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Abstract: Concrete is an essential construction material, and infrastructures, such as bridges,
tunnels, and power plants, consume large quantities of it. Future infrastructure demands
and sustainability issues necessitate the adoption of non-conventional supplementary
cementitious materials (SCMs). At the same time, global labor shortages are compelling the
conservative construction sector to implement autonomous and digital fabrication methods,
such as 3D printing. This paper thus investigates the feasibility of using oil shale ash (OSA)
as an SCM in concrete suitable for 3D printing, and collision milling is examined as a
possible ash pretreatment. OSA from four different sources was collected and analyzed for
its physical, chemical, and mineralogical composition. Concrete formulations containing
ash were tested for mechanical performance, and the two best-performing formulations
were assessed for printability. It was found that ash extracted from flue gases by the novel
integrated desulfurizer has the greatest potential as an SCM due to globular particles that
contain 3-calcium silicate. The 56-day compression strength of concrete containing this
type of ash is ~60 MPa, the same as in the reference composition. Overall, collision milling
is effective in reducing the size of particles larger than 10 um but does not seem beneficial
for ash extracted from flue gasses. However, milling bottom ash may unlock its potential
as an SCM, with the optimal milling frequency being ~100 Hz.

Keywords: digital concrete; 3D printing; oil shale ash; supplementary cementitious
material; collision milling

1. Introduction

The construction sector is notorious for a conservative approach to change and, con-
sequently, a low level of innovation compared to other industry sectors. On one hand, its
inherent attributes, such as site-based operations, project-based business models, and com-
plex value chains, make it difficult to measure innovation returns using criteria from other
industries [1]. On the other hand, it has been asserted that construction firms do not need
to innovate to remain successful or viable [2] and that historically, the construction sector
has ignored investments in research and development [3]. As a consequence, the level of
automation in construction is low. However, workforce issues, such as aging [4], a shortage
of young talent due to poor industry image [3], and poor representation of women [5,6],
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are pressing the industry into adopting less labor-intensive and more attractive fabrica-
tion methods. These challenges call for a paradigm shift presented in Construction 4.0
formwork [3] with digitalization as its core component.

Digitalization in construction became a hot topic in the 1990s due to a pressing need to
digitally exchange data already created by digital means. As a result, Building Information
Models and Digital Twins emerged [7,8]. However, it took the construction industry almost
another 20 years to start considering digital means for translating digital objects into
physical ones. One of the most promising technologies for large-scale digital construction
is the additive manufacturing of concrete structures, colloquially referred to as 3D concrete
printing. Its exponential growth has resulted in a rather unprecedented leapfrog in the
Technology Readiness Level (TRL), which is currently estimated to be between 6 and
7 [9]. To achieve full market implementation of TRL9, a number of challenges still need
to be addressed [10-14]. In this respect, three areas of expertise have been recognized
as crucial [13], namely, (i) digital modeling and printer operation, (ii) engineering of
mechanical components, and (iii) material functionalities.

One of the central issues related to the material functionalities is that in terms of
the material per-unit consumption, printed structures have a considerably worse carbon
footprint than the structures they are replacing [12]. One of the reasons is the high paste
content, of which cement is the major component [12]. Therefore, replacing clinker, which
is the primary constituent of cement, with supplementary cementitious materials (SCMs) is
considered to have huge potential [15,16]. The problem is a limited supply of conventional
SCMs, in particular, fly ash (FA) and ground granulated blast furnace slag (GGBS) [16].
Thus, alternative sources of SCMs need to be investigated. One such source is oil shale ash
(OSA), a residue of power plants using oil shale as an energy source.

The use of oil shale in power plants is not as widespread as the use of coal; however, in
a few countries, such as Estonia, it is an important natural resource primarily consumed by
power plants [17]. The annual amount of OSA formed in the combustion process in Estonia
alone is estimated to be about 5-7 Mt, and the majority of it is deposited in stockpiles in
the vicinity of power plants [18]. While OSA is a considerably different material than FA,
its potential for use in construction materials [19] and, in particular, in concrete [20-22]
has already been demonstrated, and Estonian standard EVS 927 [23] for specification,
performance, and conformity of OSA for building materials was published in 2018.

The characterization of six OSA streams established [19] that the principal constituents
of OSA are SiO,, CaO, and Al,O3, forming the following major minerals: calcite, K-feldspar,
quartz, and lime. Also present are two cementitious minerals, namely, dicalcium silicate
(C2S) and tetracalcium aluminoferrite (C4AF). Furthermore, the specific surface area and
the mean particle size were found to be ~1-6 m? g~! and ~20-45 pm, respectively.

The fineness of OSA compares favorably to cement whose specific surface area is
~0.01-1 m? g_1 and whose particle sizes range between ~5 and 80 um [24]. In concrete, fine
powders together with water and admixtures form the paste and, as mentioned above, high
paste content is required for printable concrete. Namely, the paste provides the necessary
cohesiveness to the mix, with the size and morphology of the powder particles playing a
crucial role [25]. In principle, the smaller the particles, the more pronounced the cohesive
forces and, therefore, reducing their size by milling or grinding can prove beneficial.

It has been reported [26] that collision milling is an effective method to reduce the
particle size of brittle materials. It has been successfully employed in the pretreatment of
quartz and dolomite sand used as aggregate in cement-based mortar. Despite the sand
being considered an inert component, the compressive strength of the mortar increased
if the milled sand was used immediately after grinding [27]. However, if the sand was
exposed to environmental conditions for 28 days before being mixed into mortar, the
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strength decreased compared to mortar with untreated sand [27]. This indicates that
collision milling might activate the material.

This paper thus aims to assess the performance of OSA in concrete mixtures for
extrusion 3D printing and collision milling as a pretreatment for OSA. It is hypothesized
that reducing the particles’ size can improve the printability of concrete mixtures and
possibly activate the ash, thus improving the mechanical characteristics of concrete. The
focus of this study is the characterization of different types of OSA, the identification of
the most suitable ash for concrete 3D printing applications, and the proof of concept on a
laboratory-scale gantry printer. The formulation, optimization, and detailed assessment of
printable concrete compositions, as well as their viability, are out of the scope of this work.

Additionally, it should be stressed that this paper showcases how digital fabrication
can address the industry challenges related to workforce shortages and attract women
and young people to construction jobs. Namely, seven out of the ten authors of this paper
are women, and two of them are early-stage researchers, while another five authors were
awarded a PhD within the last ten years.

2. Materials and Methods

In pursuance of the aims identified above, the following investigation methodology
was implemented:
1.  Collection of OSA from three power plants;
Pretreatment of OSA with collision milling in a laboratory-scale disintegrator;
Physical, chemical, and mineralogical characterization of OSA before and after pretreatment;
Design of printable concrete compositions containing OSA;

SNSRI

Proof of concept—testing the strength and printability of a small number of concrete
compositions.

The ash samples were collected at selected power plants and were bagged, sealed, and
brought to Riga Technical University (RTU) laboratories for further processing. They were
split into two portions—one was retained in its original condition without pretreatment
while the other was collision milled. The original and processed ash samples were sent to
the Slovenian National Building and Civil Engineering Institute (ZAG) laboratories for charac-
terization, which comprises physical, chemical, and mineralogical analysis. Furthermore,
the ash samples were used in concrete mixtures at RTU to assess mechanical properties
and printability.

2.1. Oil Shale Ash

The OSA was collected at three power plants, namely, Eesti Elektrijaam, Enefit280
Elektrijaam, and Auvere Elektrijaam. The first two use only oil shale as fuel while the latter
combines oil shale with wood. At all plants, the fly ash was collected, while at the Auvere
plant, the bottom ash (ba) was also collected. The fly ash at the Eesti plant is extracted by a
novel integrated desulfurizer (nid), while at Enefit280 and Auvere, the extraction is carried
out by electrostatic filters (ef). The ash samples were collected from the silos located at the
power plant sites where the ash is temporarily stored. The information about ash sources
and assigned designations are summarized in Table 1. Photographs of unprocessed ash are
collated in Figure 1.
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Table 1. Oil shale ash collected for this study.

Ash Designation Power Plant Fuel Ash Extraction Point Ash Type
OSA-Ees(nid) Eesti Oil shale Novel 1ntegrated Fly ash
desulfurizer
OSA-Ene(ef) Enefit280 Oil shale Electrostatic filter Fly ash
OSWA-Auv(ef) Auvere Oil shale and wood Electrostatic filter Fly ash
OSWA-Auv(ba) Auvere QOil shale and wood Grate Bottom ash
OSA-Ene(ef) OSWA-Auv(ef) OSWA-Auv(ba)

\._\_____-

Figure 1. Macrophotographs of collected ash. Notation: Ash: OSA—oil shale ash, OSWA—oil
shale + wood ash; power plants: Ees—Eesti, Ene—Enefit280, and Auv—Auvere; ash extraction method:
nid—novel integrated desulfurizer, ef—electrostatic filters, ba—bottom ash.

2.2. Collision Milling Pretreatment

The pretreatment of ash by collision milling was executed on a laboratory-scale dis-
integrator Desi-11 shown in Figure 2. The central unit of the disintegrator is the milling
chamber, which is hermetically sealed during the operation. It houses two vertical rotors
driven in opposite directions by asynchronous electric motors, which generate a nominal
rotation speed of 3000 rpm. The rotation speed is controlled through the frequency convert-
ers and can be adjusted in the range of =100 % of the nominal speed. The rotors are fitted
with grinding discs whose concentrically shaped segments are spaced in such a way that
segments of one disk fit between the segments of the other disk.

Before milling, the ash was dried at 80 °C for 24 h and cooled to room temperature. It
was fed into the milling chamber via the loading hopper at a flow rate of ~170-200 g min~!.
Bottom ash OSWA-Auv(ba), which is the coarsest, as seen in Figure 1, was milled first,
and a range of frequencies was tested, namely, 30, 50, 100, or 130 Hz. These frequencies
correspond to the tangential speed of ~14, 24, 47, and 61 m s 1, respectively, considering
the disk diameter is 150 mm. Based on preliminary research on OSA extracted from the
flue gases and the results obtained on OSWA-Auv(ba), the milling frequency of 100 Hz
was selected for OSA-Ees(nid), OSA-Ene(ef), and OSWA-Auv(ef). The milled material is
discharged into a sealed collection vessel. The time required to mill a batch of ~700 g of ash
was 5-10 min. Table 2 summarizes the ash treatment and designations.

Table 2. Summary of ash pretreatment by collision milling and milled sample designations.

Ash Designation Milling Frequency (Hz) Milled Ash Designation
OSA-Ees(nid) 100 OSA-Ees(nid) /100
OSA-Ene(ef) 100 OSA-Ene(ef) /100
OSWA-Auv(ef) 100 OSWA-Auv(ef)/100
30 OSWA-Auv(ba)/30
50 OSWA-Auv(ba)/50
OSWA-Auv(ba) 100 OSWA-Auv(ba)/100

130 OSWA-Auv(ba)/130




Infrastructures 2025, 10, 18

5o0f 24

Figure 2. Laboratory-scale disintegrator Desi-11 for collision milling. Labeled parts: 1—disintegrator
with an open milling chamber showing rotors and grinding disks; 2—vibro feeder with a hopper;
3—air filter; 4—receiving container; and 5—control board.

2.3. Characterization of OSA
2.3.1. Physical Characteristics
The following physical characteristics of the ash specimens were determined:

Moisture content;

Particle density;

Particle size distribution (PSD);
Particle morphology.

The first two characteristics were measured only on the unprocessed material.

Moisture content was determined on the as-received materials according to standard
EN 1097-5 [28]. A test portion of ~20-50 g was scooped from the bag, and its mass was
immediately determined. Next, it was dried at 110 °C to a constant mass and cooled in a
desiccator to room temperature. Finally, the mass of the dry test portion was determined,
and the moisture content (wt%) was calculated against the dry mass.

Particle density was measured by the pycnometer method following standard EN
1097-7 [29]. A test portion of ~20 g was scooped from the bagged material and dried
before being loaded into the 1.8 cm? cell of the helium pycnometer Quantachrome Ultrapyc
1200e. The instrument flow purge was set to 1.0 min, and at least three measurements
were automatically performed. If there was a larger discrepancy between the results,
the instrument automatically took further measurements until the deviation between the
results was sufficiently small. Hence, up to five measurements were recorded on some
test portions.

The PSD was determined by laser diffraction in compliance with standard ISO
13320 [30] using the Microtrac SYNC 5001 instrument. One test portion of ~1 g was scooped
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from the bag, loaded into the test cell, and analyzed using a wet configuration in iso-
propanol. For comparison purposes, the PSD of cement CEM I was also measured.

The morphology of the ash particles was analyzed by scanning electron microscopy
(SEM). Specimens were prepared by scooping material from the bag and tapping it onto
~1 cm? of the double-sided conductive carbon tape attached to the standard SEM stand. The
specimens were examined with the JEOL IT500 LV microscope equipped with a Wolfram
filament. The microscope was operated at an accelerating voltage of 15 kV in a low vacuum
mode at a working distance of ~10 mm.

2.3.2. Chemical Characteristics

In terms of chemical characteristics of OSA, the following were analyzed:
Elemental composition;

Free calcium oxide (CaO);

Soundness;
Chemical reactivity.

The first three characteristics were determined only on unprocessed ash.

In the scope of elemental composition, the loss on ignition (LOI) was performed first,
according to the method specified by standard EN 196-2 [31]. A change in mass of ~1 g
test portion was determined after successive 15 min ignitions at 950 °C. Afterwards, the
quantitative elemental analysis was executed with X-ray fluorescence spectroscopy (XRE).
The test portion was obtained by scooping the ash from the bag. It was first dried at
110 °C and then ignited at 950 °C. If necessary, the test portion was ground and sieved
through a 0.090 mm sieve. The powder thus obtained was mixed with lithium—tetraborate,
serving as a flux, in a 1:10 ratio. The mixture was fused at 1100 °C to create beads. These
were analyzed with the Bruker Tiger S8—4 kW wavelength dispersive X-ray fluorescence
spectrometer and the Geomaj-Quant program.

The quantity of free CaO was determined with the method specified in standard EN
451-1 [32]. A portion of ~20 g of material was sieved on a 63 pm sieve, and the residue was
ground by mortar and pestle until it passed through the sieve. A homogenized portion of
~1.0-1.5 g was placed into a 250 mL flask and mixed with 12 mL of butanoic acid and 80 mL
of butan-2-ol. The flask was fitted with the spiral reflux condenser and absorption tube and
boiled for 3 h. The warm dispersion was filtered, and the residue was washed with 50 mL
propan-2-ol. A few drops of bromophenol blue indicator were added to the filtrate and
titrated with hydrochloric acid until the color changed to yellow. The free CaO content was
calculated from the volume of titrant and expressed as wt% of the dry portion of tested ash.

In terms of the cement and concrete industry, soundness refers to the reactivity of free
lime, magnesia, and excess sulfates in cementitious materials. These reactions are expansive
and may cause cracking in young concrete. The soundness is normally determined with the
Le Chatelier method, detailed in EN 196-3 [33] standard. The test specimen was prepared
according to EN 450-1 [34] by first blending 70 wt% of cement with 30 wt% of OSA and
then adding a sufficient amount of water to form a paste of standard consistency. The paste
was placed in the Le Chatelier mold and stored at >90 % relative humidity at 20 &= 1 °C
for 24 h when the initial distance between the needles was measured. The mold was then
placed in a water bath and boiled for 3 h. The molds were then removed from the bath and
left to cool to room temperature whereupon the final distance between the needles was
determined and the difference between the final and initial distance was calculated.

The chemical reactivity was assessed with isothermal calorimetry following the proce-
dure suitable for the SCMs. The procedure specified in the ASTM C1897-20 [35] standard
detects hydraulic and pozzolanic reactions, which are exothermic by nature. Thus, the
amount of released heat is the measure of reactivity. One specimen of 10.00 g was used



Infrastructures 2025, 10, 18

7 of 24

for the analysis. It was collected from the bag by scooping. The specimen was combined
with 30.00 g of calcium hydroxide, 5.00 g of calcium carbonate, and 54.00 g of potassium
solution and mixed for 3 min to obtain a smooth paste. A test portion of 15 & 0.01 g of the
paste was placed into a glass ampoule. The ampule was inserted into the TA Instruments
calorimeter TAM Air 8, where distilled water was used as the reference material. The mea-
surements were conducted over seven days at a temperature of 40 °C. The cumulative heat
of hydration Hgcp (J kg_l) stated as heat released per unit mass of SCM in the test portion
was calculated.

2.3.3. Mineralogical Characteristics

The qualitative phase analysis, which gives an overall insight into the mineralogical
composition, was performed by X-ray Diffraction (XRD). The test portions were obtained
by quartering the received samples to a suitable amount, which was dried in an oven at
60 °C to a constant mass. A portion of 100 g of material was ground with a disc mill to a
particle size < 500 um. The quartering of the material was repeated, and a suitable quantity
was ground in an agate mortar to a particle size of <63 pm. The test portion was placed
into a 27 mm diameter sample holder for analysis.

The analysis was performed on the Panalytical Malvern Empyrean diffractometer with
Cu—Ka radiation. The measurements were carried out at laboratory temperature. The tube
voltage was set to 45 kV and current to 40 mA. Data were collected over the 20 range from
5 to 70° in increments of 0.013°. The increment measurement time was 150 s. The results
were analyzed with Panalytical Highscore 4.8 diffraction software using the ICDD Powder
Diffraction File PDF-4+ database as a source of references for the crystalline phases.

2.4. Characterization of Printable Concrete

The performance of OSA in concrete formulations for 3D printing was assessed in
three stages. In the first stage, the formulations containing OSA were adjusted to the same
workability as the reference formulation. Secondly, the mechanical tests were conducted on
all formulations, and in the third stage, the reference formulation and two OSA formulations
with the best mechanical performance were selected for printability tests.

In terms of dry components, the formulations consisted of 33 wt% of powder and
67 wt% of sand. In the reference formulation, the powder contained only cement, while
in OSA formulations, it was split into 10 wt% of ash and 23 wt% of cement [34,36]. A
superplasticizer in the amount of 1 wt% of mass of water was also added. The following
types of materials were used: cement CEM 142.5N from Schwenk Ltd. (Brocéni, Latvia), sand
0/2 mm from Sakret Ltd. (Rumbula, Latvia), and superplasticizer Floormix from Vincents
Polyline Ltd. (Kalngale, Latvia).

The workability of OSA formulations was adjusted according to EN 450-1 [34] to
maintain the same consistency for all formulations. The consistency was confirmed with
the flow table method specified in EN 1015-3 [37]. A sufficient amount of water containing
1 wt% of superplasticizer was added so that OSA formulations were within the £10 mm
range of the reference, whose spread after 25 jolts was 180 mm. The reference formulation
was known to be printable from previous printing tests. Proportions of the components in
tested concrete formulations are given in Table 3.
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Table 3. Composition of concrete formulations expressed as mass per 1000 g of dry components.
Superplasticizer was added in the amount of 1 wt% of mass of water, and water was adjusted to
retain the consistency in the range of 10 mm of the reference formulation measured on the flow
table. Notation: ash: OSA—oil shale ash, OSWA—oil shale + wood ash; power plants: Ees—Eesti,
Ene—Enefit280, and Auv—Auvere; ash extraction method: nid—novel integrated desulfurizer, ef—
electrostatic filters, ba—bottom ash; collision milling frequency on a Desi-11 disintegrator: 50, 100,
130 Hz.

Ash and Concrete Mass of Components per 1000 g of Dry Materials (g)
Formulation Designation Ash Cement Sand Water Superplasticizer
Ref - 333.3 666.7 141.7 1.42
OSA-Ees(nid) 100.0 233.3 666.7 146.7 1.47
OSA-Ees(nid)/100 100.0 233.3 666.7 143.3 1.43
OSA-Ene(ef) 100.0 233.3 666.7 166.7 1.67
OSA-Ene(ef)/100 100.0 233.3 666.7 160.0 1.60
OSWA-Auv(ef) 100.0 233.3 666.7 186.7 1.87
OSWA-Auv(ef)/100 100.0 233.3 666.7 173.3 1.73
OSWA-Auv(ba)/<1 mm * 100.0 233.3 666.7 160.6 1.61
OSWA-Auv(ba)/50 100.0 233.3 666.7 156.1 1.56
OSWA-Auv(ba)/100 100.0 233.3 666.7 147.7 1.48
OSWA-Auv(ba)/130 100.0 233.3 666.7 148.1 1.48

* The bottom ash in its original form was too coarse to be used as cement replacement; thus, only the portion
passing through the 1 mm sieve was used.

The choice of fixing the spread by adjusting the water and superplasticizer content
was made because printability is the principal parameter in this study. As a result, the
water—powder ratio is not fixed, which may have a bearing on the mechanical properties.
However, printable formulations need to be cohesive, and to achieve this, a high powder
content with a sufficient amount of water to wet the particles is required. The water
requirement depends on particle size, morphology, texture, and mineralogical composition.

2.4.1. Mechanical Properties

The mechanical characteristics of printable concrete mixtures containing unprocessed
and milled ash were assessed with compressive and flexural strength tests 7, 28, and 56 days
after casting the specimens. The specimens for compression tests were cubes with nominal
dimensions of 20 mm, while specimens for the flexural test were prisms with nominal
dimensions b x h x L of 40 x 40 x 160 mm?3. The preparation and curing of the specimens
were carried out according to EN 1015-11 [38]. The specimens were demolded ~24 h after
casting and kept in a storage chamber at a relative humidity of 95 4+ 5 % and a temperature
of 20 £ 2 °C until the time of the test. The tests were carried out on the Controls 50-C56200
machine in a force-controlled mode at a stress rate of 0.8 MPa s~! for compression tests
and in a displacement-controlled mode at 0.5 mm s~! for the flexural tests.

2.4.2. Printability Assessment

Two formulations exhibiting the best mechanical performance, namely, OSA-Ees(nid)
and OSA-Ees(nid) /100, were selected for printability assessment, which was carried out
with the slug test and direct buildability test. Both tests were performed on the custom-
made gantry-type laboratory concrete printer located at RTU and shown in Figure 3. Its
print area dimensions are 1500 x 1000 m?, while the clearance is 1 m. The printhead
comprises a hopper of 15 L from where the material is pushed through the nozzle by means
of a helix screw conveyor. The nozzle of a circular cross-section with a diameter of 25 mm
was used, and the material flow was regulated to form a 4045 mm wide filament at a
pre-selected layer height of 10 mm.
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(b)

Figure 3. Custom-made laboratory concrete printer at Riga Technical University (RTU): (a) the printer

set up with the aluminum frame and print area; (b) the printhead closeup; and (c) the hopper. Labeled
parts: 1—motor; 2—hopper, 3—inlet; 4—pipe; 5—nozzle; and 6— helix screw conveyor.

The slug test was performed according to the method proposed by Ducoulombier
et al. [39] where the material is extruded under a constant force through the printer’s nozzle.
The nozzle is positioned vertically ~50 cm above the print area, and the extruded filament
breaks as a result of uniaxial yielding, thus forming a droplet or a slug. Once a uniform flow
is achieved, 25 slugs are collected in a container, and their cumulative mass is measured.
The yield stress T, (Pa) is determined as per Equation (1)

g
T, = ) l
Y ms \/_ ()

where m; (kg) is the average mass of a slug, g (m s~2) is gravity, and S (m?) is the nozzle
cross-section.

The direct buildability test was performed immediately after the slugs test by printing
a cylinder with a diameter of 250 mm until plastic collapse occurred [40]. The lap time
needed for a single layer to print was ~4 s, resulting in a total printing time of ~1 min.
Therefore, the mixture was extruded ~16-17 min after water was added to dry components.
The compressive stress at plastic collapse 0}, (Pa) and yield stress 7, (Pa) are calculated
according to Equations (2) and (3) [41], respectively

op=pnhg, (2)

_pnhg

Ty = \/§ 3)
where p (kg m~3)is density, n (1) is the number of layers at the time of collapse, and & (m)
is the height of the layer. Additionally, the surface quality was visually checked, and the
printed cylinder was measured to assess the dimensional consistency of the filament width.
Before commencing the printability tests and 15 min after adding water to the dry
components, the density of the fresh mixture was determined according to EN 12350-
6 [42]. It was measured by filling a 1 L container in two layers, compacting each layer
25 times using a compacting rod, leveling the top surface with a trowel, and then weighing

the container.
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3. Results

This chapter presents and discusses the results in relation to the test method. The
results are coupled in Chapter 4 where the discussion pertaining to the individual type of
ash is given.

3.1. Properties of OSA

Moisture content was determined to find if a noteworthy amount of moisture is
absorbed during pretreatment, as it may cause hydration reactions that impact the min-
eralogical composition. It is observed in Table 4 that moisture content is negligible. The
particle density values, also collated in Table 4, are somewhat higher than values normally
observed on fly ash from coal-burning power plants, which are between 2.2 and 2.5 kg L1,
and somewhat lower than values found in cement, those normally standing at ~3 kg L!.
The particle density values are needed in the concrete mix design process.

Table 4. Moisture content and particle density measured on ash milled at 100 Hz. Notation: ash:
OSA—oil shale ash, OSWA—oil shale + wood ash; power plants: Ees—Eesti, Ene—Enefit280, and
Auv—Auvere; ash extraction method: nid—novel integrated desulfurizer, ef—electrostatic filters,
ba—bottom ash; collision milling frequency on a Desi-11 disintegrator: 100 Hz.

Moisture Content (wt%) Particle Density (kg L—1)

OSA-Ees(nid) /100 0.7 2.6130 + 0.002
OSA-Ene(ef) /100 0.9 2.7504 + 0.004
OSWA-Auv(ef) /100 0.4 2.6825 + 0.003
OSWA-Auv(ba)/100 0 2.6862 + 0.004

The PSDs of OSA before and after pretreatment with collision milling are collated
in Figure 4 as differential passing curves and in Figure 5 as 50 and 95 wt% demarcation
diameters. The latter is the diameter at which either 50 or 95 wt% of the particles are
smaller than the stated value. The results for cement CEM I are added for comparison.
Out of the three types of fly ash, namely, OSA-Ees(nid), OSA-Ene(ef), and OSWA-Auv(ef),
the first one is the finest with the peak in differential particle size curve at ~6 um, while
the latter two peak between ~30 and 50 um. When comparing these three types of ash
to their milled counterparts, namely, OSA-Ees(nid)/100, OSA-Ene(ef) /100, and OSWA-
Auv(ef)/100, the differential curves indicate that collision milling at 100 Hz predominantly
reduces particles larger than 10 um so that in case of the latter two, the peak is shifted
to between ~10 and 20 um. In the case of OSA-Ees(nid)/100, the peak remains at ~6 um;
however, the percentage passing increases from ~6 to ~8 wt%. This is also reflected in the
demarcation diameter of OSA-Ees(nid)/100. Namely, the 50 wt% demarcation diameter
remains approximately the same at 89 pm, whereas the 95 wt% one is reduced from 100 to
40 um. Comparison to CEM I shows that OSA-Ees(nid) is finer than cement already in its
original condition, while in the case of OSA-Ene(ef) and OSWA-Auv (ef), collision milling
at 100 Hz reduces the particles closer to the CEM I distribution.
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Figure 4. Particle size distribution (PSD) of ash before and after collision milling measured with laser
diffraction. For comparison purposes, the PSD of CEM 1 42.5N from Schwenk Ltd. (Brocéni, Latvia)
is also presented. Notation: ash: OSA—oil shale ash, OSWA—oil shale + wood ash; power plants:
Ees—Eesti, Ene—Enefit280, and Auv—Auwvere; ash extraction method: nid—novel integrated desulfu-
rizer, ef—electrostatic filters, ba—bottom ash; collision milling frequency on a Desi-11 disintegrator:
30, 50, 100, 130 Hz.

The OSWA-Auv(ba) ash, being collected at the bottom of the furnace, is too coarse
for the laser diffraction analysis prior to milling. The curves, therefore, show the ash
milled at 30, 50, 100, and 130 Hz. The peak of OSWA-Auv(ba)/30 was at ~50 pm, and
with increased frequency, it moved to ~10 um for OSWA-Auv(ba)/130. At the same time,
the curve gradually narrowed so that the peak increased in height from ~5 to ~7 wt%.
Similarly, the 50 wt% demarcation diameter decreased from ~50 to ~15 um and the 95 wt%
diameter from ~320 to ~130 um. Therefore, as a result of collision milling, the PSD curve of
OSWA-Auv(ba) gradually shifts closer to the PSD curve of CEM I as the milling frequency
increases. Overall, it can, therefore, be concluded that collision milling is efficient for
reducing the size of particles larger than 10 pm.
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Figure 5. Demarcation diameter at which either 50 or 95 wt% of the particles are smaller than the
stated value. For comparison purposes, the results for CEM I 42.5N from Schwenk Ltd. (Brocéni,
Latvia) are also presented. Notation: ash: OSA—oil shale ash, OSWA—oil shale + wood ash;
power plants: Ees—Eesti, Ene—Enefit280, and Auv—Auvere; ash extraction method: nid—novel
integrated desulfurizer, ef—electrostatic filters, ba—bottom ash; collision milling frequency on a
Desi-11 disintegrator: 30, 50, 100, 130 Hz.

The results of SEM are summarized in Figures 6 and 7, where a heterogenic distribution
of particles is observed in all types of ash. The particles that are similar to cenospheres
found in fly ash from coal power plants, having a smooth surface and dimensions up to
30 pm, are abundant in OSA-Ees(nid), while in OSA-Ene(ef), only a few are found. The
morphology of the two types of ash collected at the electrostatic filters, namely, OSA-Ene(ef)
and OSWA-Auv(ef), is predominantly angular with a rather smooth texture.

The effect of pretreatment with collision milling on particle morphology and texture
can be analyzed in Figure 6, where images of ash before and after milling at 100 Hz are
lined up. Overall, it is observed that milling does not significantly affect the shape of the
particles. Namely, the particles of OSA-Ene(ef) and OSWA-Auv(ef) are angular even before
the milling, while in OSA-Ees(nid) it is mostly larger, angular particles that are crushed
while milling does not reduce the size of the smaller spherical particles.

The impact of milling frequency can be studied in Figure 7, which lines up images of
OSWA-Auv(ba) milled at 30, 50, 100, and 130 Hz. The particles of this type of ash are also
angular, and no impact on morphology and texture is observed. However, it is clear that as
frequency increases, the number of large particles decreases.

The elemental composition shown in Table 5 indicates that ash filtered from the flue
gasses contains ~20-30 wt% of SiO; and ~30—40 wt% CaO, while the content of these two
oxides in bottom ash is ~5 and ~50 wt%, respectively. Compared to the results of free
CaO content collated in Table 6, it can be concluded that in these three types of ash, the
majority of CaO is consumed for the formation of minerals, such as dicalcium silicate.
Nevertheless, the requirement for the presence of free CaO in fly ash from coal-burning
power plants set by EN 450-1 [34] is <1.5 wt%. Ash that exceeds this limit must be further
tested for soundness, and the expansion measured between the tips of the Le Chatelier ring
should be <10 mm. The soundness results in Table 6 show that all types of ash meet this
requirement. The same standard also sets the limit for the total equivalent alkali content
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Figure 6. Scanning electron microscope (SEM) images of ash particles before (top row) and after
collision milling (bottom row). Notation: ash: OSA—oil shale ash, OSWA—oil shale + wood ash;
power plants: Ees—Eesti, Ene—Enefit280, and Auv—Auvere; ash extraction method: nid—novel
integrated desulfurizer, ef—electrostatic filters; collision milling frequency on a Desi-11 disintegrator:
100 Hz.

The LOI, in principle, originates either from the dehydration and decomposition of
minerals or from unburnt organic matter, such as hydrocarbons. The LOI limit set by EN
450-1 [34] is <9 wt%, and in comparison, the values obtained on OSA-Ene(ef), OSWA-
Auv(ef), and OSWA-Auv(ba) of ~20-30 wt% are high. This indicates a possibility that
they still contain a significant amount of kerogen, a complex mixture of hydrocarbon
compounds that is a primary organic component of oil shale. However, decomposition is
a complex process that depends on the mineralogy of oil shale and the thermal maturity
of kerogen [43], and in order to identify the decomposing constituents, further analysis
with thermogravimetry (TG) coupled with Fourier-transform infrared spectroscopy (FTIR)
is needed.

The results of isothermal calorimetry are summarized in Figure 8. The chemical
reactivity is assessed as the cumulative heat released due to the exothermic reactions. The
three types of flue gas ash, namely, OSA-Ees(nid), OSA-Ene(ef), and OSWA-Auv(ef), exhibit
low chemical reactivity before milling as the cumulative heat is between ~10 and 20 J g~ .
Collision milling at 100 Hz results in a more than seven-fold increase in reactivity, with a
cumulative heat release of ~100-150 J g_1 found in OSA-Ees(nid)/100, OSA-Ene(ef) /100,
and OSWA-Auv(ef)/100. For comparison, fly ash, certified for use in concrete, released
~70] g~ ! after 200 h. There are two possible causes for increased reactivity due to milling,
firstly, the smaller the particles, the larger the surface area in contact with water, and
secondly, reactive phases in the kernel may be coated by a shell of inert phases—as milling
breaks the inert shell, the reactive kernel becomes exposed.
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‘OSWA-Auv(ba)/30 B8

Figure 7. Scanning electron microscope (SEM) images of ash particles. Notation: ash OSWA—oil
shale + wood ash; power plant: Auv—Auvere; ash extraction method: ba—bottom ash; collision
milling frequency on a Desi-11 disintegrator: 30, 50, 100, 130 Hz.

Table 5. Elemental composition measured with X-ray fluorescence spectroscopy (XRF) and loss
on ignition (LOI). Notation: ash: OSA—oil shale ash, OSWA—oil shale + wood ash; power plants:
Ees—Eesti, Ene—Enefit280, and Auv—Auwvere; ash extraction method: nid—novel integrated desulfu-
rizer, ef—electrostatic filters, ba—bottom ash.

Composition (wt%)

Ash Designation - -
SlOz A1203 F8203 CaO MgO SO3 NaZO Kzo Mn203T102 P205 LOI
OSA-Ees(nid) 21.5 5.6 2.9 35.6 3.0 17.3 0.4 29 <0.1 0.3 0.1 9.6
OSA-Ene(ef) 28.0 6.9 4.0 29.5 3.0 49 0.1 34 <01 04 0.1 19.1

OSWA-Auv(ef) 222 5.5 3.7 41.8 34 49 <01 28 <01 03 02 | 144
OSWA-Auv(ba) 6.0 1.4 25 50.8 23 3.1 0.1 06 <01 0.1 01 | 329

Table 6. Free lime content measured with hydrochloric acid titration and the soundness of ash deter-
mined with the Le Chatelier method. Notation: ash: OSA—oil shale ash, OSWA—oil shale + wood
ash; power plants: Ees—Eesti, Ene—Enefit280, and Auv—Auuvere; ash extraction method: nid—novel
integrated desulfurizer, ef—electrostatic filters, ba—bottom ash.

Ash Designation Free CaO (wt%) Soundness (mm)
OSA-Ees(nid) 45 3.6
OSA-Ene(ef) <0.1 2.3
OSWA-Auv(ef) 21.8 2.0

OSWA-Auv(ba) 8.1 0.9
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Figure 8. Chemical reactivity determined by isothermal calorimetry. Notation: ash: OSA—oil shale
ash, OSWA—oil shale + wood ash; power plants: Ees—Eesti, Ene—Enefit280, and Auv—Auuvere;
ash extraction method: nid—novel integrated desulfurizer, ef—electrostatic filters, ba—bottom ash;

collision milling frequency on a Desi-11 disintegrator: 100 Hz.

The reactivity of OSWA-Auv(ba) was measured only on ash collision milled at 100 Hz
since unmilled ash is too coarse for the isothermal calorimetry test. In comparison to
the three types of milled fly ash, the milled bottom ash exhibits two to three times lower
reactivity with a cumulative heat of ~50 J g~ .

The results of the qualitative XRD phase analysis are summarized in Table 7. XRD
phase analysis established that all the investigated types of ash contained calcite, quartz,
and anhydrite. The reactive 3-dicalcium silicate (larnite) was found in all samples, except
for OSWA-Auv(ba). Its v polymorph was identified in OSA-Ees(nid) and OSWA-Auv(ef),
suggesting that during cooling, part of the 3 modification transformed to the y polymorph.
Calcite is most abundant in OSWA-Auv(ba), while its quantity is the lowest in OSWA-
Auv(ef) and OSA-Ees(nid).
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Table 7. Mineralogical composition established with X-ray diffraction (XRD) where a dot () marks
the presence of a mineral. Notation: ash: OSA—oil shale ash, OSWA—oil shale + wood ash; power
plants: Ees—Eesti, Ene—Enefit280, and Auv—Auwvere; ash extraction method: nid—novel integrated
desulfurizer, ef—electrostatic filters, ba—bottom ash.
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Lime content was the highest in OSWA-Auv(ef), and smaller amounts were also found
in OSA-Ees(nid) and OSWA-Auv(ba). In OSA-Ene(ef), all lime and portlandite are fully
hydrated and carbonated to form calcite. The highest amount of portlandite was detected in
OSA-Ees(nid), whereas in the other ashes, portlandite was already transformed into calcite.
Sulfate, present as anhydrite, was found in all ashes. In OSA-Ees(nid) and OSWA-Auv(ef),
anhydrite was more abundant compared to OSWA-Auv(ba). Chlorine-bearing phases, such
as sylvite, were identified in OSA-Ees(nid) and OSWA-Auv(ba). Additionally, a Fe-bearing
chlorine phase was detected in OSA-Ees(nid).

3.2. Properties of Printable Concrete Containing OSA

The results of the compression and flexural tests conducted on the reference formula-
tion and formulations with OSA are summarized in Figure 9. Generally, it is expected that
replacing cement with OSA shall result in reduced strength, and, overall, this stipulation
is confirmed. The 56-day compressive and flexural strength of the reference formulation
was ~60 and ~7.5 MPa, respectively. With the exception of OSA-Ees(nid), these values
were between ~30-45 and ~6.0-7.0 MPa, respectively, for ash-containing formulations.
The OSA-Ees(nid) formulation, on the other hand, exhibits a similar strength range as the
reference, especially when the intersample variability observed on two reference sample
groups is taken into account. In terms of early strength, the results indicate that after 7 days,
the reference and the OSA-Ees(nid) formulation reach ~60% of 56-day compressive strength,
while for the other ash-containing formulations, this value is ~70%. Considering the intra-
and intersample variability, it can be concluded that neither of the tested formulations

exhibits any significant strength gain after 28 days.
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Figure 9. Compressive and flexural strength of printable concrete 7, 28, and 56 days after casting. Nota-
tion: ash: OSA—oil shale ash, OSWA—oil shale + wood ash; power plants: Ees—Eesti, Ene—Enefit280,
and Auv—Auvere; ash extraction method: nid—novel integrated desulfurizer, ef—electrostatic filters,
ba—bottom ash; collision milling frequency on a Desi-11 disintegrator: 50, 100, 130 Hz; *—ash in
original form was too coarse to be used without processing; thus, portion passing through a 1 mm
sieve was used.

The compression test results obtained on the OSWA-Auv(ba) series consistently show
strength gain when milling frequency increases from 50 to 100 Hz, whereas further fre-
quency increase causes strength drop. Nevertheless, overall, it may be concluded that
formulations with milled bottom ash performed better than those with unmilled fine bot-
tom ash (sieved fraction of < 1 mm). This indicates that bottom ash, usually unsuitable for
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direct cement replacement due to its large particle size, may become a viable SCM after
pretreatment with collision milling, which is most effective at around 100 Hz.

Overall, it may be concluded that collision milling of OSA enhances the mechanical
properties of ash-containing concrete formulations, although the effectiveness varies by the
type of ash. Neither the PSD nor the chemical reactivity of the ash is in a direct correlation
with strength as far as the results of this study are concerned; however, the results pool is
not sufficient to draw firm conclusions.

Based on the mechanical test results, two ash-containing formulations, namely, OSA-
Ees(nid) and OSA-Ees(nid)/100, were selected for the printability assessment tests. The
results, including the reference formulation, are collated in Table 8. These results show
that the density of the reference and OSA-Ees(nid) formulation does not differ signifi-
cantly (~15 g per 1 L of material), whereas the difference is more pronounced for OSA-
Ees(nid)/100 (~100 g per 1 L of material). Since the milling of this ash increased the
proportion of particles around the 10 um mark, it may have improved particle packing.

Table 8. Properties measured on fresh concrete mixtures for printability assessment. Values for
density, yield stress, and compressive stress at plastic collapse are rounded to the nearest 5. Notation:
ash: OSA—oil shale ash; power plant: Ees—Eesti; ash extraction method: nid—novel integrated
desulfurizer; collision milling frequency on a Desi-11 disintegrator: 100 Hz.

Densi Slug Test Buildability Test—Values at Plastic Collapse
Ash Designation (k;r::g,) Yield Stress Number of Compression Yield Stress
Ty (Pa) Layers Stress oy (Pa) Ty (Pa)
Reference 2140 1005 15 3150 1820
OSA-Ees(nid) 2125 1020 12 2500 1440
OSA-Ees(nid)/100 2230 1180 13 2840 1670

The yield stress measured with the slug test, despite being somewhat higher in the
OSA-Ees(nid) /100 formulation (see Table 8), is in fact in a rather narrow range compared
to the results reported by Ducoulombier et al. [39], who recorded values between ~250 and
1500 Pa. The buildability results show that the addition of ash reduces the number of layers
at which the plastic collapse occurs. Comparing the yield stress results from the slug test to
the results obtained in the buildability test, we find that the latter are consistently higher,
which may be related to the time elapsed between the two tests. Yield stress from the
buildability test is 1.8 times higher than observed in the slug test in the case of the reference
formulation, while for the two ash formulations, this factor amounts to 1.4. These results
may imply that the behavior of the reference formulation is more susceptible to elapsed
time, and while its buildability is better than in the two ash formulations, pumpability
might be impaired. This observation, however, requires further investigation.

Figure 10 shows the printed cylinders before and after the plastic collapse. Visual
inspection reveals a small degree of tears in the filament of all three formulations. These
were observed to be limited to the surface and not detrimental to the buildability. Adjust-
ments to the extrusion rate and/or the speed of the printhead could fix the issue for these
formulations, while fine tuning the composition is a matter of further investigation.
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OSA-Ees(nid)/100
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Figure 10. Direct buildability test showing printed objects before (top row) and after plastic collapse
(bottom row). Notation: ash: OSA—oil shale ash; power plant: Ees—Eesti; ash extraction method:
nid—novel integrated desulfurizer; collision milling frequency on a Desi-11 disintegrator: 100 Hz.

4. Discussion

OSA-Ees(nid), which is extracted from the flue gasses by the novel integrated desulfur-
izer, has the finest particles, with more than 50 wt% of them being smaller than 10 pm. This
ash is the only one out of the four analyzed types of ash whose particles are mostly globular
with a smooth surface. This ash contains ~35 wt% of CaO and ~20 wt% of SiO,, which,
as found in mineralogical analysis, form dicalcium silicate (C;S). CoS is present as {3 and
Y polymorphs, with 3 being the reactive form and y a rather inert form [44], which most
likely precipitated from the 3 polymorph during cooling. The {3 polymorph of dicalcium
silicate is also one of the principal minerals found in cement. On the other hand, ~5 wt%
of CaO is found in a free form, but it does not cause an excessive expansion, which was
tested with the soundness test. Furthermore, the equivalent alkali content and LOI are both
within limits otherwise set for fly ash from coal power plants. Overall, these characteristics
indicate that OSA-Ees(nid) could be suitable for use in concrete.

The reactivity of OSA-Ees(nid) measured with the isothermal calorimetry is, neverthe-
less low, with only ~20 ] g~ ! of released heat. While collision milling increased the released
heat to ~150 ] g~!, this was not transformed into a significant improvement in mechanical
properties. Namely, the 56-day compressive and flexural strength was found to be ~60
and ~7.5 MPa, respectively, for both OSA-Ees(nid) and OSA-Ees(nid)/100. These results,
however, are approximately the same as measured on the reference concrete formulation.
The printability of concrete formulations containing either milled or unmilled ash was also
very similar. Hence, it should be concluded that while OSA-Ees(nid) is the most suitable
ash out of the four tested, collision milling does not significantly improve its performance
as an SCM, and such pretreatment is not likely to be viable.
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The most significant impact of collision milling is observed in bottom ash OSWA-
Auv(ba). In its original form, its particles are up to 2 cm big, and reducing the particle size is
necessary to consider this ash as a potential SCM. Increasing the milling frequency from 30
to 130 Hz results in a decrease in average particle size, with a 50 wt% demarcation diameter
being ~50 um at 30 Hz and 15 pm at 130 Hz. The optimal frequency, however, appears
to be ~100 Hz since the concrete formulation containing OSWA-Auv(ba)/100 exhibits the
highest strength. Nevertheless, despite milling at 100 Hz, the reactivity of OSWA-Auv(ba)
remains low with the cumulative heat release of ~50 J g~!. This is probably related to the
absence of any C,S phases. On one hand, the SiO; content of ~5 wt% is low compared to
~50 wt% of CaO, and on the other hand, the temperature to which the particles are exposed
during combustion is probably too low to promote the formation of reactive phases. This
supposition is supported by the high LOI value of ~30 wt%.

The mechanical performance of the other two tested types of ash, namely, OSA-Ene(ef)
and OSA-Auv(ef), is in about the same range as OSWA-Auv(ba). Their 56-day compressive
and flexural strength is ~30-45 and ~6.0-7.0 MPa, respectively. However, in contrast
to bottom ash, the former two both contain the  polymorph of dicalcium silicate, part
of which is transformed to the y polymorph solely in OSA-Auv(ef). In both types of
electrostatic filter ash, milling increased reactivity measured with isothermal calorimetry
from ~10 to ~100] g~ ! in OSA-Ene(ef) and from ~20 to ~150 ] g~ ! in OSA-Auv(ef); however,
no significant impact on the mechanical properties of concrete was observed.

5. Conclusions

The principal aim of this study was to assess the feasibility of using OSA in concrete
formulations for 3D printing and assess the effectiveness of collision milling as pretreatment.
It was hypothesized that collision milling may activate the ash and that reduced particle
size may be of benefit to printability.

Four types of OSA were collected, three extracted from the flue gasses (i.e., OSA-
Ees(nid), OSA-Ene(ef), and OSA-Auv(ef)) and one from the bottom of the furnace (OSWA-
Auv(ba)). The former were collision milled at 100 Hz, while the latter was milled at 30,
50, 100, and 130 Hz. The physical, chemical, and mineralogical characterization of ash
was conducted. Furthermore, concrete formulations containing ash were derived from
the reference formulation by replacing part of the cement with OSA and were tested for
their mechanical performance. In terms of strength, two best-performing ash formulations,
namely, OSA-Ees(nid) and its milled counterpart OSA-Ees(nid)/100, were also assessed
for printability.

Overall, it can be concluded that the most suitable ash for use in concrete is OSA-
Ees(nid); nevertheless, the results obtained on other types of ash also warrant further
investigation. The second conclusion is that collision milling is probably a viable option
only for bottom ash, which is too coarse for direct use as an SCM.

The first conclusion is supported by the following observations:

1.  The particles of the ash extracted from the novel integrated desulfurizer, namely,
OSA-Ees(nid), are mostly globular and smooth, resembling the cenospheres found
in the FA from coal power plants. Such particles are formed at high combustion
temperatures. The particles of the other two types of ash extracted from flue gasses
and the bottom ash particles are predominantly angular;

2. The LOI value of OSA-Ees(nid) is <10 wt%, while in other types of ash, this value
is significantly higher (~15-30 wt%). This indicates that in the case of the former,
the combustion temperature is sufficiently high to burn the majority of kerogen and
decompose the minerals;
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3. The primary components of all tested ashes are SiO, and CaO. In ash extracted from
flue gasses, they constitute ~20-30 and ~30-40 wt%, respectively, while in the bottom
ash, they amount to ~5 and 50 wt% accordingly. In OSA-Ees(nid), the majority of
these two oxides are consumed to form C;,S, which is found as an active 3 polymorph
as well as a rather inert y polymorph;

4. The compressive and flexural strength of the concrete formulation containing OSA-
Ees(nid) was approximately the same as found in the reference formulation, amount-
ing to ~60 and ~7 MPa at 56 days, respectively.

The second conclusion is supported by the following observations:

5. The size of the OSA-Ees(nid) particles is, on average, somewhat <10 um and, overall,
this ash is finer than CEM I, even before the pretreatment. Milling at 100 Hz only
reduces the particles >10 um, thus increasing the peak in the PSD curve at ~6 pm from
~6 to ~8 wt%;

6. In the case of the other three types of ash, which are coarser than CEM I, the milling
shifts the PSD curve peak towards 10 um, so that the overall results indicate that
milling is effective only for particles >10 um. The resulting change is significant only
in the case of OSWA-Auv(ba);

7. Collision milling of the three types of flue gas ash resulted in a more than seven-fold
increase of reactivity measured with the isothermal calorimetry. Namely, the released
heat increased from ~10-20 J g~! measured before milling to ~100-150 J g~ ! after
milling at 100 Hz;

8.  Despite the increased reactivity measured by isothermal calorimetry, the mechanical
properties of concrete formulations did not significantly improve when milled ash
was used compared to their untreated counterparts. The only significant difference
was found in OSWA-Auv(ba);

9.  Concrete formulations incorporating either OSA-Ees(nid) or OSA-Ees(nid)/100 were
checked for printability on a laboratory-scale gantry printer. No significant differences
between the two were observed in the slug and the direct buildability tests. The yield
stress calculated from the slug test was in a narrow range between ~1000 and 1200 Pa,
including the reference formulation, while the yield stress calculated from the direct
buildability test of the three formulations was between ~1500 and 2000 Pa.

Based on the findings of this study, future work will focus on using OSA-Ees(nid) in
concrete formulations for 3D printing. Collision milling will not be further pursued in
combination with this ash. First, the optimization of printable concrete formulations will
be performed using screening methods such as measuring mechanical properties on cast
specimens and optimizing the workability using the flow table, slug, and direct buildability
tests. The optimized formulation will be assessed in detail for its mechanical properties,
durability, and printability by adopting the methodologies developed by the technical com-
mittees (TCs) of the International Union of Laboratories and Experts in Construction Materials,
Systems, and Structures (RILEM) [45], namely the TC 303-PFC performance requirements and
testing of fresh printable cement-based materials, and the TC 304-ADC assessment of additively
manufactured concrete materials and structures. One set of the results has already been submit-
ted for publication [46]. Furthermore, the Life Cycle Assessment (LCA) and the Life Cycle
Cost Assessment (LCCA) will be conducted for the optimized formulation.

In conclusion, the importance of this research for infrastructural projects should also be
outlined since these projects consume a significant proportion of concrete and, in contrast
to residential buildings, are expected to have a longer service life often under harsher
conditions. Therefore, the challenge of using new types of cement and non-conventional
SCMs in concrete for infrastructures will have to be addressed. This includes the nuclear
power plants where concrete features heavily and is thus addressed by several research
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projects dealing with nuclear materials, such as Orient-NM [47], Connect-NM [48], and
Aces [49]. On the other hand, the main benefit of 3D printing structural elements is in
the optimization of geometry, leading to large material savings. Two full-scale showcase
infrastructural projects have already been executed. Namely, 4.5 m high water tanks with a
diameter of 7 m were printed in Kuwait with 25 % material savings compared to tanks built
with conventional technology [50]. The other showcase project is the prototype of the wind
turbine tower printed in Denmark [51]. Furthermore, shortages in the labor market and the
scale of demand for new infrastructures will necessitate automation and digital fabrication.
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