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Abstract

Concrete is the most common construction material in the world, but the cement production
stands for 5-7 % of the total global CO, emissions. [26] To decrease the amount CO, generated
from the production, supplementary materials as Fly Ash (FA) are frequently used in composite
cements. However, the availability of FA in the future is uncertain as coal power plants are
replaced by renewable energy. [27][31] At the same time, concrete waste is generated in several
steps within the construction industry. At ready mix plants, precast element plants, demolition of
constructions etc. In this study, the potential of reusing concrete waste as supplementary material
in composite cements is investigated. The potential for carbonating the concrete fines and capturing
CO, is also examined. Composite cement containing 20 wt% recycled concrete fines and 80 wt%
Industrisement, was strength tested according to NS-EN 196-1. The composite cements exceeded
the requirements for strength class 32,5 R and 42,5 R after 28 days. Both composite cements
containing 20 wt% carbonated or non-carbonated were tested. However, the strength test did
not show any clear difference between cements containing carbonated or non-carbonated material.
Thermogravimetric Analysis (TGA) of the carbonated material showed potential for capturing 0.1
g CO,/g recycled concrete fines. Which means that 10 % of the originally emitted CO, due to
the clinker production potentially can be captured and stored in the material. The compressive
strength divided by the reference, showed several composite cements exceeding 80 %. Which
indicates that the concrete fines contribute with strength, not only the clinker phases. Isothermal
calorimetry showed less cumulative heat J/g powder for the composite cements compared with the
reference. However, the composite cements showed higher heat than the reference when adjusted
to J/g cement, which indicate that the concrete fines contribute to the heat development. The
results showed that higher CaO/SiO, - ratio, higher content Calcium Carbonate (CC), and smaller
particle size gave higher compressive strength. The study shows potential for using carbonated
recycled concrete fines in composite cement. Future studies should further investigate the strength
and durability of the composite cements, effective carbonation method at scale, and the availability

of qualified concrete waste.




Abstrakt

Betong dr det vanligaste byggmaterialet i varlden, men cementproduktionen star for 5-7 % av
det totala COs-utslappet. [26] For att minska méngden CO, fran tillverkningen blandas ofta
cement med mineraliskt tillsatsmaterial som flygaska. Tillgangligheten pa flygaska i framtiden
ar dock oséker eftersom kolkraftverk ersdtts med fornybar energi. [27][31] Samtidigt genereras
betongavfall fran flera olika branscher inom byggindustrin, som fabriker fér betongblandning och
prefabelement, och vid rivning av konstruktioner mm. I den hér studien underscks potentialen
av att ateranvanda betongavfall som tillsatsmaterial i cement. Potentialen for att karbonatisera
betongavfallet och binda upp COy blir ocksa undersokt. Cementblandningar med 80 vt% Indus-
trisement och 20 vt% atervunnet betongpulver styrketestades enligt NS-EN 196-1. Cementbland-
ningarna uppnadde hogre styrka &n kraven for hallfasthetsklasserna 32,5 R och 42,5 R efter 28
dagar. Bade cement inblandad med 20 vt% karbonateiserat eller ej karbonatiserat betongpul-
ver testades. Resultaten visade dock ingen tydlig skillnad i styrka mellan cementblandningarna
inehallande karbonateiserat och ej karbonatiserat betongpulver. Termogravimetrisk analys av de
karbonatiserade betongmaterialen visade en férmaga att binda upp 0.1 g CO,/g betongpulver.
Vilket betyder att 10 % av den ursprungliga CO, fran cementtillverkningen potentiellt kan fangas
in och lagras i materialet. Flera av de blandade cementen 6versteg 80 % i relativ tryckhallfasthet
till referensprovet. Vilket indikerar pa att det inblandade betongpulvret ocksa bidrar till styrkan,
inte bara klinkern. Isotermisk kalorimetri visade ldgre kumulativ véirme J/g pulver, for cementen
innehallande betongpulver jamfoért med referensen. Cementblandningarna visade dock hogre vérme
an referensen nar varmeutveklingen justerades till J/g cement, vilket pekar pa att betongpulvret
bidrar i virmeutvecklingen. Resultaten visade pa att okat CaO/SiO, - forhallande, 6kat CaO4
innehall, och minskad partikelstorlek gav 6kad styrka. Studien visar att det finns potential for att
anvanda karbonatiserat betongpulver inblandat i cement. Framtida studier borde vidare undersoka
styrka och bestindighet av cement med inblandat betongpulver, effektiv karbonatiseringsmetod i

stor skala, och tillgédngligheten av dugligt betongavfall.
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Short Notations Cement Chemistry

Cement chemistry consist of big compounds and thus long names. To facilitate communication
short notations are often used. The short notation for the major oxides and minerals are shown
in Table 1 and Table 2. These tables are reused from the project ”"Use of Fines from Recycled

Concrete into New Cementreport” by Ronja Bjorklund.

Table 1: Common oxides in cement chemistry. [13][12]

Oxide name Formula  Short
Calcium Carbonate = CaCOj, cC
Calcium Hydroxide Ca(OH), CH

Calcium Oxide CaO C
Carbon Dioxide CO, C
Silicone Dioxide SiO4 S
Aluminium Oxide Al,O4 A
Ferric Oxide Fe;O4 F
Sulfur Trioxide S04 S
Magnesium Oxide MgO M
Sodium Oxide Na,O N
Potassium Oxide K5O K

Table 2: Common minerals in cement chemistry. [13][12]

Mineral name Formula Short
Alite 3 Ca0-Si0, CsS
Belite 2 Ca0 - Si0, CyS
Aluminate 3Ca0-Al,04 CsA
Ferrite 4 Ca0- Al,05- Fe,Og4 C,AF
Gypsum CaS0,-2H,0 CSH,
Hemihydrate CaS0,-0.5 H,0 CSH,
Anhydrite CaSO, CS
Aphthithalite K;Na(SO,), K;NS,
Ettringite (E, AF,) C3A-3CS-Hay

Monosulphate (MS, AF,,)

C3A-CS-Hy,

xiii
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1 Introduction

1.1 Background and Motivation

Cement production has challenges with CO4 emissions and supply of FA. Additionally, the European
Union has put up recycling goals for construction and demolition waste. It is therefore of great

interest to investigate whether concrete waste can capture CO, and be reused in new cement.

1.1.1 Challenges within Cement Production

The most common material for construction in the world is concrete. [26] Cement is the main
ingredient in concrete, together with water and aggregates. [12] [26] During the cement produc-
tion limestone is heated at 1450 °C to form clinker. The chemical reactions also produce CO,,
approximately 1 tonne CO4 per tonne clinker. 60 % of the CO4 comes from the chemical process,
and 40 % of the CO, emissions is due to combustion of fuels, transportation, etc. The cement
industry alone stands for about 5-7 % of the total CO, emissions in the world, when all sectors

and industries are included. [26]

One measure to reduce the amount CO, from cement production is to lower the clinker content in
the cement and replace it with other materials. [26] In Norway, Fly Ash (FA) is frequently used.
[12] FA is a byproduct from coal power plants and is imported to Norway from Poland and Turkey.
However, many coal power plants are shutting down in Europe, and FA is becoming less available.
[27] [31] The availability also varies throughout the year along with the need for electricity, which
means high production during the winter and lower during the summer. Cement has the opposite

season variation. [31] The interest for new materials to use in cement is therefore high.

1.1.2 Waste Construction and Demolition

One third of all waste generated in the EU originates from construction and demolition. The waste
includes concrete, bricks, glass, plastics, metals, and wood. The EU has therefore introduced rules
to ensure that the waste is managed in an environmentally responsible way. To facilitate the
creation of circular economy, and to promote reuse of valuable waste. In 2008 the EU set the

following goals:

e By 2020 recycling of construction and demolition shall be increased by minimum 70 wt%.

e Encourage and facilitate selective demolition. To ensure safe handling of dangerous material,

and recycling of high-quality materials.

e Waste generation should be reduced. [39]

In 2018, a protocol and guidelines for construction and demolition waste were introduced. These

were aligned with the waste framework directive from 2008. [39] [8]

In 2020, 1.5 million tonnes concrete and brick waste was sorted and delivered in Norway. Figure 1
shows the concrete and brick waste in Norway for the last 8 years. In 2020, 52 % of the concrete

and brick waste was delivered to landfill, 36 % was recycled, and 2 % was used as filler or covering




material. In the next ten years one expects to see an increase in concrete and brick waste, as

several constructions, offshore installations, and facilities are forecast to be demolished. [22]
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Figure 1: Concrete and brick waste generated in Norway per year. Light green: material delivered
to recycling. Dark green: material used as filling material. Light blue: landfill. Dark blue: other
treatment. [37]

1.1.3 Ongoing CO; Reducing Projects in Norway and Sweden

Norcem AS in Norway has worked over 30 years to replace non-renewable fossil fuels with altern-
ative fuels. Figure 2 the fuels used in the cement production at Norcem s Kjopsvik cement plant
the last years. Coal has been reduced over the years and replaced by FAB, car tires, waste oil,
and bone meal. FAB is short form for "refined waste fuel” in Norwegian, and is typically made of
paper, plastic, and textiles. [3] In Kjgpsvik 1/3 of the waste originates from local households, and
2/3 is imported waste from industries in the Netherlands and Great Britain, (per Norcem s own
data numbers received from Norcem Kjgpsvik). Bone meal is a waste product from the slaughter
industry. Any dangerous substances in the waste are destroyed by the high temperature in the

cement production. The metal wires in the car tires also work as a supply of minerals. [3]

Norcem has a vision of ”zero emission” concrete production by 2030. This is planned to be achieved
through CO, capture and storage. This is a part of the project Langskip which has been approved
financial support by Stortinget. [2][9] Norway s government will cover two thirds of the costs,
which is estimated to be 16.8 billions Norwegian kroner. [9] A CO, capture facility on the cement
plant will have a planned capacity of 400 000 tonnes per year, which equals about half the annual

CO, emissions. [2]

Cementa in Sweden also has an ongoing CO, capture and storage project. The project has received
support by Energimyndigheten (the Swedish Energy Agency) to the tune of 51 million swedish
kroner. The project is planned to be ready 2030 and will capture up to 1.8 million tons of CO,
annually. [1]
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The figure is provided from Norcem in Kjgpsvik.




1.2 Aim and Scope of the Work

The goal of this master project is to investigate the potential use of recycled cementitious waste
from the concrete industry in new blended cement. Additionally, it will be explored whether
cementitious waste can capture CO,, and how this affects the properties of the material. Figure
3 shows the desired circularity of CO5. Cement production emit CO,, some of which is captured
and stored in concrete waste. Recycled concrete waste is used in production of new cement. The

composite cement is then used as building material for new constructions.

Material from different waste streams will be analysed to get a broad understanding of the available
materials. The chemical properties will be investigated by TGA /Differential Thermogravimetric
Analysis (DTG)-, X-ray Diffraction (XRD)-, X-ray Fluorescence (XRF)-analysis, and isothermal
calorimetry. Chemical and physical properties will be tested by laser-granulometry, water demand,

setting time, and compressive strength.

Fly ash
Concrete as
building
Cement material

production CO, h

Figure 3: The desired circularity of CO, within the cement production and construction industry.




2 Theory

2.1 Cement Production and Cement Types

Limestone is a rock mainly consisting of calcium carbonate (CaCOs), and is the main ingredient
in cement. [38] [12] The rock is mined next to the cement plant and is finely ground together with
bauxite, quartz, and gypsum into a raw meal. The raw meal is preheated in cyclones before it is
fed into a rotary oven called kiln. The maximum temperature in the kiln is 1450 °C. Below 1300
°C, calcite is decomposed to lime (CaO) and carbon dioxide (CO,) according to Reaction 1, called

calcination. [12] About one tonne COj is produced per tonne produced clinker. [26]

CaCO3 — CaO + CO4 (1)

At a temperature between 1300-1450 °C the mass is partially melted. Nodules called clinker with a
diameter between 3-20 mm are formed at this temperature when the mass is semi-solid. After the
process in a kiln the clinker is quenched with air. The clinker is finely ground to cement together
with a few percent of gypsum. Gypsum is added to avoid flash set. Some cement types contain
other material such as fly ash or limestone, these are added during the grinding. [12] Around 4 %
limestone is added in the cement mill during production of both Industrisement and Standard FA
cement at Norcem in Kjgpsvik and Brevik. [17][33][32][16]

The major phases in Portland clinker are tricalcium silicate (C3S), dicalsium silicate (C,S), tric-
alcium aluminate (C3A) and tetracalcium aluminateferrite (C4AF). They typically make up 50-70
%, 15-30 %, 5-10 % and 5-15 % of the clinker "s mass. [12]

The process steps at Cementa’s cement plant can be seen in Figure 4.
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% Cement mill

Cooler

Figure 4: The process steps at a cement plant. [7] (The figure has been translated from Swedish
to English.)

There are different cement types for different applications. CEM I is often called Portland cement,
and consist of 95 - 100 % clinker. In Norway, Portland cement goes under the name Industrise-
ment. Industrisement have high reactivity and heat development, short setting time and high early

strength. Industrisement is commonly used in the precast-concrete industry, and for casting dur-




ing winter time when high heat and strength development is desirable. CEM II and CEM III are
refereed to as Portland-composite cements, since they consist of both clinker and other material as
FA or Silica Fume (SF). In Norway Standardsement FA and Anleggsement FA are two produced
CEM II types. Standardsement FA is typically used for building structures, while Anleggsement
FA is common in bridges and harbours. Anleggsement FA has low heat development which makes
thick sections and large foundations less prone to cracking. Cement types can also be designed to

be usable with alkali reactivate aggregates. [12]

Table 3 contains the cement notation, specific weight, initial setting time, and compressive strength
are shown for different cement types produced in Norway. The number in the product name refers
to which strength class the cement type belongs to. N stands for ordinary early strength, and R
for high early strength. Cement standards according to NS-EN 197-01 for three strength classes
32.5 N, 42.5 N and 52.5 N are shown in Table 4. [36]

Table 3: Physical and mechanical properties of cement types produced in Norway. Specific weight,

initial setting time, and compressive strengt.

Product Name Spec.weight  Init. sett. time  Compressive strength (MPa)
(kg/dm?) (min) lday 2day 7day 28day
INDUSTRISEMENT

CEM I 52,5 R [29] 3.13 110 33 41 50 59

STANDARDSEMENT FA
CEM II/B-M 42.5 R [30] 3.00 140 20 31 42 55

ANLEGGSEMENT FA

CEM II/A-V 42.5 N [28] 3.02 165 12 21 37 53

Table 4: Mechanical and physical requirements for strength class 32.5 N, 42.5 N and 52.5 N
according to NS-EN 197-01. [36]

Strength Class Compressive Strength [MPa] Initial Setting Time Expansion
2 Days 7 Days 28 Days [min] [mm]
325 N - >16.0 >325 <525 > 75 <10
42.5 N > 10.0 - > 425 <62.5 > 60 <10
52.5 N > 20.0 - > 52.5 - > 45 <10

Initial setting time gives an indication on when the cement paste cease to be plastic and fluid,
and is measured according to standard NS-EN 196-3. Expansion, also called soundness, is a test
on how hardened cement paste maintain its volume. It is measured according to standard NS-EN
196-3. [12]




2.2 Hydration

The chemical reaction called hydration between cement and water is the reason why concrete sets
and harden. [12][4] Water is chemically bound and binder is produced. The reaction is exothermic,
producing heat. [12] During hydration, a suspension with particles turns into a solid material that
can support stress.[4] The hydration continues for as long there are reactants, cement components
and water, or space for deposits. Since cement contains several clinker phases the total reaction is
complex. Different clinker phases react simultaneously and influence each other. [4] The existing
knowledge of the hydration process assumes that the clinker phases react independently and are

pure. These are simplifications of the real case. [12]

Tricalcium silicate C3S is the major clinker phase in Portland cement and constitutes 55-60 wt.%.
CsS has fairly high heat development, rapid strength development, and high strength at 28 days.
C3S hydrate according to Equation 2. [12]

2C3S+6H — C3So.H3 + 3CH (2)

1g 4+ 0.24g — 0.75g + 0.49g

Dicalcium silicate C,S, constitutes 14-20 wt.% in Portland cement. CyS has low heat develop-

ment, reacts slow, and contributes substantially to the long term strength. Equation 3 shows the
hydration of C,S. [12]

2C;S+4H — C3S;H; + CH (3)

1g 4+ 0.21g — 0.99g + 0.22g

Tricalcium aluminate C3A and tetracalcium aluminateferitte C4AF contribute little to the final
strength. They constitute about 5-10 wt.% and 6-10 wt.% of Portland cement respectively. A third
reaction that contributes with Calcium Silica Hydrate (CSH) binder and strength is the reaction
between pozzolanic material and Calcium Hydroxide (CH). Pozzolana contain silica and alumina

and react accoring to Equation 4. Examples of pozzolanic material are FA and SF. [12]

28+ 3CH — C3S,H; (4)

1lg + 1.87g — 2.87g

CqS produces more CSH gel and less CH per gram clinker phase, than CsS as shown in Equations
2 and 3. CH is a weak hydration product. The pozzlanic hydration reaction which consumes CH
and produce more CSH thus leads to better strength and durability properties. Fully hydrated
cement paste contains about 70 wt.% CSH and 20 wt.% CH. CSH gel is formed as a very fine

"needle-shaped” plate. The particle size is down on 1 nm. CH is crystalline. [12]

In Figure 5, 20 wt. % fine limestone(20 FL) with median particle diameter 2 pm increased the
hydration compared to only Portland cement (PC). 20 wt.% coarse limestone (20 CL) with median
diameter 130 pm only helped the hydration to a small extent. The hydration to FL has a bigger

effect compared with the sample containing 20 wt.% quartz with equal particle size. [6]




3 C3S hydration

peak
/ T
@ 2
g : £
5 27 B 5
2 $ 2
2 2
E E
H z
< 8
5 1 S
o 3
T xz
0 T T 1
0 1 2 3
Time [days] Time [days]

Figure 5: Impact of limestone on hydration behaviour for samples containing only Portland cement
(PC), blended cement with 20 wt.% fine limestone (FL), coarse limestone (CL) and fine quartz
(FQ). The graph to the left is normalized per g of paste, the one to the right is normalized per g
of clinker. [6]

Figure 6 shows the CH development for samples containing Densified Silica Fume (DSF) with
4 different particle size intervals in addition to a blank reference sample. The sample with the
smallest particle size DSF-IV (<35um) show an increased CH content during the early cure. After
14 days all samples containing DSF had a decrease in CH content. This was explained by a faster
consumption of CH by SF than the production of CH by cement hydration. From the result it
was concluded that larger SF surface area make the reaction between SF and CH less effective and

that only the surface reacts while the inner part does not react. [25]
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Figure 6: Calcium Hydroxide (CH) development with curing time for cements containing Densified

Silica Fume (DSF) with different particle size and a reference sample. [25]




2.3 Carbonation

Concrete naturally carbonates when hydrates in the concrete react with COs in the air and form
carbonates, according to Reaction 5, 6 and 7. [23][14] CO, is thus bound up in the material
permanently. Natural carbonation is a slow process. It starts at the surface and moves inwards.
As the process progresses the pH slowly changes from 13 to 8 - 9. This can be a problem for
reinforced concrete, since the steel can turn active and possibly corrode, and the material can lose

mechanical strength. [23]

2 NaOH + H,CO5 — NayCOj3 + 2 H,0 (5)
Ca(OH)g + HQCOg — CaC03 + ZHQO (6)
Ca3Si207 . 4H20(8) + HgCOg — 03003(8) + CaQSiQOG . XHQO + (5 — CE)HQO (7)

Enforced carbonation on recycled concrete or cement paste has been investigated in several studies.
[43][42][19][10][15][11][41] Zajac et al. showed in their study that enforced carbonation of ground
cement paste can be a fast process compared to the natural carbonation. The cement paste was
almost completely carbonated after 6 h in an aqueous solution. The main products from the
carbonation was calcite and alumina-silica gel rich in alkalis. No other calcium carbonate phases
than calcite was formed.[43] Zajac et al. also discovered in another study that that the speed of
the carbonation was independent from the CO, concentration in the solution and cement type as
starting material. With wet carbonation the reaction was first limited by CO, dissolution when
portlandite was the reactant. When it ran out of portlandite, the reaction was limited by diffusion
of calcium, and dissolution of other hydrates. The produced alumina-silica gel based on composite
cement paste was richer in alumina. [42] Ho et al. also carbonated concrete fines using in a aqueous
solution with low-purity CO,. The CO, uptake of the concrete fines was 0.13 g-CO,/g-concrete
fines. [11]

Lu et al. carbonated cement paste powder in a chamber with 99 % CO,, at 20 £ 1 °C, and 60 *
5 % RH. Analysis showed that the main products was calcite and silica gel, and that the calcite
content was around 55.2 %. [19] By a two-step carbonation of recycled cement paste powder, a
Ca-rich residue with 71 wt% calcite, and an alumina-silica gel rich residue was produced by Fang
et al. [10]

By using TGA it is possible to identify the produced carbonates, and amount of carbonates in a
concrete or cement paste. CaCOg as calcite decomposes at 760 - 950 °C or 650 - 950 °C. Calcite
probably originate from carbonation of portlandite Ca(OH),. Aragonite and vaterite, two less
stable phases of CaCQj3, decompose at 530 - 760 or 530 - 650 °C. Aragonite and vaterite are most
likely products from carbonation of CSH. The temperature range is not precise. [40] Ca(OH),
decomposes at 420 °C, or 420-460 °C. [24][35] CSH and AFt (Ettringite) decompose at around 120
°C, for example 105-420 °C. [34]
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Figure 7: (a) TGA and DTG data of the carbonated cement paste from a study Zajac et al. [41]
(b) TGA data of carbonated recycled concrete fines A and B, and simulated carbonated concrete

fines from a study by Ho et al. [11]

2.4 Fillers and Pozzolana

Blended cement with fillers or pozzolana is frequently used to reduce the total CO, from the cement
production and to reduce the costs. The material can be chemically active or non active. Non
active materials are refereed to as fillers. Chemically active material reacts with Portland cement
clinker or with its own hydration products. The most commonly used materials in Norway are FA
and SF. [12]

As presented in Equation 4, the silica in pozzolanic materials reacts with CH from the cement
hydration reaction, and form CSH gel. Table 5 shows the mean particle size, and SiO, content for
Portland cement, FA and SF.

Table 5: Characteristics of FA and SF in comparison with Portland cement. [12]

Material Mean particle size [um]  SiOy [%]
Portland cement 10-20 20
FA 10-20 45-55
SF 0.1 85-98

SF is a by-product from the silicon and ferrosilicon production. SF has an amorphous structure,
high silica content, and very fine spherical particles. The surface area is also very high. These
properties make SF very reactive with CH, forming CSH. The small particles also contribute with
a filler effect, possibly distributing the CSH phase, as well as making the pores finer. SF hydration
is slow in the start since it is dependent on CH from the Portland cement hydration. When the

reaction has started it is fast and almost fully reacted after 28 days.

FA originates from coal burning plants. The properties of FA depend on the coal burning plant,
and the variation of properties varies more than for SF. FA particles are hollow and contain small
spheres. FA is therefore ground together with the cement clinker to crush and access the smaller

particles. If FA is ground too much, the particles will turn irregular and the good spherical
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properties will be lost. In addition to silica, FA contains 20-30 % glassy aluminate phase that will
also hydrate. These hydration products will also give an pozzolanic effect, but not to the level of
CSH. FA reacts slower than SF due to its larger particles. The formation of CSH gel contributes

to a finer pore structure in the same way as SF. [12]

Other kinds of used additives are blast furnace slag, volcanic rocks and minerals, diatomaceous
earth, and rich husk ash. Blast furnace slag contains both SiO, and CaQO, and are thus self reactive.
But the reaction is very slow and needs an activator in the form of CH or sulphate to react. [12]
Xiaodong et al. added 0 - 3 % SF to a blended cement with about 40 % FA. Analyzes showed that
2.0 % SF reduced water consumption with 4.5 %. The fluidity of cement paste can be increased
by a small addition of SF. [20]

XRF data by Zajac et al. showed that carbonated concrete powder mainly contained CaO and
Si0,. The XRF data on cement clinker (C), fly ash (FA), carbonated cement paste (cCP), limestone
(L), and anhydrite (A) are also seen in Table 6. [41]

Table 6: XRF data to cement clinker (C), fly ash (FA), carbonated cement paste (cCP), limestone
(L), and anhydrite (A). [41]

Component C FA cCP L A

LOI 0.35 431 30.33 43.12 4.20
5102 20.13 52.25 18.67 1.76  2.48
Al203 5.66 24.85 539 047  0.69

TiO2 029 125 041 0.02 0.02
MnO 0.04 005 009 0.02 0.00
Fe203 3.69 657 107 009 0.18
CaO 64.89 536 38.36 53.45 38.59
MgO 1.64 1.72 240 054 1.61
K20 1.18 1.58 037 0.08 0.19
Na20 0.10 063 112 0.00 0.02
SO3 092 026 127 0.15 50.90
P205 020 089 005 0.03 0.01
Sum 99.09 99.72 99.53 99.73 98.89

In a study by Lu et al., carbonated cement paste containing mainly CaCO5 and silica gel. Non-
carbonated cement paste contained CSH and CH. [19] The fresh concrete slurry waste in the study
by Kumar Kaliyavaradhan et al. contained about 52.8 % CaO and about 27.3 % SiO5. XRD result
from the same study showed that the concrete slurry before carbonation contained portlandite,
CSH, dolmite, quartz, and calcite. After the carbonation calcite was dominating in the material.
[15] Calcite and amorphous alumina-silica phase were the main components in the carbonated
concrete powder in the study to Zajac et al. [41] XRD data of carbonated cement paste powder
in the study by Lu et al. showed that the main phases were calcite and aragonite. While the non-
carbonated cement paste powder mainly contained portlandite (CH) and ettringite (AFt). The
XRD pattern is seen in Figure 8. [19]
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Figure 8: XRD result of carbonated cement paste powder (CCPP) and non-carbonated cement
paste powder (UCPP) from the study by Lu et al. [19]
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2.5 Compressive strength

In a study by Zajac et al. 38.64 wt% carbonated recycled concrete paste was used in composite
cement together with 57.96 wt% clinker and 3.40 wt% anhydrite. Two blended cements, one
only containing limestone and the other containing both limestone an FA were tested as reference
samples. The sample containing carbonated concrete paste had the highest compressive strength
up to 90 days. After 90 days, the sample with both limestone and FA was the sample with the
highest strength. After 28 days the sample containing carbonated concrete paste achieved about
43 MPa in compressive strength. High surface area and the chemical composition were considered
responsible for the pozzolanic properties and high rate. Carbonated concrete paste formed CSH
and hemi- and monocarbonate, which resulted in a fine microstructure and increased compressive

strength at early age. [41]

Lu et al. got increased compressive strength of cement paste samples with 10 to 20 wt% cement
replaced with carbonated cement paste powder (CCPP) up to 90 days. 30 wt% carbonated ce-
ment paste gave a decrease in compressive strength. 10 to 30 wt% non-carbonated cement paste
powder (UCPP) decreased the strength. Maximum achieved compressive strength after 28 days
was 58.4 MPa for the sample containing 20 wt% carbonated cement paste. Which equaled 12 %
higher compressive strength compared with the reference sample. The sample with 20 wt% non-
carbonated cement paste achieved 44.2 MPa, which equals 85 % strength of the reference sample.

The compressive strength development can be seen in Figure 9. [19]
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Figure 9: Compressive strength of composite cements containing 10 - 30 wt% carbonated respective

non-carbonated cement paste [19]

Kumar Kaliyavaradhan et al. substituted 20 wt% cement with carbonated concrete slurry waste
(CSW) and achieved 88.5 % strength after 7 days compared with the reference test, and 84.9 %
strength after 28 days. The samples containing 20 % non-carbonated CSW obtained lower strength
than the carbonated sample, reaching 76.8 % strength and 78.9 % strength after 7 and 28 days
respectively. The higher strength for the sample containing carbonated material compared with
the sample containing non-carbonated material was suggested to be due to the interaction between

C3A and CaCOj forming calcium carboaluminate hydrate. [15]

In a study by Chenxin et al. mortar compressive strength was tested with cement containing 10

% respective 20 % DSF. The test was done with 4 different DSF particles size intervals, and one
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reference sample. The results in Figure 10a and 10b show that particle size below 80 pm increased

compressive strength after 28 days. The improved strength is suggested to be due to the increased

pozzolanic activity with finer particles, which results in more hydration products. [25]
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Figure 10: Compressive strength on mortar with cement containing (a) 10 % respective (b) 20 %

DSF. Four samples with different DSF particle size and one reference sample. [25]

Decreasing Ca/Si - ratio increase compressive strength of CSH pastes according to Kunther et al..

This is partly explained by lower molar CSH volume and higher surface area. The compressive

strength development for different Ca/Si - ratios are seen in Figure 11. [18]
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Figure 11: Compressive strength development with different Ca/Si - ratios. [18§]

2.6 Particle size distribution

In addition to the composition, the hydration behaviour is also affected by the fineness of the

particles as already mentioned. [12]

The particle size of cement is in the range 0.001 to 0.1 mm, with the average size 20 pm, (0.02

mm). Laser diffraction can be used to obtain the particle size distribution. By the Blaine-air

permeability test, the specific surface area can be measured. The Blaine specific surface area of
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Norwegian cement is normally in the range 360 to 550 m?/kg. High surface area gives higher
reactivity toward water. This implies promoted hydration, heat development and early-strength

development. [12]

Figure 12 shows the hydration development for two samples, sample (a) with Blaine = 310 m? /kg
and sample (b) with Blaine = 484 m?/kg. The curves show the increased hydration and temper-

ature behaviour for sample (b) with higher Blaine surface area. [12]

dg cal
dt g

0 - 10 TIMER 15 i 5 10 TIMFR 30

Figure 12: Heat development for two cements with different fineness. [12]

A study by Kumar Kaliyavaradhan et al. showed an increase in mean particle size of concrete
slurry waste after carbonation. This was attributed to agglomeration, and the crystallisation into
calcite. [15] Lu et al. experienced a decrease in particle size of there recycled concrete and cement

paste powder after carbonation. [19]

2.7 Plasticizers and Superplastizisers

Plastizisers and superplastizisers are admixtures that disperse cement particles. The admixtures
can disperse the particles in different ways. Electrostatic repulsion is when the negative polymers
covers the particles, and work to repulse other particles. The steric hinderence effect is when the
dispersion is caused by the presence of polymer chains covering the particles. Plastizisers and

superplastizisers can be used to improve workability while water content is kept constant. [12]
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3 Experimental

The experimental work was performed at SINTEF “s concrete laboratory in Trondheim, at the
department of material science and engineering at NTNU in Trondheim, and at Norcem 's cement
laboratory in Kjgpsvik. Preparation of the test materials, TGA, isothermal calorimetry, standard
consistency, setting time, and compressive strength tests at 1 and 2 days were done by the author.
Laser-granulometry and XRF were performed by employees at the chemical laboratory at Norcem
in Kjgpsvik. Compressive strength tests at 7 and 28 days were also performed by personnel at
physical laboratory at Norcem. XRD analysis was performed in Trondheim by an employee at the

department of material science and engineering.

3.1 Collection of Test Material

8 different test materials with varying origin was collected for the investigation. Table 7 shows the
materials and their origins. TM stands for Test Material and refers to the different concrete or

cement paste powders.

Table 7: Overview of test materials and where they originates.

Test  Material Test  Material

rigin

Carbonated Non-carbonated

Concrete sludge with aggregates from the
TMO1 TMO02 washing process at a concrete industry. Col-

lected from sedimentation basin A.

Concrete sludge with aggregates from the
TMO03 TMO04 washing process at a concrete industry. Col-

lected from sedimentation basin B.

Concrete sludge with aggregates from the
TMO5 TMO06 washing process at a concrete industry. Col-

lected from sedimentation basin C.

Washing sludge from washing process at a con-
TMO7 TMO8 crete industry. Collected from a sedimenta-

tion basin.

Sludge generated from washing process of con-
TMO09 TM10 .

crete trucks at ready-mix plant.

Sludge from drilling process of precast ele-
TM11 TM12

ment.

Sludge generated from sawing of hollow core
T™M13 T™M14

slabs at a precast element plant.
TM15 - Demolished and carbonated concrete.

TMO1-TMO7 were received as sludge. They come from from washing water from a concrete in-
dustry. They are collected from different chambers in a sedimentation basin. TM01 and TMO02
come from the same chamber, TM04 and TMO05 another, TM06 and TMO07 a third.

TMO7 and TMO8 also originates from washing water at a concrete industry, and is collected from
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a sedimentation basin.

TMO09 and TM10 originates from a ready mix concrete plant. The ready mix plant produces waste
from its different processing steps. Washing water containing concrete and cement is produced at
the premix station when the used equipment (container and mixer) are cleaned. Leftover concrete,
or incorrectly produced or delivered concrete are other waste products that can be generated. Wash
water from washing of the concrete truck drums are also generated. This ready mix plant reuse
the washing water from the washing of the premixing station to wash the concrete mixer drums
on the trucks. The waste water and waste material is collected and stored in a pile. A sample for
this study was collected from the pile. The sample was collected from the top of the pile where

the material was soft and possible to shovel.

TM11 and TM12 was collected as leftover sludge from the drilling of concrete products at a
concrete plant. The sludge was scooped up from the industry floor with a shovel. The cement used
in their production was FA cement. TM13-TM14 is leftover material from the sawing of concrete
at a precast concrete element plant. The material was dried and TM13 was carbonated by Iveta

Novakova. TM15 was received milled and carbonated.

3.2 Preparation of Test Material

All TM materials were dried in an oven on roasting tins at 105 °C for 4 days, except TM13, TM14
and TM15 which was received dried. The sludge with a lot of separated water on top was decanted
before the sludge was scooped on the roasting tin. This to shorten the drying time. One fresh
sludge sample with some separated water at the top can be seen in Figure 13a. The drying process
of the sludge in the oven can be seen in Figure 13b. After drying, large lumps were crushed by
a pestle and then each material was divided into two batches. One batch was carbonated in a
chamber with 1 % concentration CO, gas, 20.0 °C, and 60 % relative humidity for 7 days. The
carbonated powder was then dried for 1 day at 105 °C to dry off any absorbed water. The other
half was not carbonated. The external and internal of the carbonation chamber can be seen in
Figure 14a and 14b.

Figure 13: (a) washing sludge as it was received wet from the industry. (b) material to dry in the

oven.

All materials were milled in a Retsch RM 200 mortar for 2 minutes. The mortar’s external and
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Figure 14: (a) carbonation chamber, and (b) samples inside the carbonation chamber.

internal are showed in 15a and 15b. Unmilled and milled powder can be seen in Figure 15c.
Stones, metal fibers and wooden fibres were found in the test material, they were removed before

the powder was milled. The stones and fibers can be seen in Figure 16.

()

(a) (b)

Figure 16: (a) Stones and metal fibre picked out from the sludge, and (b) stones and wooden fibre.
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3.3 Characterisation Methods

Table 8 and 9 are overviews of all samples and analyses performed. RB is the ID for the compos-
ite cement samples, with 80 wt% Industrisement and 20 wt% test material. For the Isothermal
calorimetry test, Industrisement from one batch was used. For the rest of the analyses on com-
posite cements Industrisement from another batch was used, collected at Norcem cement plant in
Kjopsvik. Not all materials were tested for standard consistency, expansion, setting time, flexural
and compressive strength. This was due to limited amount of material and time. Only TMO09 -

TM15 were analysed by XRD, this was due to time limitations.

Table 8: Overview of the TM samples and performed analyses.

Test Material TGA PSD XRF XRD

(Concrete Powder)

TMO1
T™MO02
T™MO03
TMO04
TMO05
TMO06
TMO7
TMO08
TMO09
TM10
TM11
T™M12
TM13
TM14
TM15

N N N N N N N NN N NN
AN N N T N N N N N NN NN
AN N N T N N N N NN N NN

SN N NN NN
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Table 9: Overview of the RB samples and performed analyses.

Comp. Isothermal  Std. Consistency Expansion Test Setting Time Flex. and comp.
Cement  Calorimetry Strength
RBO01 v v v v v
RB02 v
RBO03 v
RB04 v
RBO05 v
RB06 v
RBO07 v
RBO08 v
RB09 v v v v v
RB10 v v v v v
RB11 v v v v v
RB12 v v v v v
RB13 v v v v v
RB14 v v v v v
RB15 v v v v v
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3.3.1 TGA

Crucibles made of alumina oxide were filled with test material until about two-thirds filled. Several
crucibles were then placed on the sample carousel to the Mettler Toledo SDT for TGA analysis. The
machine heated one sample at the time from 40-900 °C, and recorded weight loss with temperature.
Nitrogen atmosphere with N, gas flow 50 ml/min was used for the test, and heating rate 10 °C/min.
The Mettler Toledo SDT is showed in Figure 17a, pincette and crucible in Figure 17b, the scale

inside the apparatus is shown in Figure 17c.

(b) (c)

Figure 17: (a) TGA machine, (b) pincette and crucible, and (c) weight.
The amount of CC was calculated from the TGA data and Equation 8 and 9. Wy and W5 are the
weight loss from the TGA result between the selected temperature range, 500 - 800 °C. Wy is the

start percent. Mcaco, and Mco, are the molar mass of CaCO3 and CO,, and are equal to 100
g/mol and 44 g/mol respectively. [5]

(8)

Mcaco
MCaCo, = MCOo, * ——— 9)

The CO4 uptake by the carbonated materials due to the carbonation was calculated by taking

the difference in mco, between to the carbonated and non-carbonated material, as presented in

Equation 10.
mco,(uptake) = mco,(Carbonated material) — mco,(Non-carbonated material) (10)

3.3.2 Particle Size Distribution

Test material was sieved through a 250 pum sieve to ensure that no particles could damage the
apparatus. The material that was stopped by the sieve was logged. The test material was loaded

into the Cilas Particle Size 920, see Figure 18. The amount on each size interval was written down.
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Figure 18: Cilas Particle Size 920 used for the particle size distribution analysis.

3.3.3 XRF and XRD

Chemical composition of both carbonated and non-carbonated test materials were investigated
using XRF and XRD. XRF analysis was performed in Kjgpsvik with their with their machine
configured with the settings they normally use for operation of the cement plant. XRD was

performed in Trondheim, with the following settings.

CuKa radiation (A = 1.54059 A)

40 kV and 40 mA

range 5-70° 20

step-size 0.02 ° 20

Continuous rotation

XRF and XRD machines used can be seen in Figure 19. The raw data from the XRD test was
analysed by the author. DIFFRAC.EVA was used to identify the present phases. PDF numbers
used for identification of each phase are seen in Table 10.

Table 10: The PDF number used as reference to identify the phases present in TM09 - TM15 in
the XRD result.

Phase PDF - number

Albite PDF 00-009-0466
Calcite PDF 01-086-5302
Portlandite PDF 00-044-1481
Quartz PDF 01-075-8322
Vaterite PDF 04-017-8634
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(a)

Figure 19: (a) used XRD machine, and (b) used XRF machine.

3.3.4 Isothermal Calorimetry

15 samples of the different test materials were prepared in addition to one reference test only
containing cement. 1 g test material and 4 g Norcem Industrisement was weight directly into the
sample containers the day before the test. This to ensure the right temperature of the materials.
The accuracy of the weight was 0,001 g. 2.5 g water was added into the containers using a pipette.
A Vortex mixer was used to mix the cement paste for 1 minute with 4300 RPM. The samples were
then placed into the isothermal calorimeter TAM AIR. A sample container is shown in Figure 20a,
the mixer and pipette in Figure 20b and 20c. The calorimeter is shown in Figure 20d. The initial
temperature inside the calorimeter and the temperature in the room was 20 °C. The calorimeter

apparatus measured the temperature development over 7 days.

(a) (b) (c) (d)

Figure 20: (a) Sample container, (b) Vortex mixer, (c) pipette and (d) isothermal calorimeter.

3.3.5 Standard Consistency

Standard NS-EN 196-3:2016 was followed for the standard consistence test. Deionized water, test

material and cement had a temperature of 20 £ 2 °C before the test. The relative humidity was
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over 50 %, and the temperature in the laboratory was 20 + 2 °C. 400 g cement and 100 g test
material was used. The right amount of water was found by trial and error. The water and
composite cement was added into the mixing bowl and the mixing program on the ToniMIX was
started, this was referred to as the ”zero time”. After 90 s at low speed the mixing stopped and
the cement paste was scrapped into the middle from the sides and bottom of the bowl. After 30
s stop, mixing at low speed continued for 90 s. The cement paste was put into the vicat mould.
Excess paste was removed with a metal spatula through gentle sawing motions. The top was then
scrapped 2-3 times until a smooth surface was obtained. The mould was then placed in the Vicat
apparatus, and the plunger was positioned at the surface of the cement paste and released 4 min
+ 10 s after ”zero time”. After 30 s from the release or 5 s after the penetration had stopped the
scale was read. The test was then repeated with different amount of water until the distance from
the base-plate and the plunger was 6 = 2 mm. The required amount of water for each test was

noted. The ToniMIX and the vicat apparatus are shown in Figure 21a and 21b.

B
| 8
-8
|

Figure 21: (a) ToniMIX, and (b) vicat apparatus.

3.3.6 Expansion Test

Expension tests were performed according to the standard NS-EN 196-3:2016. The remaining of
the succeeded cement paste mix from the consistence test were used for the expansion test. Two
oiled Le chatelier forms on top of a glass plate was filled with cement paste using a spatula. Cement
paste was gently pressed down on one side, the form was then flipped and the last was filled from
the other side. A second glass plate was gently pressed on top of the form, allowing excess cement
paste to squeeze out. Weights were then placed on top of the glass plate to ensure enough pressure,
see Figure 22a. The Le chatelier forms were then left on the bench for a few hours before they
were submerged into the water tank for storage over the night. This step diverges slightly from
the instructions in the standard. The next day, the forms were identity marked, and the distances
between the indicator points were measured to the nearest 0.5 mm. They were then placed into the
stand, see Figure 22b. The stand was submerged into the boiler ToniCHAT. The boiler program
heats up the water from 20 °C to boiling point during 30 £ 5 min. It then maintained boiling for 3

h and £+ 5 min. The distances between the indicator points were measured once more and logged.
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(b) (c)

Figure 22: (a) Filled Le chatelier forms with additional mass, (b) Le chatelier forms in the stand,
and (c) the boiler ToniCHAT.

3.3.7 Setting Time

The same vicat mould containing the cement paste from the succeeded standard consistence test
was used for the setting time test. Standard NS-EN 196-3:2016 was also followed for this test. A
metal spatula was used to smoothen the surface after the plunger. The mould was then submerged
into the water bath belonging to the automatic setting time apparatus ToniSET Classic. Water
percent, Vicat distance, and ”zero time” was typed into the testing machine before it was started.
The water bath was kept to 20 + 1 °C during the test. After 60 minutes rest, a needle was
automatically released and penetrated the cement paste at testing locations separated by more
than 10 mm. The penetration distances were recorded. The initial setting time was determined
by measuring elapsed time from ”zero time” to the moment when the distance between base-plate
and needle was 6 + 3 mm. The initial time was rounded to the nearest 5 min. The final setting
time was also determined from the measurements. The ToniSET Classic setup is shown in Figure

23a, and the needle penetrating the cement paste is shown in Figure 23b.

Figure 23: (a) Setup of the ToniSET classic, and (b) needle penetrating the cement paste.

3.3.8 Flexural and Compressive Strength

The compressive strength was tested according to NS-EN 196-1:2016. The cement, test material,
water, and sand had a temperature of 20.0 + 1.0 °C before the test. The temperature in the
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laboratory was 20 + 2 °C and the relative humidity was over 50 %. 450 + 2 g blended cement
was prepared by homogenizing 90 g test material and 360 g Industrisement. This gives 20 wt%
supplementary material in the cement mix. The blended cement was then added into the mixing
bowl. A ToniMIX mixer was used. The automatic mixer program added 225 + 1 g deionized water
and mixed at low speed for 30 s. This results in a water/cement ratio equal to 0.5. One 1350 +
5 g bag sand was added automatically during the next 30 s. The next 30 s was mixed at high
speed. When the mixer stopped the adhering mortar on the walls and bottom was scrapped in to
the middle. The next 60 s was mixed at high speed. Mortar was then scooped into the feeding
hopper on top of the mould in two layers while the mould was standing on a vibration table for
120 £ 1 s. The Vibrating Table Toni VIB are shown in Figure 24a. The surface of the mould
was then finished using a metal straightedge. First sawing motions back and forth without any
angle between the metal straightedge and the mould to spread the mortar out. Then with a small
angle and straight motion to strike off left-over mortar. The latter can be seen in Figure 24b, it
was however performed using two hands. The mould contained 3 prisms with dimensions 40 mm
x 40 mm x 160 mm. This was repeated with 4 moulds, giving a total of 12 prisms for 6 different
composite cements. Additionally, only three moulds with RB01 were made and one mould with
RB15, due to limited amount of test material. The moulds were stored for 24 hours in a moist
cabinet. They were then demoulded, the prisms were marked, weighed and placed in a 20.0 £ 1.0
°C water tank for storage until testing time. The water tank is shown in Figure 25.

(a)

Figure 24: (a) Vibrating Table Toni VIB, (b) finishing of the moulds and (c) a set with mortar

prisms.

The prisms were strength tested after 1, 2, 7 and 28 days. First they were broken using three point
bending apparatus for flexural strength measurement, see Figure 26a. Then strength tested using
a compressive strength apparatus, see Figure 26b. The strengths were reported in MPa by the
testing machine. The average compressive strength for each age is calculated by summing up the
three results S7, S and S3 and dividing by 3, see Equation 11. The relative compressive strength is
calculated by dividing the mean compressive strength, B with the reference compressive strength,

A, see Equation 12.

S1+ Sy + 53

3 = B, mean compressive strength (11)
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Figure 25: Mortar prisms stored in a water tank until strength tested.

B
1 100% = %, compressive strength compared to reference (12)

(b)

Figure 26: (a) Flexural strength, and (b) compression strength.
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4 Results

The results from all experimental work is presented in this section.

4.1 Compressive strength

The compressive strength development for the RB samples and the reference sample is shown in
Figure 27. C and NC in the label stands for carbonated respectively non-carbonated. It is observed
that the strength at all ages is greater for the reference sample compared with the strength to all
the RB composite cements. There is not any clear unambiguous difference between the samples
containing carbonated test material (solid lines), or non-carbonated material (dashed lines). RB09
containing carbonated material show less compressive strength at 1 day compared with RB10
containing non-carbonated material, but greater strength compared to RB10 between 2 and 28
days, see Figure 66 in the Appendix. There is no distinct difference between RB11 and RB12, they
alternates on showing highest strength at different times, see Figure 67 in the Appendix. RB13
containing carbonated material show less strength development compared with RB14 containing
non-carbonated material at all times as can be see Figure 68 in the Appendix. The strength
development to RBO1 is also shown alone with the reference in Figure 65 in the Appendix. The

flexural and compressive strength values are also presented in Table 20 in the Appendix.

Strength Development
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Figure 27: Compressive strength of RB01, RB09 - RB15, and the reference sample.

In Figure 28 the relative compressive strength calculated according to Equation 12 are shown.
Sample RB01, RB09, RB10, RB13 and RB14 are above 80 % after 28 days. RB15 has exactly
80 % compared with the reference sample after 28 days. RB11 and RB12 have lower than 80 %
after 28 days. RB10 and RB11 show a positive development in relative compressive strength at
28 days. RB09 show equal relative compressive strength at 7 days and 28 days. The rest of the

samples show a decreasing development in realtive compressive strength at 28 days. The data are
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also presented in Table 21 in the Appendix.
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Figure 28: Relative compressive strength of of RB01 and RB09-RB15.
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4.2 TGA and DTG

The TGA data are presented in Figure 29. In the figure the weight loss with temperature is shown
for all the TM materials. As are shown in the figure does the total weight loss vary from about
5 to 30 % for the different samples. In Figure 30 the DTG results are presented for all the TM
samples. In the figure it can be seen that the number of depressions due to weight loss varies
between the different test materials. The temperature intervals at which the weight loss occur also
varies. Weight loss are observed at 0 - 300 °C, 300 - 400 °C, 450 - 500 °C and 500 - 800 or 900 °C.
TGA and DTG results for each carbonated and non-carbonated pair are presented in Subsection
8.2 in the Appendix. The calculated CO, uptake between 500 - 900 °C for all the carbonated
materials are presented in Table 11. The value are given in g CO,/ g recycled fines. In the table

it can be seen that 0.10 g CO,/ g recycled fines, is the highest value belonging to TMO1, followed

by 0.07 g CO,/ g recycled fines, by both TM05 and TMO09.

TGA All Test Materials
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Figure 29: TGA results of TM01 - TM15.
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Figure 30: DTG results of TMO1 - TM15.
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Table 11: Calculated CO, uptake for the carbonated materials due to the carbonation, based on
the temperature range 500 - 900 °C.

Carbonated Sample CO, uptake [g CO,/ g recycled fines]

TMO1 0.10
TMO3 0.03
TMO05 0.07
T™MO7 0.05
TMO09 0.07
TM11 0.02
TM13 0.02

The calculated CC contents are shown in Figure 31. In the figure it can be seen that TMO05
has the largest amount CC with 39.9 %, followed by TMO03 and TMO1 with 35.6 and 32.8 %. It
can be seen that TM02, TM10, TM11 and TM12 are the samples with the lowest calculated cC
content. Figure 31 shows the values for the calculated CC content, and the difference between the
carbonated and non-carbonated in percentage points. In the table it is shown that the CC content
is higher for all the carbonated materials compared with the same non-carbonated material. TMO01
is the sample with the largest increase in CC content compared with the same but non-carbonated

material.

Calculated Calcium Carbonate TM
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Figure 31: Calculated calcium carbonate content in % for the TM samples.
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Table 12: Calculated amount CC based on weight loss between 500 - 900 °C.

Test material ~Calc. CaCOj3 [%] Difference Carb./Non-carb. [pp]

TMO1 32.8 22.9
TMO02 9.9
T™MO03 35.6 7.5
T™04 28.2
TMO05 39.9 16.0
TMO06 23.9
T™O07 27.3 124
TMO8 14.9
TMO09 25.6 15.1
TM10 10.5
TM11 9.8 3.9
TM12 5.8
TM13 17.2 4.3
TM14 12.9
TM15 12.0
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4.3 Particle Size Distribution

The particle size distribution of the test materials TMO01-TM15 are shown in Figure 32 together
with FA. In the Figure it can be seen that there are both samples with larger and smaller particles
size compared with FA. The median particle size for each TM sample is shown in Table 32 in the
Appendix. Table 13 show the difference in particle size in pm, and in percent for the carbonated
and non-carbonated couples. The data show that the carbonated samples consistent for all TM
materials have smaller median particle size compared with same material but non-carbonated. The
reduction in particle size is more than 20 % for TM02, TM04, TM10 and TM12. TMO04 has the
largest decrease with 5.66 pm and 42.4 %. TMO08 and TM14 did not have that big decrease of the
particle size, only 5-10 %. The 250 um sieve residue is presented in Figure 34. It can be seen that
most of the TM powders have sieve residue around 40 % or more, while TM11 and TM12 stands

out with small sieve residue with around 10 %.

Particle Size Distribution TM
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Figure 32: Particle size distribution of the TM samples and of FA.

Table 13: The differences in median particle size of carbonated and non-carbonated TM samples.

Test material  Difference in particle size [um] Percentage Decrease in Particle Size [%]

TMO1 - TMO02 - 3.59 20.5
TMO3 - TM04 - 5.66 424
TMO05 - TMO06 - 2.38 14.4
TMO7 - TMO8 - 0.80 7.6
TMO09 - TM10 -3.14 23.1
TM11 - TM12 -4.44 21.3
TM13 - TM14 - 0.55 5.4
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Mean Particle Size TM
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Figure 33: Mean particle size of TMO01 - TM15.
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Figure 34: Sieve residues of the TM samples given in percent.

The particle size distribution of the composite cement samples RB0O1 and RB09 - RB15 are shown
in Figure 35. It can be seen that the industry reference sample has a lower particle size distri-
bution compared with the RB samples. It can be observed that the RB samples are quite alike.
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The Standard FA cement has a higher particle size distribution then the other samples. These
observations are also visible for the median particle size in Figure 36. The median particle size
values are shown in Table 33 in the Appendix. The RB samples and the industry reference sample
have small deviations, less than 1.24 pm. It can also be seen that the Standard FA sample has
about 1.5 pum larger median diameter than the RB samples. The 250 um sieve residue to the RB
samples are presented in Figure 37. It can be seen that the reference sample contained almost no
particles larger than 250 . While RB01 and RB09-RB15 show sieve residues from about 10 % to
about 25 %. RB10 stands out with almost 25 % sieve residue, and RB12 with the least amount
less then 10 %.

Particle Size Distribution RB

100 4 — Ref. Ind.
RBO1 C
—— RB09 C
=== RB10 NC
g0l — RB11C
- RB12 NC
RB13 C
RB14 NC
9 60 RB15 C
o —— Standard FA cement
2
©
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E
O 40 A
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0 4

1 10 100
Particle Size [um]

Figure 35: Particle size distribution or RB01, RB09 - RB15, the reference sample, and Standard
FA cement.
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Figure 36: Mean particle size of RBO1, RB09 - RB15, and the reference sample.

Sieve Residue: RB

Ref. Ind. RBO1 RBO9 RB10 RB11 RB12 RB13 RB14 RB15

Figure 37: Sieve residues of RB01, RB09 - RB15, and the reference sample.
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4.4 XRF

The XRF data to the TM samples are shown in Table 14. The table includes the oxides that are
present in the largest extent, in addition to Loss On Ignition (LOI). The oxides and LOI are given
in wt%. In Table 14 it can be seen that the amount CaO varies between 19.5 to 32.24 wt%, and
the SiO4 between 21.88 to 42.74 wt%. The CaO/SiO, - ratio is varying from 0.46 to 1.41 for the
TM materials. The CaO and SiO, content, and the CaO/SiO, - ratio are also shown in Figure
38 for easier comparison. In the figure it is seen that the CaO/SiO, - ratio is greater than 1.0 for
some samples, and less than 1.0 for some samples. The differences between the carbonated and
non-carbonated materials for each oxide is small, and there is not possible to identify one clear
trend for the small changes due to the carbonation. Three materials got higher CaO/SiO, - ratio
after carbonation, two got lower and one stayed the same. Al,Os content is varying from 5.67
to 10.01. The Fe,O5 content is significant higher for TM11 and TM12 compared with the other
materials. TM03 and TMO04 have some higher MgO content than the rest of the materials.

Table 14: The XRF result of TMO01 - TM15 given in wt%.

Test CaO 8102 A1203 FQQOg MgO NRQO KQO SOg LOI CaO
material /510,

TMO1 24.11  39.3 6.31 2.66 1.42 1.2 1.28 031 205 0.61
TMO02 23.8 4121 6.34 2.76 1.37 1.23  1.25 0.29 20.2 0.58
T™O03 29.88 21.97  5.67 2.65 6.56 1.92 041 2.68 30.63 1.36
T™M04 29.86 21.88 9.7 2.65 6.6 1.99 042 2.79 30.66 1.36
TMO5 32.24 2343 6.51 3.12 3.78 081 015 211 29.46 1.38
TMO6 32.06 22.78  6.43 3.08 3.76 096 022 222 29.29 1.41
T™MO07 26.51 33.23  8.58 3.09 1.14 1.29 145 094 22.08 0.80
TMO8 26.63 33.76  8.82 3.13 1.17 1.35 148 1.04 2221 0.79
TMO09 2721 3352 712 3.54 1.58 094 0.79 1.07 23.11 0.81
TM10 26.76  34.7 7.1 3.51 1.54 099 083 1.1 2271 0.77
TM11 20.27 4094 745 9.46 2.28 1.26 058 0.25 18.42 0.50
T™M12 20.29 41.26 751 8.72 2.28 1.24 0.6 027 18.43 0.49
TM13 222 4115 8.59 3.59 1.28 1.71 1.6 043 1884 0.54
TM14 22.39 39.97 8.32 3.5 1.23 1.62 154 0.53 1894 0.56
TM15 19.5  42.74 10.01 2.59 0.85 229 238 019 16.25 0.46

The XRF data for the RB01, RB09 - RB15 and the reference sample are shown in Table 15. The
CaO and SiO, content, and CaQ/ SiO, - ratio are also shown in Figure 39. In the figure a clear
difference between the reference sample and the RB samples are seen. The CaO/ SiO, - ratio is

about 3 for the reference sample, and about 2 for the RB samples.
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. TM: CaO and SiO2 Content and Ratio
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Figure 38: The amount CaO and SiO,, and the CaO/ SiO, - ratio to TM01 - TM15. Amount CaO

and SiO, are given in wt%.

Table 15: The XRF result of RBO1, RB09 - RB15, and the reference sample. Amounts are given

in wt%.

Test CaO 8102 A1203 FGQOS MgO NaQO KQO SOg L.O.I CaO
material /S04

Ref Ind. 60.32 18.97  4.89 3.13 1.68 077 074 371 3.01 3.18
RBO01 49.18 27.63  5.62 3.36 1.62 091 098 296 5.38 1.78
RB09 52.97 2289  5.69 3.5 1.69 077 081 339 584 2.31
RB10 52.07 24.07 5.8 3.57 1.74 081 084 334 5.16 2.16
RB11 50.17  26.44 6 5.08 196 091 078 3.12 3.5 1.90
RB12 49.9  26.77 6 5.22 199 092 079 31 3.39 1.86
RB13 49.88 26.22 6.11 3.58 1.65 096 1.04 3.15 5.46 1.90
RB14 51.24 25.17  6.01 3.56 1.66 094 1.02 327 4.95 2.04
RB15 49.54  26.8 6.58 3.36 1.57 112 126 3.08 4.22 1.85
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Figure 39: The amount CaO and SiO,, and the CaO/ SiO, - ratio to RB01, RB09 - RB15, and

the reference sample. Amount CaO and SiO4 are given in wt%.
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4.5 XRD

In Table 16 the identified phases from the XRD analysis of TM09-TM15 are shown. In the table
it is seen that two different phases of CaCO3 were identified, calcite and vaterite. Calcite was the
most common phase. Portlandite was identified in TM09 and TM10, quartz was identified in all
samples. Albite was identified in TM11-TM15.

In Figure 40 the XRD patterns for TM09 and TM10 are seen. Calcite, portlandite and quartz
were identified. In Figure 41 are two peaks to TM09 and TM10. In Figure 41a at a reference peak
for portlandite it can be seen that the non-carbonated sample TM10 has higher intensity than the
carbonated sample TMO09. In Figure 41b a calcite peak is shown, it is seen that the carbonated

sample TMO09 has higher intensity than the non-carbonated sample TM10.

In Figure 42 are the XRD patterns to TM11 and TM12. In the figure calcite, quartz and albite are
identified, and no portlandite. The highest peaks for TM11 and TM12 are identified to be quartz.
In Figure 43a one peak for albite, and 43b one for calcite are seen. In Figure 43a a small difference
in intensity between carbonated TM11 an non-carbonated TM12 are seen. In Figure 43b a slightly
higher intensity for carbonated TM11 than non-carbonated TM12 are seen.

The XRD result for TM13 and TM14 are seen in Figure 44. In the figure calcite, quartz and albite
are identified, and the highest peak is quartz. In Figure 45a and 45b peaks for quartz and calcite

are seen. The differences between the carbonated TM13 and non-carbonated TM14 are small.

In Figure 46 are the XRD result to carbonated TM15. In the figure it is seen that the highest

peaks are quartz. Vaterite and albite are also identified.

Table 16: Identified phases by XRD analysis for TM09 - TM15.

Calcite Vaterite Portlandite Quartz Albite

CaCO, Ca(OH),  SiO,  NaAlSizOg

TMO09 C v v v

TMIONC v

TMI1 C  Little v v
TMI2N  Little v v
TM13 C v v v
TMI4NC v v
TM15C  Little v v v
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Figure 40: XRD pattern to TM09 and TM10, and identified phases calcite, portlandite, and quartz.

XRD: TM09 and TM10 XRD: TM09 and TM10

—— Carbonated: TM09
------ Non-carbonated: TM10
HEl Calcite - CaCOs

—— Carbonated: TM09
—————— Non-carbonated: TM10
EEm Portlandite - Ca(OH)2

= z

i i

c c

3 2

= =

17.6 17.8 18.0 18.2 18.4 28.8 29.0 292 294 29.6 29.8

26 [°] 26 [°]
(a) (b)

Figure 41: (a) Portlandite, and (b) Calcite.
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XRD: TM11 and TM12
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Figure 42: XRD pattern to TM11 and TM12, and identified phases calcite, quartz, and albite.
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Figure 43: (a) Albite, and (b) Calcite.
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XRD: TM13 and TM14
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Figure 44: XRD pattern to TM13 and TM14, and identified phases calcite, quartz, and albite.
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Figure 45: (a) Quartz, and (b) Calcite.
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Figure 46: XRD pattern to TM15 and identified phases vaterite, quartz, albite, and calcite.
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4.6 Isothermal Calorimetry

Results from the isothermal calorimetry of the composite cements and the reference sample can
be seen in Figure 47. In the figure the result is presented as mW/ g powder, ie heat development
per g powder. It can be seen that all the composite cements containing recycled concrete have
less heat development compared with the reference sample. It is also seen that some samples have
faster heat development in the start compared with the reference, especially RB02, RB03, RB13
and RB14. But the reference sample has the highest peak. The cumulative heat development are
presented in Figure 48, also this figure shows heat per g powder. It is seen that the reference
sample achieves the highest cumulative heat with 383 J/g powder after one week, ie 168 h. RB04,
RBO05 and RB06 achieves the lowest cumulative heat around 310 J/ g powder. The rest of the
RB samples are quite alike within a 25 J interval. The achieved cumulative heat after 168 h are
presented in Figure 49. In the figure it can be seen that RB04, RB05 and RB06 stands out with
lower achieved cumulative heat than the other RB samples. The values are also presented in Table
34 in the Appendix. Figures with the calorimetry and cumulative heat development result for each
sample pair containing carbonated material and non-carbonated material are show in Section 8.4

in the Appendix.

The difference in cumulative heat at 168 h between the sample containing carbonated material, and
the sample containing same but non-carbonated material is seen in Table 17. In the table it is seen
that all but one of the materials containing carbonated material achieves higher heat development
compared with the samples containing the same but non-carbonated material. The increase is from
1to 41 J / g powder for the different samples. RB05 and RB06 are the exception, where RB05
containing carbonated material show 2 J /g powder lower than RB06 containing non-carbonated
material. It can also be mentioned that RB03 and RB04 stands out among the couples with the
largest difference between their achieved heat, 41 J/g powder.
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Figure 47: The heat development to RB01 - RB15 and the reference sample.
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Figure 48: The cumulative heat development to RB01 - RB15 and the reference sample.
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Figure 49: Achieved cumulative heat of RB0O1 - RB15 and the reference sample after 168 h. Given
in J/ g powder.

Table 17: Difference in cumulative heat after 168 h between the composite cements containing

carbonated and non-carbonated material.

Sample Cumulative Heat diff. 168 h [J/ g powder]

RB01-RB02 2.0
RB03-RB04 41.5
RB05-RB06 -2.4
RB07-RB08 8.5
RB09-RB10 7.6
RBI11-RB12 0.6
RB13-RB14 4.5

In Figure 50 the heat development has been divided by 0.8, to show heat development per g cement
for the RB samples. In the figure it can be seen that the heat development of the reference sample
are quite similar to the RB samples. It is also possible to identify several RB samples that show a
higher early heat development compared with the reference sample. In Figure 51 the cumulative
heat development with the RB samples divided by 0.8 are shown. It is shown in the figure that all

the RB samples have higher cumulative heat after 168 h than the reference sample.
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Figure 50: The heat development to RB0O1 - RB15 and the reference sample divided by 0.8. Given in mW /g cement.
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Cumulative Heat Development: RB divided by 0.8
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4.7 Standard Consistency

The water percent from the standard consistency test is presented in Figure 52. In the figure it is
seen that all the RB materials have water percent over 30 %. RB13 and RB14 have the highest

water percent. RB15 has the lowest water percent. The water percent are also shown in Table 35
in the Appendix.
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Figure 52: Water demand of RB0O1 - RB15 and the reference sample from the standard consistency
test, given in %.

4.8 Expansion

The result from the expansion test of RB01, RB09-RB15 and the reference sample are shown in
Table 18. In the table it is seen that the maximum expansion was 0.9 mm and that the minimum

expansion was 0.1 mm.

4.9 Setting time

The setting time development for all the RB samples are seen in Figure 53. In the figure it is seen
that the reference sample has the earliest setting time and development, close followed by RB13.
RB10 had the longest setting time. In the figure it can also be observed that the all the samples
containing carbonated material (solid line) have shorter setting time, compared with the sample
containing same but non-carbonated material (dashed line). The initial and final setting time for
RBO01 and RB09 - RB15, and the reference sample is seen in Table 19. The measurements for each

sample is seen in Subsection 8.5 in the Appendix.
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Table 18: Result from the expansion test of RB01, RB09 - RB15, and the reference sample.

Sample Expansion [mm)]
Ref. Ind. 0.5
RBO01 0.3
RB09 0.3
RB10 0.9
RB11 0.4
RB12 0.5
RB13 0.4
RB14 0.2
RB15 0.1
Setting Time
04 —&— Ref. Ind.
RBO1 C
—A— RBO09 C
571 -A- RBIONC
—A— RBI1C
104 -+~ RB12NC
RB13 C
RB14 NC
_ 7 -4 RBISC
€
E
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a
a
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40
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Time [min]

Figure 53: Setting time of RB01, RB09 - RB15, and the reference sample.
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Table 19: Initial and final setting time of RB01, RB09 - RB15, and the reference sample.

Test material Initial setting time [min] Final setting time [min]

Ref. Ind. 131 160
RB01 150 184
RB09 177 237
RB10 205 261
RB11 160 193
RB12 165 194
RB13 135 187
RB14 161 217
RB15 148 183
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5 Discussion

In following section the results from the analyses are discussed and compared to theory and findings
from other studies. The compressive strength is also plotted against cumulative heat, CaQ/SiOq
- ratio, and CC for discussion of possible trends. And the relationship between the origin of
the concrete powder and the properties are discussed. The Industrisement used in the composite
cement samples for the isothermal calorimetry was from one batch Industrisement. The cement
used in the RB samples tested for compressive strength, standard consistence, setting time and
expansion tests was from another batch but same type Industrisement. In the following discussion
the difference between the two cement batches are assumed to be negligible when results are

compared and discussed.

5.1 Compressive Strength

In Figure 54 the strength results are shown together with the requirements for strength class 52.5
R, 42.5 R and 32.5 according to NS-EN 197-01 standard. It can be seen that the compressive
strength of all the RB samples are greater than strength class 42.5 R and 32.5 R. The RB samples
does however not full fill the requirement according to the 52.5 R standard at 28 days, which
also is the strength class to the reference sample. The compressive strength of the RB composite
cements can thus be considered as approved at 28 days within strength class 42.5 R and 32.5 R.

The strength development at longer time is however unknown and should be further examined.
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60
50
s
=
£
o 40 4
o
&
()
=
wn
¢ 30
o
£
(e}
@)
—A— Ref. Ind. RB13 C
20 RBO1 C RB14 NC
) Q —A— RB09 C RB15 C
3L -A- RBIONC —m 52.5R
RB11 C —— 425R
10 - -4- RBI2ZNC —¥ 325R
1 2 7 28
Time [Days]

Figure 54: Compressive strength of RB01, RB09 - RB15, and the reference sample together with
the requirements for strength class 32.5 R, 42.5 R and 52.5 R.

Lower obtained strength for the RB samples containing 20 wt% carbonated material compared

with the reference sample as presented in Section 4.1, agrees with the results on mortar by Kumar
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Kaliyavaradhan et al. [15]. And disagrees with the result by Lu et al. who experienced higher
compressive strength on cement paste containing 20 wt% carbonated concrete fines than the ref-
erence up to 28 days, and equal compressive strength as the reference after 90 days. [19] The
non-existing clear difference in compressive strength between the samples containing carbonated
or non-carbonated materials in Figure 27 differs from the conclusions by Kumar Kaliyavaradhan
et al. and Lu et al., who both experienced an increase in strength with the carbonated powder in

comparison with the non-carbonated powder. [15] [19]

From the compressive strength result in Table 20 at 28 days it is not possible to distinguish one
source for concrete fines that showed more potential than the others. Since the 2 composite cement
with highest strength RB09, and RB14 originated from two different process steps washing water

and sawing sludge.

It should be mentioned that the high early strength at 1 day for RB10 in Figure 66 partly can be

affected by 15 min to late execution of the compressive strength test.

With 20 wt% cement replaced with carbonated or non-carbonated material, it was seen that several
RB samples exceeded 80 % in relative compressive strength in Figure 28. It can thus be suggested
that the replaced material in some way contribute to the achieved strength in the mortars for
sample RB01, RB09, RB10, RB13 and RB14. Since RB11 and RB12 had less than, and RB15
equal to 80 % of the reference strength, the concrete fines could be considered to not be contributing
to the strength.

Standardsement FA and Anleggsement FA are cement types on the Norwegian market, and their
strength development are presented in Figure 55 together with the RB samples, and the reference
sample. Between day 1 and 7 the strength development of the RB samples and especially RB11
and RB12, are quite similar to the Standardsement FA. But the strength development of Stand-
ardsement FA are increasing more after 7 days compared with the RB samples. All the RB samples
have a higher strength than the Anleggsement FA cement between 1 and 7 days. Anleggsement
FA however increase the compressive strength more than all the RB samples after 28 days. These
observations indicate that the the RB samples contribute with mores strength development during

early times, up to 7 days, compared with other composite cements on the market.
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Strength Development: RB vs Other Cement Types
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Figure 55: Compressive strength development of the RB samples and referenace sample against
Standardsement FA and Anleggsement FA. [30][28]
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5.2 TGA and DTG

The lowerings in Figure 30 between 105-420 °C are assumed to be due to decomposition of CSH and
AFt. [34] The lowering at 450 - 500 °C is clearly visible for TM01, TM02, TM09 and TM10, and
is most likely mass loss due to decomposition of Ca(OH),, in short notation CH. [24][35] The mass
loss around 500 - 900 °C are assumed to be due to decomposition of CaCOs. For some samples
it is possible to identify two different lowerings within this temperature range. It is possible that
the lowerings at the lower temperature are due to decomposition of unstable CaCO5 phases as
aragonite and vaterite, and the higher temperature is due to decomposition of the stable phase

calcite. [40] The identified phases are seen in Figure 56.
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Figure 56: DTG result of TMO01 - TM15 together with identified phases.

The chosen temperature interval of 500 - 900 °C for the calculation of weight loss due to CO4 was
motivated by the temperature range 500 - 800 °C for where CaCO3 decompose. [40] The start
temperature was also motivated by the early weight loss by especially TM05, TM01 and TMO03
at 500 - 700 °C seen in Figure 30. The finish temperature was also motivated by the late weight
loss for several samples at 800 - 900 °C, see Figure 30. The samples most probably also contained
some content calcite independently of the carbonation, since limestone is added to the cement as
described in Section 2.1. [12] This is however assumed to not affect the calculated CO, uptake
by the carbonated samples, since the CO, uptake by the non-carbonated sample was subtracted
according to Equation 10. It is however also possible that the samples were carbonated even before

the carbonation treatment was preformed for this study.

According to the maximum calculated CO, uptake in Table 11 the carbonation method in this
study show potential to capture 0.10 g CO,/ g recycled fines, which equals 10 % of the generated
CO, from the clinker production. This is less than the 0.13 g CO,/g concrete fines, Ho et al.
captured with their method, [11] but the result in this study still shows the potential of easy CO,
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Calcium Carbonate Content vs Mean Particle Size
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Figure 57: Calcium carbonate content vs median particle size for the TM samples.

capturing. It should also be mentioned that TM13 and TM15 were carbonated in advance by
another method, and the potential of the materials can thus be higher than the result shown in
the table.

As discussed above was the weight loss between 500 - 900 °C assumed to be associated with cC
decomposition. The calculated CO4 in Table 11 were then used according to Equation 9 to calculate

amount CC.

5.3 Particle Size Distribution

The decrease in particle size of the concrete powders after carbonation complies with the observa-
tions by Lu et at. [19] But disagrees with Kumar Kaliyavaradhan et al. who got coarser particles
after carbonation due to agglomeration. [15] It is possible that different carbonation methods

influence the particle size differently.

The large sieve residues seen in Figure 34 and 37 for the TM and RB samples, means that a large
proportion of the particles are larger than 250 pym. The particle size distribution in Section 4.3
therefore do not present the reality. It is likely that the larger particles origin from the stone
aggregates in the concrete. These particles were experienced difficult to mill together with the

porous dried cement during the preparation of test material for the experiments.

In Figure 57 the CC content is plotted against the median particle size for the TM samples. The
figure shows a trend for decreasing particle size with increasing calcium carbonate content. The

scatter is however widely dispersed.
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5.4 XRF

As was seen in Figure 38 did the TM samples mainly contain of CaO and SiO,, which agrees with
the XRF data on carbonated cement paste (cCP) in Table 6 by Zajac et al. The TM samples
however generally had lower CaO content and higher SiO, content compared with the carbonated
cement paste in the Table and the content in the concrete slurry to Kumar Kaliyavaradhan et al.
[41][15]

TMO1 - TMO6 originates washing sludge from different sediments basins. TM01 and TMO02 contain
more SiO, and is probably from an basin with more aggregates. While TM03 - TMO06 are from a
basin containing more cement paste than aggregates since the CaO content is higher. TM09 and
TM10 also originates from washing sludge, but not from a specific basin. TM11 - TM15 originated
from drilling and sawing sludge, and demolished concrete. These materials had a high content of
Si0,, which probably is due to the aggregates in the concrete. The higher Fe,O5 content in TM11
and TM12 compared with the other TM samples could be due to the drilling process and wear
from the equipment. It could also be due to other variations in the cement or aggregates. The

origin and process of the material thus have a big influence on the chemical composition.

The LOI was also varying between the materials. The highest LOI is obtained by TM03 and TM04
on 30.63 respective 30.66 wt%. Lowest LOI is obtained by TM15 with 16.25 wt%.

5.5 XRD

The higher respective lower intensity for portlandite and calcite for the non-carbonated sample
TM10 and carbonated sample TM09 in Figure 41a and 41b, agrees with the theory in Section 2.3
that Ca(OH), carbonates to CaCOj3. The increase of calcite and decrease of portlandite also align
with the XRD result from studies mentioned in Section 2.4. This also agrees with the DTG result
in Figure 58 which showed a significantly deeper lowering due to CaCO5 between 600 - 800 °C
for the carbonated sample TMO09 compared with the non-carbonated sample TM10. And in the
higher calculated CaCOj5 in Table 31.

The XRD result for TM11 and TM12 in Figure 42 showed high intensity for quartz, and low for
calcite. This agrees with the XRF result in Figure 38 which showed a low CaO / SiO, - ratio. The
small difference in intensity for calcite between the carbonated sample TM11 and non-carbonated
sample TM12 in Figure 43b also agrees with the small difference in calculated CC in Table 31.
The peak at 10.5 was not identified for TM11 and TM12.

The small difference in intensity for calcite was also seen in Figure 45b for the carbonated sample
TM13 and non-carbonated sample TM14. The small difference in CC intensity also agrees with
the small difference in calculated CC content in Table 31. The peak at 12.5 for TM13 and TM14

was not identified.

The XRD result in Figure 46 showed that the carbonated sample TM15 contained two phases of
CaQs, vaterite and calcite. This can agree with the DTG result in 59, which shows a quite equal
weight loss between 500 - 800 °C. The lower weight loss up to about 700 is prbably due to vaterite,
and higher than 700 is probably due to calcite. [40]

Ca(OH), was expected to be identified in the non-carbonated samples TM12 and TM14, this was

not seen and can be due to that the samples were naturally carbonated.
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5.6 Isothermal Calorimetry

The higher cumulative heat development for the carbonated samples as were seen in Table 17 can
be a result of the smaller particle size for the carbonated materials as were seen in Table 13. This
suggestion agrees with the theory in Section 2.6, which says that smaller particle size increase the
reactivity, heat development and early strength. [12] The smaller achieved cumulative heat for
RBO05 containing carbonated material compared with RB06 containing non-carbonated material
however can not be explained by non existing decrease in particle size. It is also possible that
the decrease in cumulative heat for RBO5 is a result of other mechanisms. The biggest increase
in cumulative heat by RB03 - RB04 however also had the largest percent decrease in particle
size, which again agrees with the higher reactivity mechanism for smaller particles mentioned
in Section 2.6. The RB samples showed a lower heat development compared with the reference
sample in Figure 48. Low heat development can however be a beneficial property while casting

thick dimensions to avoid cracks, as mentioned in Section 2.1.

The distinct early heat development between 0 and 5 h for RB13, RB14 and RB03 compared with
the other RB samples in Figure 47, can agree with the median particle size result in Figure 33.
Where it is shown that RB13, RB14 and RB03 have smaller particle size compared with other
samples. This early heat development effect is however not seen for RB07, RB08 and RB09 which
also contains recycled fines with similar particle size. The absence of early heat development for
RB07, RB08 and RB09 compared to the reference sample can be seen in Figure 91 and 93 in the
Appendix.

The adjusted cumulative heat in Figure 51 showed that the RB samples obtained higher heat
compared with the reference. This can motivate that both 20 wt% carbonated or non-carbonated

material contribute to the heat development in some way.

5.7 Setting Time and Standard Consistency

The initial setting times of the composite cements presented in Table 19 were approved according
to the NS-EN 197-01 standard, as the initial setting times were lower than the requirements in
Table 4. Figure 60 show the setting time vs the water demand for the RB samples. In the figure
trends for both higher initial, and final setting time with increased water demand are seen. The
figure also show that the setting time for the different samples are quite dispersed. Long initial

setting time can be a disadvantage for some usage, for example within the precast-industry. [12]

5.8 Expansion
As was seen in Table 18 did all the composite materials have less expansion than the required <

10 mm in Table 4. The composite cements are thus approved regarding the expansions standards
in NS-EN 197-01.

5.9 Influences on Strength

The strength development vs the cumulative heat development is shown in Figure 61 for RB01,

RB09 - RB15, and the reference. The points are from 1, 2 and 7 days compressive strength, and
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Figure 60: Initial and final setting time vs water demand for RBO1, RB09 - RB15 and the reference

sample.

cumulative heat at 24, 48 and 168 h. In the figure it is seen that the RB samples generally have
lower compressive strength than generated heat in comparison with the reference. RB14 are on
top of the reference and thus have similar strength increase with heat as the reference sample, but

slower.

In Figure 62 the compressive strength at 28 days is plotted against the CaO / SiO, - ratio for each
RB sample. In the figure a trend for the RB samples indicating higher compressive strength with
higher CaO / SiO, - ratio are seen. This trend aligns with the reference sample which has both
higher CaO / SiO, - ratio and compressive strength.

In Figure 63 the compressive strength at 28 days for the RB samples are plotted against the
calculated CC content in the of the TM samples. The figures show a clear trend for increased

compressive strength with higher content cC.

Figure 64 show the compressive strength vs the median particle size for RB01, RB09 - RB10,
and the reference sample. In the figure a trend for increasing compressive strength for decreasing

median particle size is seen for the RB samples.

These observed trends promoting higher compressive strength aligns with the conclusion by Zajac
et al.. Who experienced high surface area, and the chemical composition as responsible mechan-
isms for the pozzolanic properties, and increased compressive strength in their composite cements

containing carbonated recycled cement paste. [41]
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Figure 61: Strength development vs cumulative heat development for the RB01, RB09-RB15 and
the reference sample.
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6 Conclusion

In this master thesis different kinds of concrete waste were tested by several methods to investigate
if the materials can be used in composite cement. In addition, it explored if the recycled concrete
waste has potential to capture CO,, and how this affects the properties of the material. The
composition of the tested cements were 80 wt% Industrisement CEM I 52,5 R from Norcem AS,
and 20 wt% carbonated recycled fines. A sample containing only Industrisement, and samples

containing 20 wt% non-carbonated test material were used as reference.

e Compressive strength testing of mortar prisms according to standard NS-EN 196-1 showed
that composite cement containing 20 wt% recycled concrete fines can achieve the requirements
for strength class 32,5 R and 42,5 R after 28 days. Both composite cements containing

carbonated or non-carbonated recycled concrete fines showed potential.

e TGA analysis showed that the recycled concrete fines have potential to capture 0.1 gram
CO, per gram concrete fines, which implies that around 10 % of the produced CO4 emissions

from the clinker production potentially can be captured and stored.

e From the perspective of compressive strength, the substitution of 20 wt% recycled concrete
fines did not give an increase compared with only Industrisement. 20 wt% carbonated ma-
terial did not increase compressive strength compared with 20 wt% non-carbonated material.
However, the relative compressive strength indicated that 20 wt% concrete fines contribute

to the strength in some way.

e Isothermal calorimetry showed a lower heat development for samples containing 20 wt%
concrete fines, in comparison with only Industrisement. However, the cumulative heat de-
velopment divided by 0.8 indicated that the fines contribute to the heat development in
some way. Isothermal calorimetry further indicated that the cumulative heat development
was higher for samples containing 20 wt% carbonated concrete fines compared with samples
containing 20 wt% non-carbonated concrete fines. Most of the samples containing 20 wt%
concrete fines showed less strength at a given heat development, compared with the sample

containing only Industrisement.

e The initial and final setting time increased along with increasing water demand for the

composite cements.

e Higher CaO/SiO, - ratio, higher content CC, and smaller particle size showed increasing
effect on the compressive strength for the composite cements containing 20 wt% recycled

concrete fines.
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7 Further Work

The following areas should be investigated further.

e Composite cement containing recycled concrete fines should be further tested to make ensure
it achieve the compressive strength, durability, and workability properties required by the

industry.

e A development of an industrial and optimised carbonation method should be further invest-

igated.

e The amount of available concrete waste should be mapped. This could provide an estimate
on the potential economical savings and environmental benefits of applying CO4 capture and

storage methods.
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8 Appendix

8.1 Flexural and Compressive Strength

Average compressive strength are shown in Table 20, and relative compressive strength are shown
in Table 21. The strength development for RB01, RB09 - RB10, RB11 - RB12 and RB13 - RB14
are shown in Figure 65, 66, 67 and 68. The weight of all the prisms are seen in Table 22. All
flexural and compressive strength values are seen in Table 23, 24, 25, 26, 27, 28, 29, 30 and 31.
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Figure 65: Strength development to RBO1.

Table 20: Average compressive strength [MPa] for the reference sample and the 8 different samples

containing composite cement after 1-28 days.

Test material 1 day 2 days 7 days 28 days

Ref. Ind. 33.4 44.0 52.3 61.1
RBO1 - 36.1 46.2 52.0
RB09 24.6 35.6 45.2 52.8
RB10 26.4 35.1 43.7 51.4
RB11 21.8 32.0 41.0 48.2
RB12 22.0 31.3 41.5 47.6
RB13 25.5 34.9 44.1 50.0
RB14 28.3 37.6 46.0 52.6
RB15 - - - 48.9
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Figure 66: Strength development to RB09 and RB10.
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Figure 67: Strength development to RB11 and RB12.
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Strength Development: RB13 and RB14
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Figure 68: Strength development to RB13 and RB14.

Table 21: Relative compressive strength [%] for the reference sample and the 8 different samples

containing composite cement after 1-28 days.

Test material 1day 2 days 7 days 28 days

Ind. Ref. 100.0  100.0  100.0 100.0
RBO1 - 82.0 88.3 85.1
RB09 3.7 80.9 86.4 86.4
RB10 79.0 79.8 83.6 84.1
RB11 65.3 2.7 78.4 78.9
RB12 65.9 71.1 79.3 77.9
RB13 76.3 79.3 84.3 81.8
RB14 84.7 85.5 88.0 86.1
RB15 - - - 80.0
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Table 22: Weight of compression strength prisms, given in grams.

1day 2days 7 days 28 days Average

Ind. Ref. 558 559 560 567
567 569 568 570

571 566 565 568 566
RBO01 - 552 550 551
- 553 556 552

- 556 559 559 554
RB09 561 563 560 566
562 565 565 568

568 560 559 563 563
RB10 568 565 564 560
558 565 561 566

565 563 561 561 563
RB11 556 561 563 554
558 556 558 558

559 558 558 561 558
RB12 559 560 563 565
565 561 567 562

563 566 562 567 563
RB13 554 557 557 551
551 557 551 559

560 553 553 555 555
RB14 562 564 562 566
567 562 566 566

566 562 564 563 564
RB15 - - - 556
- - - 559

- - - 561 559

Table 23: Flexural and compressive strength results to reference industry sample.

Flexural strength (MPa)

Compressive strength (MPa)

Specimen 1day 2days 7days 28 days 1days 2days 7 days 28 days
la 7.58 - 7.4 8.3 33.5 42.8 51.5 60.7
1b 32.5 43.6 52.3 61.6
2a 6.95 7.0 7.7 8.2 34.0 44.4 52.4 59.9
2b 33.3 44.4 52.4 61.1
3a 7.14 6.4 8.7 8.9 33.5 44.7 52.7 62.3
3b 33.6 44.3 52.4 61.2

Average 7.2 6.7 7.9 8.5 334 44.0 52.3 61.1
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Table 24: Flexural and compressive strength results of RBO1.

Flexural strength (MPa)

Compressive strength (MPa)

Specimen 2 days 7 days 28 days 2 days 7 days 28 days
la 6.1 7.1 74 36.1 45.4 50.7
1b 35.8 45.1 51.4
2a 6.3 6.9 7.6 34.9 46.4 54.6
2b 37.1 46.7 50.9
3a 5.8 - 7.7 35.2 46.8 52.1
3b 37.4 46.7 52.5

Average 6.1 7.0 7.6 36.1 46.2 52.0

Table 25: Flexural and compressive strength results of RB09.

Flexural strength (MPa)

Compressive strength (MPa)

Specimen 1day 2days 7days 28 days 1days 2days 7days 28 days
la 5.7 6.2 6.4 7.3 24.8 35.7 45.8 52.5
1b 24.1 35.7 44.3 51.8
2a 5.7 6.1 - 8.1 24.0 35.2 45.9 53.7
2b 24.3 36.3 45.7 54.0
3a 5.6 6.0 7.0 - 25.3 35.0 45.7 52.3
3b 25.0 35.4 43.6 52.7

Average 5.7 6.1 6.7 7.7 24.6 35.6 45.2 52.8

Table 26: Flexural and compressive strength results of RB10.
Flexural strength (MPa) Compressive strength (MPa)

Specimen 1day 2days 7days 28 days 1days 2days 7days 28 days
1la 6.1 5.7 6.3 7.5 25.9 35.2 43.2 51.5
1b 26.4 34.3 43.3 51.0
2a 6.0 6.2 6.6 7.7 26.5 35.1 43.6 51.2
2b 26.1 35.7 43.8 52.3
3a 5.7 5.9 6.8 7.7 26.8 35.0 44.5 50.8
3b 26.7 35.4 43.5 51.4

Average 5.9 5.9 6.5 7.6 26.4 35.1 43.7 514
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Table 27: Flexural and compressive strength results of RB11.

Flexural strength (MPa) Compressive strength (MPa)
Specimen 1day 2days 7days 28days 1days 2days 7days 28 days
la 4.8 5.7 6.5 7.9 21.5 31.9 41.2 47.2
1b 21.7 32.1 40.3 46.3
2a 5.0 5.4 6.7 7.4 21.9 32.0 39.7 48.5
2b 21.9 31.6 40.8 49.3
3a 4.6 5.6 6.8 8.1 21.8 32.0 42.2 49.7
3b 21.9 32.2 41.7 48.4
Average 4.8 5.6 6.7 7.8 21.8 32.0 41.0 48.2

Table 28: Flexural and compressive strength results of RB12.

Flexural strength (MPa) Compressive strength (MPa)
Specimen 1day 2days 7days 28 days 1days 2days 7days 28 days
la 4.7 5.4 7.1 7.3 23.0 32.2 41.7 47.5
1b 22.9 32.1 41.8 48.3
2a 4.6 5.4 6.8 7.6 21.8 29.9 41.8 45.8
2b 22.2 29.5 41.9 46.3
3a 4.6 5.6 6.8 7.9 20.9 32.7 41.1 48.7
3b 21.1 31.3 40.9 49.2
Average 4.6 5.5 6.9 7.6 22.0 31.3 41.5 47.6

Table 29: Flexural and compressive strength results of RB13.

Flexural strength (MPa) Compressive strength (MPa)
Specimen 1day 2days 7days 28 days 1days 2days 7days 28 days
1la 5.1 5.9 6.0 8.2 25.3 354 43.8 48.9
1b 25.2 35.3 43.6 48.9
2a 5.4 6.2 6.4 7.3 25.6 34.1 45.2 50.5
2b 25.5 34.0 44.1 50.0
Ja 5.3 5.8 6.1 7.3 25.6 34.8 43.8 50.6
3b 26.0 35.6 44.1 51.1
Average 5.3 6.0 6.1 7.6 25.5 34.9 44.1 50.0

7



Table 30: Flexural and compressive strength results of RB14.

Flexural strength (MPa) Compressive strength (MPa)
Specimen 1 day 2days 7 days 28 days 1days 2days 7 days 28 days
la 5.8 6.3 - - 28.2 37.5 45.8 51.8
1b 27.8 38.3 45.8 52.4
2a 5.7 6.8 7.3 8.3 28.9 37.7 45.4 54.3
2b 28.5 37.9 45.0 54.1
3a 5.8 6.0 6.8 7.9 27.8 37.1 46.5 50.6
3b 28.3 37.3 47.5 52.5
Average 5.8 6.4 7.1 8.1 28.3 37.6 46.0 52.6

Table 31: Flexural and compressive strength results of RB15.

Flexural strength (MPa) Compressive strength (MPa)

Sample 28 days 28 days
1la 8.8 48.9
1b 48.9
2 a 7.3 49.3
2b 49.2
3a 7.8 48.5
3b 48.3

Average 8.0 48.9
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8.2 TGA and DTG

The TGA and DTG result for RB0O1, RB09 - RB10, RB11 - RB12 and RB13 - RB14 are shown in
Figure 69 - 84.
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Figure 69: TGA to TMO01 and TMO02.
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Differential Thermal Analysis: TMO1 and TM02
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Figure 70: DTG to TMO01 and TMO02.

Thermal Gravimetric Analysis: TM03 and TM04
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Figure 71: TGA to TM03 and TMO04.
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Figure 72: DTG to TMO03 and TMO04.
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Figure 73: TGA to TMO05 and TMO06.
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Figure 74: DTG to TMO05 and TMO06.
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Figure 75: TGA to TM07 and TMOS.
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Figure 76: DTG to TMO07 and TMOS.

Thermal Gravimetric Analysis: TM09 and TM10
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Figure 77: TGA to TM09 and TM10.
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Differential Thermal Analysis: TM09 and TM10
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Figure 78: DTG to TM09 and TM10.

Thermal Gravimetric Analysis: TM11 and TM12
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Figure 79: TGA to TM11 and TM12.

84




Derivated Weight Loss [ug/s]

Weight Loss [wt%]

Differential Thermal Analysis: TM11 and TM12

|
=
o
L

|
-
(&}

L

|
N
o
L

|
N
&}
L

|
w
o
L

—35 1

—40 A

TM11C
TM12 NC

100 200 300 400 500 600 700 800
Temperature [°C]

Figure 80: DTG to TM11 and TM12.

Thermal Gravimetric Analysis: TM13 and TM14

100 4

98

96 -

94

92 1

90

88 1

T™M13 C
TM14 NC

100 200 300 400 500 600 700 800
Temperature [°C]

Figure 81: TGA to TM13 and TM14.
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Figure 82: DTG to TM13 and TM14.

Thermal Gravimetric Analysis: TM15
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Figure 83: TGA to TM15.
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8.3 Particle Size Distribution

The median particle size for the TM samples are shown in Table 32, and the RB samples are seen

in Figure 33.

Table 32: TM samples, median diameter and sieve residue.

Test material Dsg [um]

TMO1 13.91
TMO02 17.5
TMO03 7.69
TMO04 13.35
TMO5 14.1
TMO06 16.48
TMO7 9.7

TMO8 10.5
TMO09 10.43
TM10 13.57
TM11 16.36
TM12 20.8
TM13 9.68
TM14 10.23
TM15 25.88
Fly Ash 11.39

Table 33: RB samples, median diameter and sieve residue.

Cement Sample Dso [pm)]
Ref. Ind. 6.57
RBO1 7.81
RB09 7.16
RB10 7.72
RB11 7.55
RB12 7.67
RB13 7.29
RB14 7.12
RB15 7.15

Standard FA cement 9,06
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8.4 Isothermal Calorimetry

The cumulative heat development after 168 h are shown in Table 34.

Table 34: Cumulative heat after 168 h for all the composite cement samples and reference sample.

Sample  Cumulative Heat [J/g powder]

Ref. Ind. 383
RBO01 348
RB02 346
RBO03 354
RB04 313
RB05 309
RB06 311
RBO07 353
RBO08 344
RB09 350
RB10 342
RB11 336
RB12 335
RB13 348
RB14 344
RB15 335

Following are the heat development and cumulative heat development for the RB pairs containing
carbonated and non-carbonated material. Each pair is shown together with the reference sample.
RBO01 and RB02 in Figure 85 and 86. RB03 and RB04 in Figure 87 and 88. RB05 and RB06 in
Figure 89 and 90. RB07 and RBO08 in Figure 91 and 92. RB09 and RB10 in Figure 93 and 94.
RB11 and RB12 in Figure 95 and 96. RB13 and RB14 in Figure 97 and 98. RB15 in Figure 99
and 100.
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Heat Development: RBO1 and RB02
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Figure 85: Heat development for RB0O1 and RB02, together with the reference sample.
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Figure 86: Cumulative heat development for RBO1 and RB02, together with the reference sample.
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Heat Development: RBO3 and RB04

5
—— Ref. Ind.
RBO3 C
RBO4 NC

4
T
E
8 31
2
=
E
3
o
T 2
o
©
(Y]
I

1 -

0 : : . ; .

0 5 10 15 20 25 30

Time [h]

Figure 87: Heat development for RB03 and RB04, together with the reference sample.
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Figure 88: Cumulative heat development for RB03 and RB04, together with the reference sample.

91



Heat Development: RBO5 and RB06
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Figure 89: Heat development for RB05 and RB06, together with the reference sample.
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Figure 90: Cumulative heat development for RB05 and RB06, together with the reference sample.
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Heat Development: RBO7 and RB08
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Figure 91: Heat development for RB07 and RBOS, together with the reference sample.
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Figure 92: Cumulative heat development for RBO7 and RBO08, together with the reference sample.
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Heat Development: RB09 and RB10
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Figure 93: Heat development for RB09 and RB10, together with the reference sample.
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Figure 94: Cumulative heat development for RB09 and RB10, together with the reference sample.
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Heat Development: RB11 and RB12
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Figure 95: Heat development for RB11 and RB12, together with the reference sample.
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Figure 96: Cumulative heat development for RB11 and RB12, together with the reference sample.
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Heat Development: RB13 and RB14
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Figure 97: Heat development for RB13 and RB14, together with the reference sample.
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Figure 98: Cumulative heat development for RB13 and RB14, together with the reference sample.
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Heat Development: RB15
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Figure 99: Heat development for RB15, together with the reference sample.
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Figure 100: Cumulative heat development for RB15 together with the reference sample.




8.5 Setting Time

The measurement for each sample is seen in Figure 101 - 109.
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Figure 101: Setting time curve of Reference Industry sample, consisting of only Industrisement.
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Figure 102: Setting time curve of RBO1.
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Figure 103: Setting time curve of RB09.
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Figure 104: Setting time curve of RB10.
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Figure 107: Setting time curve of RB13.
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Figure 108: Setting time curve of RB14.

[wiw] ydap eur4 - gidag

e i

v
'
'
]
'
'
TR S
'
]
'
'
'
-

10
151
0

[t
(] yidag

02:00.00 02:30.00 03:00.00 03:30.00

01:30.00

Time [hh:mm.s5]

01:00.00

Figure 109: Setting time curve of RB15.
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8.6 Standard Consistensy

The water percent from the standard consistency test are showed in Table 35.

Table 35: Water demand for the RB01, RB09 - RB10, and the reference sample.

Test material ~Water percent [%]

Ref. Ind. 33.4
RBO1 38.6
RB09 40.9
RB10 41
RB11 33.7
RB12 34.5
RB13 44
RB14 45.8
RB15 31.4
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