

Results

Specific Surface (x): 22 mm”

Spacing Factor (L) 0,26 mm

Percent air (A): 3.8 %

xli
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.3 M 18/6-300

«” TAKNISETUR

[Drate: 352024

ASTM C457/C457M-16 Microscopical Determination of
Parameters of the Air-Void System in Hardened Concrete

onsulzant The Arctie University of NMomway
Sender Iveta Movakova,! Amber Steelandt
Progect: A2 orlD - Master thesis

Mlmingr date: 19220024

Sample 11: Ar2eorl) Mix 2

Method: ASTM C457/45TM-16 Procedure B
[Operated by: Ejartan Bjodognn Knstjansson
Desenption of sample: Slab from the end of 2 150 mm cube
Direction of traverse: Perpendicular to packing direction
Mumber of pomts: 1420

Magrufication: B0 =

Results

Specthic Surface (o): 22 mm’

Spacing Factor (L): 0,25 mm

Percent ar (A): 4,0 %

xlii



.4 M 25/10-360

Appendices

«” TAKNISETUR

Drate: 31.5.2024

ASTM C457/C457M-16 Microscopical Determination of
Parameters of the Air-Void System in Hardened Concrete

Consultant
Sender

Progect:

The Arctic Universaty of Moraay
Iveta Movakova, Amber Steelandt
Ar2Corl) - Master thesis

Mupong dage:

Sample 1D

Method:
Operated by

20.2.2024

ArZeorDD Mix 3

ASTM C457/45TM-16 Procedure B

Kjartan Bioogon Knstjansson

Darection of traverse:

Mumber of ponts:

Magmibicaton:

Results

Speaitic Surtace (x):
Spacing Factor (L):
Percent air (A):

Descnption of sample:

Slab from the end of a 130 mm cube
Perpendicular to packing direction
146l

Al x

Kl
28 mm

0,16 mm
6,0 %

xliii
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J Placement of samples in the F-T chambers

F-T chamber 1 F-T chamber 2

M 25/10-360-CO2 M 18/6-300-CO2 M 18/6-360-CO2 M 18/6-300-CO2

M 25/10-360-CO2 M 25/10-360-CO2 M 18/6-360-CO2 M 18/6-300-CO2

REF-360-cO2Pp  REF-360-CO2P M 18/6-360-N M 18/6-360-N

REF-360-CO2P M 18/6-360-CO2P M 18/6-360-N REF-360-N

M 18/6-360-CO2P M 18/6-300-CO2P REF-360-N M 18/6-300-N

M 18/6-360-CO2P M 18/6-300-CO2P REF-360-N M 18/6-300-N
M 18/6-300-N M 25/10-360-N

M 18/6-300-CO2P M 25/10-360-CO2P
M 25/10-360-N

M 25/10-360-CO2P M 25/10-360-CO2P M 25/10-360-N
DUMMY DUMMY REF-360-CO2 REF-360-CO2
DUMMY DUMMY M 18/6-360-CO2 REF-360-CO2

xliv
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Optimization of freeze-thaw durability testing for low-carbon
concrete with VPI

Amber Steelandt!?, Veerle Boel* and Iveta Novakova?

1Ghent university, Department of Structural Engineering and Building Materials, Ghent, Belgium
2UIT The Arctic University of Norway, Department of Building, Energy and Material Technology, Narvik, Norway

Abstract- Concrete, the most widely used building material, significantly impacts the
environment, with cement production contributing up to 8% of global CO2 emissions. To
address this, low-carbon concrete (LCC) mixes with supplementary cementitious materials
(SCMs) have been developed. Fly ash (FA) is a well-established SCM, but with the decline
of coal-fired power plants, alternatives like volcanic pozzolans from Iceland (VPI) are
needed. This research evaluated the durability of concrete with VVPI through freeze-thaw (F-
T) resistance, compressive strength, and chloride migration tests. Results showed VPI
enhanced long-term strength more than FA, although higher VPI percentages reduced
strength. VPI significantly improved chloride migration resistance, with higher percentages
yielding greater resistance. Concrete with VPI performed well in F-T tests but generally
worse than FA. Different curing methods significantly influenced F-T performance, with the
effect dependent on factors such as air percentage, spacing factor, W/B ratio, specific surface
area, and pore size distribution.

Keywords- Low carbon concrete, supplementary cementitious materials, volcanic pozzolan, VPI,

fly ash, freeze-thaw, chloride migration, compressive strength

1 Introduction

The production of cement accounts for
approximately seven to eight percent of the
world’s annual CO2 emissions. [1] However,
it wasn’t until the 1990s that the construction
industry, including the cement industry,
began to acknowledge its environmental
impact. [2] In response to these
environmental concerns, researchers have
embraced the task of investigating
alternatives to traditional cement in concrete
production. This exploration has led to the
formulation of low-carbon concrete (LCC),
achieved by incorporating supplementary
cementitious materials (SCMs) alongside
ordinary Portland cement (OPC). [3] The
most widely recognized and utilized SCM is
Fly-ash (FA). [4]

However, the availability of FA is
decreasing due to the phasing out of coal-
fired power plants. [4] This necessitates the
exploration of alternative materials like

natural pozzolans (NP). Within the group of
the NP, volcanic pozzolans (VP) have
emerged as a promising candidate for
fulfilling the role of SCMs in concrete
production. [5] As new types of SCMs,
including VP, are being investigated, there is
a pressing need for further research into their
durability characteristics. Many natural
SCMs remain unexplored, with limited data
available  regarding  their  durability
performance. The properties of concrete are
dependent on various factors such as curing
conditions, the input materials, and the ratios
in which they are used. [6]

2 Materials and Methods
2.1 Materials

2.1.1 Ordinary Portland cement

Ordinary Portland cement (OPC) is
produced from Portland clinker, which is
manufactured using either the wet or dry
milling process. In both methods, limestone



(CaCO0:s3), clay, and other clay-like materials
are added into a rotating kiln. Water is
included in the wet milling process. To
produce OPC, the resulting clinker is
ground, and gypsum (CaSQa) is added. This
final step ensures the desired properties of
the cement. The fundamental elements of
OPC include calcium silicates (CzS, C3S)
and calcium aluminates (C3A, C4AF), which
are generated through the heat-induced
reactions among the existing oxides present
in the Portland clinker. [7]

When OPC is used to make concrete, the
calcium silicates will initiate a hydration
reaction when combined with water leading
to the formation of calcium silicate hydrate
(C-S-H gel) and calcium hydroxide
(Ca(OH)2) as shown in the following
reactions [6]:

C,S + Hy,0 > C — S — H + Ca(0OH),
CsS + Hy0 > C — S — H + Ca(OH),

The C-S-H gel plays a crucial role in
interconnecting  particles  within  the
concrete, thereby influencing its strength
and durability. The calcium hydroxide on the
other hand is a by-product that does not
directly influence the strength of the
concrete. It does however, contribute to the
alkalinity of the concrete.[6]

2.1.2 Flyash

Fly ash, a by-product of power plants
generating pulverized coal is the most
dominantly used SCM when making low-
carbon concrete. [8] It is a pozzolanic binder
which means that it reacts chemically with
calcium hydroxide in the presence of
water.[9] There are two categories in which
fly ash can be classified. These are class C
fly ash and class F fly ash. Class C stands for
high calcium fly ash that contains more than
20% limestone, whilst class F is low calcium
fly ash that contains less than 7 %
limestone.[8] Class F fly ash is typically
produced by burning high-quality coals,
such as anthracite and bituminous coals.
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These ashes possess pozzolanic properties,
which means they react with calcium
hydroxide (Ca(OH)2) and water to form
compounds that contribute to the hardening
of concrete. However, Class F fly ash lacks
inherent cementitious characteristics and
thus requires mixing with either OPC or
limestone powder (LP) to create concrete.
On the other hand, Class C fly ash is
generated from the combustion of lower-
quality coals, including lignite and sub-
bituminous coal. This class of FA not only
exhibits pozzolanic properties but also
possesses cementitious properties. As a
result, Class C fly ash may not necessarily
require the addition of OPC or LP to initiate
the hydraulic reactions necessary for
concrete formation. [9] Class F fly ash is
used the most to produce LCC since it is
easier to find and has a slower hardening
process than class C. [8] The FA used in this
paper was already incorporated into the
cement type. The FA-cement used to make
the reference mix in this paper was CEM Il
produced by “Heidelberg sement Norge”.

2.1.3 Limestone powder

Limestone powder (LP) does not contain
hydraulic or pozzolanic properties. This
binder will enhance some properties that
cement has, leading to good processability.
[7] LP is almost inert but it does partially
react with aluminates, producing carbo-
aluminate and carbo-silicate hydrates. LP
will also dilute the binder phase in concrete
which contributes to a higher porosity.[10]
When LP is added to concrete it can increase
early-age strength when SCMs are used. [10,
11]

2.1.4 Volcanic pozzolan

Materials of a volcanic origin do not
automatically possess pozzolanic activity,
which is a requirement for their
consideration as a SCM. Therefore, only the
volcanic materials that have been tested for
pozzolanic activity are classified as a
volcanic pozzolan (VP) and can be used as a
SCM. [12] A study conducted by Hamada et
al. (2023) [5]states that volcanic pozzolans
vary in chemical composition depending on



their origin.  Consequently, outcomes
obtained with one type of volcanic pozzolan
may diverge from those obtained with
another type. The main components of all
volcanic pozzolans are silicon dioxide
(SiO2), alumina oxide (Al203) and ferric
oxide (Fex03). Additionally, notable
constituents include calcium oxide (CaO),
magnesium oxide (MgO), sodium oxide
(Na20), potassium oxide (K20) and sulfur
trioxide (SOs). The components can be
determined using either x-ray fluorescence
(XRF), x-ray diffraction (XRD) or other
suitable techniques.

The VP used in this paper originates from
“Lambafell” in Iceland and is referred to as
volcanic Pozzolan Iceland (VPI). The VP
found at Lambafell are geologically
classified as hyaloclastites, a type of
volcanic rock, typically associated with
explosive eruptions. Hyaloclastites are
created during volcanic eruptions that take
place underwater, beneath ice, or when lava
flows on land meet the sea or other bodies of
water. The lava and rock fragments that are
created due to the explosive eruption will
mix with the water or ice, forming
hyaloclastites through rapid cooling and
solidification. [4] The specific properties of
V/PI are shown in Table 1.

Table 1: properties of VVPI

Properties VPI
Specific weight [g/cm?] 2.98
Specific surface, Blaine [ma/kg] 686
SiO; [w%] 47.42
Al203 [wo%] 13.35
Fe,03 [w9] 12.32
CaO [w%] 10.98
K20 [w%] 0.41
Na2O [w9%] 1.88
MgO [w%] 11.29
TiO; [W%] 1.66
P20s [WO/O] 0.19
Mn203 [WO/O] 0.21
Cl [w%)] 0.02
Na;O Eq [w%] 2.15
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2.1.5 Sample preparation

Four mixes were prepared according to a
mix design delivered by Iveta Novakova,
researcher at UiT and are shown in Table 2.
One mix contained FA-cement (REF-360)
and the other three contained VPI. The total
amount of binder was either 300 or 360
kg/m® and is placed in the name of the
samples. M 18/6-360 and M 18/6-300 were
made with 18% of the total binder mass
being VPI and 6% being LP. M 25/10-360
was made with 25% of the total binder mass
being VPI and 10% being LP.

Table 2: mix design [kg/m?]

REF- M18/6 M18/6 M25/10
360 -360 -300 -360

CEMI - 287 239 246
CEM II 360 - - -

LP - 8 7 24
VPI - 65 54 90
Water 143 136 132 132
Sand:0-8mm 849 856 891 861
Agg:8-22mm 808 814 840 811
Agg:4-8mm 148 149 152 147
Sp= 432 480 360 4.32

Airentrainer  0.14 0.14 0.16 0.14

*SP= superplasticizer
2.2 Methods

2.2.1 Tests conducted to determine
important concrete properties

A slump test was conducted according to
NS-EN 12350-2 [13] to determine the
workability of the concrete. Secondly, an air
percentage test was performed according to
NS-EN 12350-7 [14] to determine the air in
the concrete. The slump class that was aimed
for was S4 (200-220mm) and the air
percentage 4-6%.

However, due to issues with the air pressure
gauge, the measured air percentages were
unreliable. Consequently, the air content was
tested on hardened concrete following
ASTM C457/457M-16 Procedure B [15] .
This test was conducted by Kjartan Bjérgvin
Kristjansson, lab researcher in Iceland.

Additionally, the spacing factor and specific
surface  were determined. The air



percentages presented in the results are those
obtained wusing ASTM C457/457M-16
Procedure B. The original air percentages
measured according to NS-EN 12350-7 are
excluded due to their inaccuracy.

Additionally, a density evaluation was
performed on the hardened concrete
samples.

2.2.2 Compressive strength test

Compressive strength tests were conducted
according to EN 12390-3 [16] for all the
mixes at 2, 28 and 56 days. Three cubes were
testes per mix for each age. Up until testing
the test pieces were cured in water with a
temperature of 20°C. For these tests cubes of
100 x 100 x 100 mm were used.

2.2.3 Chloride migration test

Chloride migration testing was performed
according to NT-build-492 [17]. The mixes
were tested at both 28 and 56 days. The
pieces were cured in water with a
temperature of 20°C up until testing and
were cut one day before testing took place.
When the samples were cut they were placed
inside a vacuum pump according to the
preparation specifications for this test that
are given in the standard.

2.2.4 Freeze-thaw test

Freeze-thaw (F-T) testing was conducted
according to SN-EN12390-9 [18]. The
standard defines that 4 test pieces should be
tested per mix but due to limited space and
the use of multiple different curing methods
it was decided to use three cubes per mix and
curing method instead.

Three types of curing methods were
implemented to research their influence on
the F-T test results. These curing methods,
their code names and the standard they were
based on are shown in Table 3.
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Table 3: curing methods for F-T

Curing method Code Standard
name
Normal curing N SN-EN12390-9
[18]
CO2-curing COo2 SS137003
(1% COy) [19]
Prolonged CO»- CO2P Executed

curing with one
week extra in
COz-chamber
(1% COy)

according to
SS137003 [19]
But length of
prolonged curing
determined in
collaboration with
Ar2CorD*

*information about Ar2CorD in the acknowledgements

3 Results and Discussion

3.1 Important concrete properties

Some important concrete properties are
given in Table 4.

Table 4: important concrete properties

REF- M18/6 M18/6 M25/10
360 -360 -300 -360

Slump 220 220 220 220
[mm]

Air 5.3 3.8 4.0 6.0

[%]

Mapair 0.14 0.14 0.16 0.14
[kg/ms]

SP 4.32 4.80 3.60 4.32
[kg/ms]

Spacing 0.14 0.26 0.25 0.16
factor

[mm]

Specific 33 22 22 28

surface

[mm]

WI/B ratio 0.40 0.40 0.47 0.42
WIC ratio 0.48 0.47 0.55 0.54




3.2 Density evaluation

The results for the density evaluation of
hardened concrete are shown in Table 5

Table 5: density evaluation

Mix name  Density  Density Density

2 days 28 days 56 days

[kg/m3]  [kg/m?] [kg/m?]
REF-360 2340 2345 2345
M 18/6-360 2385 2390 2395
M 18/6-300 2385 2400 2400
M 25/10-360 2355 2360 2365

3.3 Compressive strength

The compressive strength results are shown
in Figure 1. All the mixes can reach a
strength class of C40/50 after 28 days.

M 18/6-360 and M25/10-360 had a higher
compressive strength than REF-360 at all the
testing ages, whereas M 18/6-300 had a
lower compressive strength. Since M 18/6-
300 has less binder then the other mixes, it is
normal for the compressive strength to be
lower.

According to Hossain & Lachemi (2007)
[20] the compressive strength of concrete
with VA will decrease with the increase of
the VA substitution percentage compared to
concrete with only OPC. A similar study that
was conducted by Aziz et al. (2021) [21]
concludes the same thing. The results from
this research also find a similar trend. The
compressive strength of M 25/10-360 is
lower than the compressive strength of M
18/6-360 which both have the same amount
of binder but a different substitution
percentage of OPC.
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Figure 1: compressive strength results

3.4 Chloride migration

The results for the chloride migration test are
given in Figure 2. When looking at the
results it is noticeable that M 25/10-360 was
highly chloride resistant at 28 days and could
be classified as very high resistant at 56
days. The three other mixes were classified
as moderate resistant to chloride migration at
28 days and high resistant after 56 days.

It is noticeable that M 18/6-360 and M 18/6-
300 are both in the same chloride resistance
category as the reference mix. Meaning, the
reference mix which contains fly-ash cement
does not necessarily perform better than the
mixes with VPI. M 25/10-360 even
surpasses the reference mix in terms of
chloride migration resistance.

Celik et al. (2014) [22] attributed the
improved resistance to the lower porosity of
concrete with SCMs, meaning it has fewer
gel pores for chloride to penetrate.
Additionally, adding LP can form carbo-
aluminates, further reducing pore size and
blocking chloride entry. These results are
clearly supported by the findings in this
study.
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Figure 2: chloride migration results

3.5 Freeze-thaw

According to EN12390-9 [23] the limit for
scaling when doing F-T testing for a
concrete slab is 1 kg/m?. NS-EN 206 [24]
says that the scaling cannot surpass 0.50
kg/m? for concrete slabs. The primary
requirement for determining freeze-thaw
resistance will be the 0.50 kg/m? limit,
although the 1 kg/m2 limit will also be
considered. The F-T results for REF-360, M
18/6-360, M 18/6-300 and M 25/10-360 are
respectively shown in Figure 3, 4, 5 and 6.
Some of the mixes did not have data for 56
days due to time constraints.

To avoid confusion, the basics regarding F-
T performance are briefly explained. A
higher air content leads to better F-T
performance because it provides space for
the water inside the pores to expand, thereby
releasing pressure [25]. The spacing factor
refers to the average distance between the
added air voids and is optimal for F-T when
it is lower than 0.20 mm [26]. The specific
surface refers to the total surface area of air
voids per unit volume of concrete, indicating
the fineness or coarseness of the air-void
system. A specific surface value greater than
25 mm? is considered beneficial for F-T
performance [15]. A higher W/B ratio leads
to the formation of more capillary pores,
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which is not beneficial for F-T performance
since these pores can absorb water. [27] The
pore size distribution refers to the
distribution of different sizes of pores within
the concrete. This distribution can change
when the pores get filled and their sizes
reduce, which can occur, for example,
through COz curing. [27]

Limit: 1 kg/m?

—@— REF-360-N
REF-360-CO2
REF-360-CO2P

o
o))
<)

Limit: 0.5kg/m?

o
o1
s}

Scaling [kg/m?]
o
5
1S}

o
[
S

0,20

’-/’/./.

14 21 28 35 42 49 56
Cycles [days]

Figure 3: F-T results for REF-360

0,00
0 7

REF-360 had a W/B ratio of 0.4, which is
relatively low and therefore results in the
formation of fewer capillary pores. This
positively influences the F-T resistance. The
air percentage in this mix was 5.3% which is
also very beneficial for F-T performance.
Additionally, the spacing factor was 0.14
mm, below the optimal threshold of 0.22
mm, and the specific surface area was 33
mm ', exceeding the ideal minimum of 25
mm'. The pore size distribution was likely
very good as well due to the low W/B ratio.
Although normal curing performs slightly
better than the other two curing conditions,
the difference is negligible. In other words,
the scaling with CO: and prolonged CO:
curing is worse but still within acceptable
limits. The slightly worse performance of
COz curing is likely because more gel pores
than capillary pores were filled with CaCQOs,
resulting in an uneven pore size distribution



and thus worse F-T results. The F-T
performance  improves slightly  with
prolonged CO- curing. This improvement
could be attributed to the fact that the CO:
had more time to fully penetrate the
concrete, leading to an overall better pore
size distribution.

Limit: 1 kg/m?
1,00

0,00 —@—M18/6-360-N
0,80 M 18/6-360-CO2

M 18/6-360-CO2P

o
N
o

Limit: 0.5kg/m?

o
o1
o

Scaling [kg/m?]
o
D
o

0,40
0,30

0,20

0,00
0 7 14 21 28 35 42 49 56

Cycles [days]

Figure 4: F-T results for M 18/6-360

M 18/6-360 had a W/B ratio of 0.4, an air
content of 3.8% and a spacing factor of 0.26
mm. The relatively low W/B ratio suggests
that fewer capillary pores were formed,
which is beneficial for F-T performance.
However, the low air content and spacing
factor higher than 0.20 mm contributes to
worse F-T results. Additionally, the specific
surface area was 22 mm™ which is lower
than ideal minimum of 25 mm? and
therefore also contributes worse F-T
resistance.

For M 18/6-360, the standard CO> curing
leads to the formation of CaCOg, which fills
the pores. The poor F-T performance under
standard CO> curing suggests that more gel
pores, rather than capillary pores, were
filled, or that the filling of pores was
unevenly distributed. However, prolonged
CO2 curing performs better, staying below
the limits. This improvement is likely
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because the extended time in the CO:
chamber allows for more thorough and
uniform penetration of CO2, resulting in
better F-T resistance.
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0 7 14 21 28 35 42 49 56
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Figure 5: F-T results for M 18/6-300

M 18/6-300 surpasses the limit of 0.5 kg/m?
for both normal curing and prolonged
curing. The results for CO> curing however,
stay below the limits for all the cycles. In this
case the COz curing most likely filled the
capillary pores, resulting in less water
absorption and thus better F-T results. The
normal curing performs well up until 42
cycles, when it eventually exceeds the limit
of 0.5 kg/m?2. However, it does not exceed
the limit of 1 kg/m? at any time. The worst
performance is this of the prolonged CO>
curing, which exceeds the limit of 0.5 kg/m?
relatively quick.

M 18/6-300 had an air percentage of 4%
which is not very high but can still contribute
to better F-T performance. However, the mix
does have a relatively high W/B ratio (0.47)
which can lead to the formation of more
capillary pores. The air percentage might
explain why the concrete doesn’t exceed the
limit for normal curing at first despite the
fact that there are probably more capillary
pores present in the concrete. However, this



mix does have a spacing factor of 0.25 mm
and a specific surface of 22 mm™. Both of
these values are not optimal and also
contribute to worse F-T performance.

CO2 curing likely produced the best results
for M 18/6-300 because the capillary pores
were partially filled with CaCOs, improving
the F-T performance by reducing the pore
size. However, the fact that prolonged CO>
curing resulted in the worst performance
suggests that the extended time in the CO-
chamber led to excessive carbonation, which
may have filled both gel and capillary pores
unevenly. This uneven pore structure might
have led to poorer F-T performance.

Limit: 1 kg/m?
1,0
—@— M 25/10-360-N
0,90
M 25/10-360-CO2
0,80 M 25/10-360-CO2P
50,70
£
~
go,eo
0 Limit: 0.5kg/m?2
£0,50 <
(1]
(8]
90,40
0,30
0,20
0,10 /
0,00

0 7 14 21 28 35 42 49 56

Cycles [days]

M 25/10-360 contained a relatively high
substitution percentage of 25% VPI. The
VPI reacts with Ca(OH)2 to form additional
compounds that fill the capillary pores,
resulting in consistently excellent F-T
performance that remains below the limit at
all times. Additionally, the mix had a
measured air content of 6%, which is
relatively high and contributes to a good
spacing factor (0.16 mm) and thus to the
good F-T results. The W/B ratio was 0.42,
which could lead to the formation of more
capillary pores but the higher VPI content
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effectively fills these pores. Generally
speaking, this mix likely had an optimal pore
size distribution.

It is noticeable that normal curing for M
25/10-360 resulted in the poorest
performance among the three methods,
whereas the standard CO: curing performed
the best. CO> curing results in the creation of
CaCOs which ideally fills up the capillary
pores, which is likely the case for this mix.
The high VPI percentage and the high air
percentage already contribute to really good
F-T performance, but the extra filling of the
capillary pores due to the CO> curing added
to this even more. The prolonged CO- curing
performs slightly worse than the standard
COz curing. This could be attributed to over
carbonization which lead to an uneven pore
distribution.

Table 6 gives an overview of the curing
method that performed best and the one that
performed worst for all of the mixes. Hereby
W= worst, B= Best and M= middle. The
absence of a visible pattern in these results is
evident, making it worthwhile to discuss
several potential factors that could have
contributed to this lack of pattern.

Table 6: best and worst curing method for each mix

REF- M 18/6- M 18/6- M
360 360 300 25/10-
360
N B M M W
CO2 B B
CO2P M B M

There is no universal curing condition that
suits all concrete mixes, even those made
with the same type of binder. This variability
is evident in Table 24, which shows that the
optimal curing conditions differ
significantly across the three mixes made
with VPI. Each mix responds differently,
highlighting the complexity of the F-T
mechanism. More research is needed to
obtain additional test results that can help
form explanations, especially concerning
curing conditions performed according to



Swedish standards, as these results do not
show a clear pattern.

4 Conclusions

In this study, the durability performance of
concrete incorporating VPI was
investigated, with a primary focus on F-T
resistance. This research was conducted as
part of the larger collaborative project
Ar2CorD, aiming to optimize LCC through
the utilization of various SCMs, including
VPI.

The findings revealed that the compressive
strength decreased with higher substitution
percentages of OPC. Even with a lower
binder content, mixes with VPl showed
comparable compressive strength to those
with higher binder content, suggesting a
significant contribution of VPI to strength
development through pozzolanic reactions.

Furthermore, the chloride resistance of
concrete mixes varied, with M 25/10-360
demonstrating high resistance at 28 days and
very high resistance at 56 days, while the
other mixes exhibited moderate to high
resistance over time. Generally, the
inclusion of VPI resulted in good chloride
resistance, with higher resistance observed
at higher VVPI substitution percentages.

For F-T resistance, all tested mixes
performed relatively well, with VPI mixes
showing higher scaling compared to FA
mixes under all curing conditions. However,
the choice of curing condition significantly
influenced F-T performance. While some
mixes surpassed scaling limits under certain
conditions, they remained within acceptable
limits for others.

In conclusion, concrete incorporating VPI
demonstrated good durability performance
overall, affirming its suitability as an SCM
in concrete applications. However, the
complexity of F-T mechanisms and the
variability of mix responses highlight the
need for further research.
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5 Further research

Future research endeavors should focus on
exploring different types of volcanic
pozzolans, investigating the influence of
various curing methods, conducting
comparative studies with other SCMs, and
expanding the database of test results to
optimize the application of volcanic
pozzolans in concrete construction.

Research of SCMs with curing conditions
according to Swedish standards should also
be further investigated. Additional studies in
this area can provide valuable insights for
optimizing concrete performance.
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