Developments in the Built Environment 26 (2026) 100948

Contents lists available at ScienceDirect

developments

_inthe built
environment

Developments in the Built Environment

journal homepage: www.sciencedirect.com/journal/developments-in-the-built-environment

Check for

Influence of thermally activated industrial concrete fines of different origin | el
on concrete long-term behavior

Jan P. Hoffgen *®>*, Lukas Reichert?, Bernd Susset °, Annegret Walz ", Peter Grathwohl >,

Frank Dehn?

a Karlsruhe Institute of Technology (KIT), Institute for Concrete Structures and Building Materials (IMB), Gotthard-Franz-Str. 3, Karlsruhe, 76131, Germany
Y University of Tiibingen, Department of Geosciences, Schnarrenbergstrafe 94-96, Tiibingen, 72076, Germany

ARTICLE INFO ABSTRACT

Keywords: The use of thermally activated concrete fines as a supplementary cementitious material (SCM) offers a
Concrete promising approach to construction-waste recycling. However, due to the lower reactivity of activated concrete
Cement

fines compared to Portland cement, the substitution affects concrete performance, similar to established
SCMs such as fly ash. While the composition of activated concrete fines varies, the effect on concrete
compressive strength is similarly variable. The present study successfully adopts a previously developed
model to compensate for compressive strength loss, which allows for the assessment of a wide range of
concrete performance parameters for six different concrete fines. Results show that mechanical performance
changes alongside compressive strength. The substitution of Portland cement negatively affects the resistance
to carbonation, which is in-line with established SCMs. Chloride ingress lacks the positive effects of fly ash
or slag. While concrete fines may contain harmful substances, elution results indicate parameter dependent
effects of thermal activation.
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1. Introduction

The use of inorganic wastes as supplementary cementitious materi-
als (SCMs) offers an established approach to both resource efficiency
and the reduction of CO,-intensive Portland cement use.

When, during the concrete mixing process, Portland cement is par-
tially substituted with SCMs, adjustments to the water-binder ratio
are made to compensate for changes in compressive strength (Coffetti
et al., 2022; Gao et al., 2013; Knight et al., 2023; Barthel et al., 2016).
SCMs can be classified by their reactivity. Unlike Portland cement,
most SCMs are non-hydraulic and rely on calcium hydroxide produced
by Portland cement hydration to form calcium-silicate-hydrates. High-
silicium SCMs, so-called pozzolans with calcium oxide to silicon dioxide
molar ratios (C/.S) lower than 0.5, consume calcium hydroxide (Barthel
et al., 2016; Herrmann et al., 2018; Orozco et al., 2024). Latent-
hydraulic SCMs with 0.5 < C/S < 1.5 require calcium hydroxide as a
catalyst for their hydration (Amran et al., 2021; Koenders et al., 2025).
Both types of SCMs may provide additional reaction products, based
on their individual chemical compositions (Snellings et al., 2023). In
contrast, inert SCMs are nonreactive and serve as nuclei for cement
hydration or as fillers that densify the cement paste (Scrivener et al.,
2015; Panesar and Zhang, 2020).
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However, the substitution also affects concrete long-term behav-
ior, which is equally significant for the design of durable structures.
Building standards rely on established empirical relationships to predict
mechanical properties, long-term deformations, or corrosion resistance
based on concrete compressive strength (International Federation for
Structural Concrete, 2023). Cement substitution through pozzolanic or
latent-hydraulic SCMs results in a reduction of early strength with a
higher strength gain after 28d (Nath and Sarker, 2011; Liibeck et al.,
2012; Sakthivel et al., 2019). While the modulus of elasticity exhibits
a similar behavior, total shrinkage is reduced, but increases for high
substitution rates (Nath and Sarker, 2011; Darquennes et al., 2012;
Sakthivel et al., 2019; Wang et al., 2022). Due to the reduced amount
of Ca(OH),, the substitution of Portland cements leads to increased
carbonation rates (Younsi et al., 2011; Gruyaert et al., 2013a,b). Chlo-
ride ingress is reduced due to the higher binding capacity of hydration
products and a refinement of the pore system (Giineyisi and Gesoglu,
2008; Nath and Sarker, 2011; Gruyaert et al., 2013a). The effect of
inert SCMs strongly depends on their content, as the filler effect is
only present for a low substitution rate. With increasing substitution,
the dilution effect predominates, resulting in overall reduced concrete
performance. However, for low substitution rates, the effect on strength
and deformations is negligible (Wang et al., 2018).
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The search for additional SCMs has identified ground concrete fines
as a promising precursor for Portland cement substitution
(Aquino Rocha and Toledo Filho, 2023; Carrico et al., 2020a; Friol
Guedes de Paiva et al., 2021; Kaliyavaradhan et al., 2020; Mao et al.,
2024; Ohemeng and Ekolu, 2020; Pavld, 2018; Rakhimova and Shi,
2024; Xu et al., 2022; Zheng et al., 2024). Those wastes consist of
natural aggregates and hardened cement paste. Aggregates are mostly
inert, but may exhibit a pozzolanic reactivity if they contain amorphous
silicates (Lipowsky and Miiller, 2017). Hardened cement paste can
be thermally activated. At processing temperatures up to 700 °C, the
different cement hydration products decompose and regain hydraulic
reactivity (Angulo et al., 2022; Baggio et al., 2024; Baldusco et al.,
2019; Baquerizo et al.,, 2016; Florea, 2014; Horvéth et al., 1977;
Klingsch, 2014; Schneider, 1982; Wang et al., 2019; Zelic et al., 2007;
Zhou and Glasser, 2001; Zhou et al., 2004). Subsequently, mortar or
concrete, where Portland cement is partially substituted by thermally
activated concrete fines, exhibits the highest compressive strength in
a range between 500°C and 700°C, with great variations between
different publications (Bogas et al., 2019, 2022a; Chen et al., 2024;
Kalinowska-Wichrowska et al., 2020; Sui et al., 2020; Tokareva et al.,
2023; Wei et al., 2024; Wu et al., 2021; Xi et al., 2024; Zhang et al.,
2022). Higher processing temperatures result in phase changes of dehy-
drated phases in addition to calcination of carbonatic phases (Klingsch,
2014; Noel et al., 2025; Real et al., 2020; Serpell and Lopez, 2015;
Xu et al., 2023). Both processes are disadvantageous to producing
high-strength cementitious materials (Noel et al., 2025; Real et al.,
2020; Semugaza et al., 2023; Serpell and Lopez, 2015; Xu et al., 2023;
Vysvaril et al., 2014).

Similar to established SCMs, the Portland cement substitution using
thermally activated concrete fines affects not only compressive strength
but also short- and long-term mechanical and durability behavior. The
aggregate fraction of concrete fines behaves as an inert SCM (Bogas
et al, 2019; Carrico et al.,, 2021a,b). Dehydrated cement paste is
porous, and during rehydration, these pores are filled by internal hydra-
tion products, mirroring the original porosity of the precursor (Bogas
et al., 2020; Real et al., 2020; Semugaza et al., 2023; Vashistha et al.,
2023; Wu et al.,, 2023; Xu et al., 2023; Xi et al., 2024). Cohesion
between particles mainly stems from hydration products of primary
cement, where the water consumption of cement paste locally reduces
the water-binder ratio (Bogas et al., 2020; Serpell and Lopez, 2015;
Baldusco et al., 2019).

Since the rehydration of dehydrated cement paste is a fast process,
mortars containing thermally activated cement paste exhibit an accel-
erated strength development within the first days after mixing (Bogas
et al., 2020; Real et al., 2020). Consequently, the compressive strength
gain after 28 d is low (Bogas et al., 2020; Real et al., 2020; Kim and Kim,
2023; Semugaza et al., 2023). Overall, flexural strength development
mirrors compressive strength (Bogas et al., 2020; Kim and Ubysz, 2024;
Ma et al., 2022).

As activated concrete fines have a lower particle density compared
to Portland cement, the partial substitution results in lower moduli of
elasticity, even for low substitution rates, which do not affect compres-
sive strength (Bogas et al., 2019; Real et al., 2021; Getachew et al.,
2024).

The reduced particle stiffness also increases shrinkage deforma-
tions (Carrico et al., 2022; Real et al., 2021). Overall, increasing
activation temperatures or concrete fines with low porosity result in
decreasing shrinkage (Kim and Ubysz, 2024; Carrico et al., 2022;
Tokareva and Waldmann, 2025). While the addition of activated con-
crete fines reduces basic shrinkage (Qian et al., 2020), drying shrink-
age is sensitive to the amount of evaporable water, which results in
increased deformations when high water-binder ratios are used for
improving concrete workability (Kim and Ubysz, 2024; Carrico et al.,
2022).

Capillary absorption strongly depends on porosity and pore struc-
ture, where increased water—-cement ratios increase water uptake (Car-
rico et al., 2022). This trend is mitigated when water—cement ratios
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are held constant, allowing for a microstructural densification follow-
ing water intake in activated cement paste particles (Bogas et al.,
2022a; Carrico et al., 2022, 2021b). Increasing activation tempera-
tures up to 1000°C have a decreasing effect on capillary absorp-
tion (Kim and Ubysz, 2024; Ma et al., 2022; Wu et al., 2021, 2023;
Tokareva and Waldmann, 2025). These observations also hold for
freeze-thaw-damage (Algourdin et al., 2021; Wei et al., 2024).

As resistance to carbonation and chloride diffusion depends on
porosity and the binding capacity of cement hydration products, in-
creasing substitution rates have a negative impact (Bogas et al., 2022b;
Carrico et al., 2021b; Xu et al., 2024). Chloride ingress reduces with
increasing activation temperature and particle fineness (He et al., 2023;
Kim and Kim, 2023; Qian et al., 2020).

These findings, with few exceptions (Algourdin et al., 2021; He
etal., 2023; Wu et al., 2023; Tokareva and Waldmann, 2025), are based
on artificial hardened paste or concrete as a precursor. However, indus-
trial concrete fines from recycling plants never consist of pure paste, but
contain varying amounts of aggregates with individual compositions.
Besides, in contrast to artificial fines, industrial fines may contain
harmful substances, such as organic components or heavy metals (Gao
et al.,, 2015; Weimann, 2009; Wang et al., 2023; Van Praagh et al.,
2015; Andrade et al., 2025). In the case of recycled concrete aggregates,
heavy metals are mostly immobilized by cement hydration products
and are, therefore, unsusceptible to leaching (Engelsen et al., 2010;
Kurda et al., 2018; Lu et al., 2019). When cement hydration products
are decomposed during an activation process, heavy metals regain
solubility, but may be reabsorbed during a later reaction process (Park
et al., 2025).

When using thermally activated concrete fines for substituting Port-
land cement in concrete applications, the overall influence on concrete
strength, as well as deformations and long-term behavior, need to be ac-
counted for. However, the available findings on concrete performance
lack a broad dataset comprising fines of different compositions. With
the application of established SCMs, negative effects on durability are
usually mitigated by a reduction of the water-binder ratio alongside
the compensation for strength reduction. This serves the goal of pro-
ducing a concrete with a target strength, which follows the empirical
relationships for relevant design properties. A novel model for assessing
the impact of activated concrete fines on compressive strength was
proposed by the authors of this study (Hoffgen et al., 2025; Hoffgen
and Dehn, 2025). This allows for the design of concrete containing
thermally activated fines with a target compressive strength. However,
the effects on other concrete properties, beyond compressive strength,
including the presence of harmful substances in concrete fines whose
behavior may be altered by thermal activation, require additional
consideration.

2. Experimental program

The experimental program, therefore, aims to assess the macro-
scopic properties of concrete incorporating thermally activated con-
crete fines from six different sources as supplementary cementitious
material (SCM). These properties are compared with reference mixes
incorporating established SCMs (granulated blast-furnace slag, coal fly
ash, and limestone powder). Because compressive strength is the most
important concrete property in structural design, the analysis is based
on two different mixes from each SCM, each with a different strength.
While one half of the mixes uses SCMs without accounting for their im-
pact on compressive strength, the second half uses a model, previously
published in Hoffgen et al. (2025), to achieve a target compressive
strength.

The experimental program follows the procedures of a previously
published study by the authors, which focused on the effect of ther-
mally activated artificial concrete fines with known compositions on
concrete properties (Hoffgen et al., 2026).
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2.1. Materials

Six different concrete fines from five different recycling plants,
labeled R1-R6, were selected based on preliminary analyses by the
authors to account for a wide variation of material properties.

» R1: Fine fraction (<2mm) from a recycled concrete aggregates
production plant. The sample corresponds to A2-0/2 in Hoffgen
et al. (2025).

R2: Fine fraction (<2mm) from a recycled concrete aggregates
production plant. The precursor contained grains with a diameter
up to 8 mm, which were removed through manual sieving (F-0/2
in Hoffgen et al. (2025)).

R3: Ultrafine fraction (<250 pm) obtained by manually sieving R1
(A2-0/0.25 in Hoffgen et al. (2025)).

R4: Ultrafine fraction (<250 pm) similar to R3, but from a differ-
ent recycling plant (B1-0/0.25 in Hoffgen et al. (2025)).

R5: Filter cake from a fresh concrete recycling plant (D-F in Hof-
fgen et al. (2025)).

R6: Filter cake from a crushed concrete recycling plant, which
used a wet-separation process to remove hardened cement paste
from recycled aggregates (G-F in Hoffgen et al. (2025)).

During preprocessing, all materials were dried at 105 °C. The ther-
mal activation used crucibles with a volume of 2.51, which were placed
in a static furnace. Temperature was increased at a rate of 5 K /min until
reaching the target temperature of 600 °C, which was held constant
for 6 h. Passive cooling was performed in a container containing silica
gel to maintain low relative humidity. Afterwards, activated concrete
fines were stored in sealed buckets, except for the mechanical pro-
cessing, where all concrete fines were milled until passing through
a 125 pm-mesh. The activation procedure was adopted from previous
investigations by the authors (Hoffgen et al., 2025; Hoffgen and Dehn,
2025).

Besides these six different activated concrete fines, concrete pro-
duction used commercial Portland cement CEM I 42.5 R (according to
EN 197-1:2011, labeled “CEM I”) as base material, as well as ground
granulated blast-furnace slag (EN 15167-1:2006, “S”), black coal fly ash
(EN 450-1:2012, “FA”), and limestone powder (EN 12620:2008, “L”)
as reference SCMs with different reactivity. As aggregates, quartzitic
river sand (0-2 mm) and fine gravel (2-8 mm) from the same source
were used.

2.2. Experimental procedures

As the first step of the analyses, Portland cement (CEM I) and
processed concrete fines were analyzed for their physical properties and
chemical composition. Physical properties included particle size distri-
bution (laser diffraction) and particle density (pycnometer). Nitrogen
adsorption/desorption was used to determine both specific surface area
(BET method) and porosity (BJH method). The chemical composition
(in accordance with EN 196-2:2013) was determined by measuring
the oxide phases of the main elements using wavelength-dispersive
X-ray fluorescence (WDXRF) and the trace elements using energy-
dispersive X-ray fluorescence (EDXRF) before activation. The analysis
of reference SCMs (S, FA, L) comprised a reduced set of parameters.
Additionally, activated concrete fines and CEM I were analyzed for
their total and reactive CaO and SiO,, as well as free CaO, the latter
according to EN 451-1:2017. The chemical analyses were completed by
the determination of sulfate (SO3), carbon (C), and total organic carbon
(TOC) through CSA (carbon-sulfur-analysis). CSA was also repeated on
concrete fines prior to activation, with the additional determination of
chloride content (Cl).

For porosimetry measurements, CEM I, reference SCMs, and acti-
vated concrete fines were used as binders to produce paste specimens
with a water-binder ratio of w/b = 0.5. The share of SCMs of the total
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binder content was set to f = 0.3. Pastes with pure CEM I included
w/b = 0.6 and w/b = 0.5, labeled CEM I-1 and CEM I-2. Pastes were
mixed in a slurry mixer, filled in sealed plastic bottles, and placed in a
specimen shaker to avoid segregation, before storage at 20°C. At the
age of 28 d, paste specimens were crushed with a chisel and sieved to a
particle size between 2 mm and 4 mm for mercury intrusion porosimetry
(MIP).

The concrete mix for the following analysis was designed with a
paste content of v, = 40 v%, a fine aggregates content of v, = 20 v%, and
a coarse aggregates content of v, = 40v%. For assessing the different
kinds of SCMs, a fixed binder substitution rate of f = 0.3 by mass was
chosen for all series. The water-binder ratio was set to w/b = 0.5 for the
first series of mixtures. As all SCMs in this study were known to reduce
compressive strength, a second series used a reduced water-binder
ratio to produce concrete with similar compressive strength despite the
substitution of CEM I. w/b was calculated for each SCM individually,
based on estimated reactivity. This procedure relies on the k-value
concept detailed in EN:206-2017 for reactive SCMs (see also Hoffgen
et al. (2025)). Table A.2 in the Appendix details the individual concrete
mix designs, including estimates for k, and the resulting water-binder
ratios and equivalent water—-cement ratios. All series with a water-
binder ratio of w/b = 0.5 were labeled with the suffix “~1”, and
series with an equivalent water-cement ratio of w/c,, = 0.5 were
labeled with the suffix “—2”. Concrete without SCMs followed used a
different naming scheme, where the mixture with w/b = w/c,, = 0.5
used the suffix “—2”. To allow for the assessment of varying strength,
another concrete mix, CEM I-1 with an increased water-binder ratio of
w/b=w/c,, = 0.6 was produced.' Besides, CEM I-1 and CEM I-2 were
partially repeated during the analysis to broaden the dataset. During
mixing, PCE-based superplasticizer was added to ensure comparable
workability.

For the experimental investigation of hardened concrete properties,
from each mix 15 prisms ((40 x 40 x 160)mm?3) and one cylinder
(d =100 mm, h = 280 mm) were cast. Following demolding after 1d, all
specimens were stored at 20 °C under water, unless otherwise required
by the testing procedures. Overall, for allowing the experimental inves-
tigation of various concrete properties with overlapping test schedules,
simplified procedures were applied.

Strength testing used a total of six prisms, with the determination
of the flexural strength (f, ;) on three prisms each at the ages of 2d
and 28d. These were immediately followed by compressive strength (f,)
measurements, but only on three prism halves each. The other halves
were resubmerged in water for testing compressive strength at 56 d and
98d. Testing followed the procedures in EN 196-1:2016.

Six prisms for the determination of the shrinkage development and
the dynamic modulus of elasticity were stored in closed containers at
100 % r.h. rather than in water after demolding. Three prisms for shrink-
age had cast-in measuring pins to measure specimen length with a dial
gauge. Deformation measurements and specimen mass were recorded
immediately after demolding and at the age of 7d (¢y). Afterwards, the
specimens were stored in a climate chamber at 65% r.h. Subsequent
measurements were performed at the age of 14d, 21d, 35d, 634,
and 98 d. Resulting deformations were normalized to the prism length,
yielding the shrinkage strain over time (e(7)). Prisms for the dynamic
modulus of elasticity (E.) were stored alongside shrinkage specimens
until ultrasonic pulse measurements at the age of 28d. Afterwards,
these prisms were tested for their flexural and compressive strength at
the ages of 28d and 98d, respectively.

The three remaining prisms were removed from the water storage
at the age of 28d and placed in a climate chamber at 65% r.h. for
14 d. Afterwards, specimens were moved to a carbonation chamber with

1 CEM I-1 and CEM I-2 are identical to reference mixes in a previous study
by the authors (Hoffgen et al., 2026). All other concrete mixes, and subsequent
results, are unique to this study.
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Table 1
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Results of the physical and wet-chemical analysis of CEM I, reference SCMs (S, FA, L) and concrete fines (R1-R6) before activation (“—~100”) and after activation

at 600 °C (“-6007).

p,: particle density, Sy, specific surface area, py;,: pore volume, dy, ds, dgy: particle size at 10 v%, 50 v%, and 90 v% cumulatively passing, C: Carbon, TOC:
total organic carbon, Cl: chloride, S: sulfur, SO5: sulfate, (f/r-)CaO: total, free, and reactive calcium oxide, (r-)SiO,: total and reactive silicon dioxide.

2y Sper Pein dyy dsg dgy C TOC Cl S SO, CaO f-CaO r-CaO SiO, 1r-Si0,
% % C:;‘ pm pm pm wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%
CEM I 3.13 1.4 7.1 1.7 12.1 32.9 0.5 0.01 0.07 1.22 3.0 61.7 0.77 57.7 20.4 19.5
S 2.92 0.9 3.9 2.1 12.3 30.0
FA 2.25 7.6 14.0 2.9 21.6 83.4
L 2.70 5.7 14.4 1.9 12.5 44.4
R1-600 2.65 4.8 28.2 1.9 17.9 88.4 3.2 0.03 0.28 0.7 22.1 0.04 8.1 54.3 8.8
R2-600 2.64 3.3 21.9 2.3 25.9 99.1 1.5 0.02 0.17 0.4 12.2 0.04 8.2 71.2 8.4
R3-600 2.64 5.9 34.0 1.8 14.1 81.0 3.2 0.03 0.35 0.9 22.8 0.06 8.8 52.2 10.1
R4-600 2.60 6.8 41.1 2.0 18.4 97.6 2.5 0.02 0.45 1.1 21.4 0.10 10.8 54.5 13.3
R5-600 2.64 13.6 87.3 2.0 18.8 96.2 1.5 0.03 0.44 1.0 23.8 0.17 17.2 56.6 13.7
R6-600 2.66 12.8 72.3 1.8 11.6 40.5 3.0 0.07 0.37 0.9 19.8 0.05 7.7 47.0 14.5
R1-100 3.5 0.15 0.04 0.27
R2-100 1.7 0.12 0.01 0.19
R3-100 3.7 0.24 0.04 0.39
R4-100 3.0 0.35 0.01 0.45
R5-100 2.1 0.18 0.04 0.50
R6-100 4.1 0.99 0.04 0.37

57 % r.h. and 3 v% CO,. After exposure for 7 d, 28d, and 70 d, the prisms
were temporarily removed from the carbonation chamber and split,
to produce a fresh surface for measuring the carbonation depth with
the phenolphtalein indicator test on three measuring points per edge.
The accelerated carbonation coefficient (K,-) was then calculated as
the slope of the development of the mean carbonation depth over the
square root of exposure duration according to EN 12390-12:2020.

Water storage of the cylinder was shortly interrupted when the
specimen was cut into five smaller slices with a height of approximately
45mm. These were then sealed with an epoxy resin, baring both flat
surfaces of two cylinder slices and one flat surface of each of the
three remaining slices. All specimens then reentered water storage until
the age of 28d. The specimens with one unsealed flat surface were
conditioned in a saturated Ca(OH),-solution for 24h before storage
in a 16.5 wt%-NaCl-solution. After 35d, specimens were split, and the
chloride penetration depth (d,) was determined using the silver nitrate
indicator test as an average of nine datapoints per specimen half.
While this procedure is usually applied for evaluating the rapid chloride
migration test (i.e., EN 12390-18:2021), the time-consuming determi-
nation of chloride profiles, which allows for the calculation of the
chloride diffusion coefficient (D,,,) according to EN 12390-11:2015,
was only performed for two additional specimens of the concrete mix
CEM I-2.1.

The remaining two cylinder slices with sealed lateral surfaces were
stored at 65 % r.h. for at least 6 months until reaching constant weight.
The capillary absorption coefficient W A,,, was determined by normal-
izing the mass change after partially (5 mm) submerging the cylinders
in water for 24 h, to the surface area.

The leaching behavior of concrete fines was investigated in a three-
step approach, using the percolation method specified in German stan-
dard DIN 19528:2023-07. The first and second steps used concrete fines
before and after thermal activation, without grinding. For the third
step, concrete prisms for strength testing from the “—1” series were
dried at 105°C and crushed to a maximum particle size of 4 mm. The
materials were compacted in columns, with steps 1 and 3 using a target
volume of v, ~# 500ml and step 2, for material availability reasons,
limited to v, & 90ml. The water-solid ratio was set to w/s = 2 for
all tests. The eluates were evaluated for their anion (ion chromatog-
raphy), metal (inductively coupled plasma mass spectrometry), and
PAH (Polycyclic Aromatic Hydrocarbons, gas chromatography-mass
spectroscopy) fractions.

3. Results and discussion
3.1. Characterization of binders

Table 1 details the physical and chemical characterization of CEM I,
reference SCMs (slag, fly ash, and limestone powder), as well as pro-
cessed concrete fines.

The physical properties of slag are similar to CEM I. Limestone
powder exhibits a slightly higher maximum particle size with higher
specific surface area and pore volume. Among the reference SCMs in
this study, fly ash exhibits the coarsest particle-size distribution, the
lowest density, and the highest specific surface area and pore volume.

On average, activated concrete fines exhibit a similar specific sur-
face area and particle size distribution as fly ash, albeit at a higher
particle density and higher pore volume. Individually, specific surface
area and pore volume depend on the preprocessing procedure, with
smaller particles prior to activation yielding higher values. This is
not reflected in the particle size distribution. R1-600 and R3-600,
from the same processing plant, have higher concentrations of fine
particles than the other samples. The only exception is R6-600, which
has a significantly lower dq, suggesting a smaller filter size than R5-
600. Since particle size and specific surface area are independent, a
remaining explanation is the hypothesized concentration of hardened
cement paste particles with reduced precursor particle size (Juan and
Gutiérrez, 2009). This also corroborates the observed increase in spe-
cific surface area and porosity with smaller precursor particle size,
since dehydrated cement paste exhibits a loose microstructure with
high porosity (Baldusco et al., 2019; Bogas et al., 2019; Carrico et al.,
2020b; Kim et al., 2021).

Table A.3 in the Appendix section details the chemical composition
of CEM I, reference binders, and concrete fines before activation. CEM I
consists of CaO, SiO, and, to a lesser amount, Al,O5 and Fe,03, which
corresponds to a typical Portland cement composition (Andrade Neto
et al., 2025). Slag and fly ash exhibit an increased share of both
SiO, and Al,03, while CaO decreases. Limestone powder, on the other
hand, almost exclusively consists of CaO (in the form of CaCOj, as
indicated by the high loss on ignition). The chemical composition of
concrete fines varies, with generally high amounts of SiO, and CaO.
In general, the comparison of results across the three preprocessing
groups reveals that the smaller precursor particle size of R3/R4 is
associated with a higher CaO to SiO, ratio, and this trend becomes even
more pronounced for R5/R6. However, because both CaO and SiO, are
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present in aggregates and in hydrated cement paste, WDXRF results are
not suitable for assessing the reactivity of concrete fines. Table 1 details
results of the wet-chemical analyses for CEM I and activated concrete
fines. The increase of CaO and SiO,, compared to WDXRF, can be ex-
plained through the mass loss during activation. In contrast to WDXRF,
the wet-chemical analysis enables the determination of reactive CaO
and SiO,. In CEM I, most of CaO and SiO,, are reactive, with only minor
inert components, presently in the form of carbonates or sulfates. In
activated concrete fines SiO, and, to a lesser extent, CaO are mostly
inert. Reactive SiO, increases with higher precursor fineness. Reactive
CaO shows a similar trend, except for R6. Consequently, the reactive
Ca0/SiO, molar ratio ranges between 0.6 for R6 and 1.3 for R5. The
amount of free CaO, which includes Ca(OH),, is particularly low for all
activated concrete fines, which suggests an extended carbonation of all
precursors.

3.2. Porosity

The partial substitution of CEM I through SCMs affects the pore
radius distribution (see Fig. 1). For all SCMs tested at a constant water-
binder ratio, this is reflected in a shift in gel porosity with pores smaller
than 50 nm. In contrast, an increased water—cement ratio also increases
capillary porosity in the range of 100 nm-1000 nm.

Limestone powder (L) has the most significant effect on poros-
ity, while slag (S) only marginally affects the pore size distribution,
compared to CEM I at the same water-binder ratio. The impact of
activated concrete fines is similar to fly ash (FA), which shows a minor
shift of the gel porosity and a slight increase of capillary porosity
(compare Vashistha et al., 2023; Wu et al., 2021; Wei et al., 2025).
Overall, the activated fines exhibit a similar pore-radius distribution
regardless of preprocessing.

3.3. Compressive strength development

The results from compressive strength measurements, as shown in
Fig. 2, exhibit the hypothesized behavior. Compressive strength at 28 d
of concrete mixes with a constant (equivalent) water—cement ratio of
0.5 (“—2”) is similar for all series, while mixes with a constant water-
binder ratio, and subsequently increased (equivalent) water-cement
ratios (“—1”) have a reduced compressive strength.

For concrete containing activated fines, compressive strength in-
creases with reduced precursor particle size. This confirms the applied
k-values for the individual SCMs and activated fines, except for R5-
600, where the increased compressive strength of both mixes suggests
a higher k-value. The high strength for R5-600 aligns with the highest
share of reactive CaO and SiO, (see Table 1 and Fig. 3). A similar effect
of reactive CaO is also apparent, but less pronounced. Furthermore, R5-
600 paste exhibits the lowest porosity of all pastes measured. However,
the general relationship between porosity and compressive strength is
relatively weak compared with CEM I and reference SCMs (see Fig. 3),
thereby corroborating the results in Xi et al. (2024).

The illustration of porosity and compressive strength in Fig. 3 uses
the reference strength f,,.,, which results from the assessment of
the temporal strength development. Here, the empirical model from
fib Model Code 2020 (International Federation for Structural Concrete,
2023) in Eq. (1) was fitted to the experimental data from each concrete
series by applying the least squares method. Subsequently, f,, .,
denotes the compressive strength at the reference age (7,,, = 28d).
Semrer Was obtained as a result from the fit, rather than used as an
input parameter, to obtain a stabilized reference strength for later
comparisons. For most series, f.,, . is similar to f, 54, but some series
show larger deviations, which may be subject to random influences
during storage and testing. Most noteworthy is FA-2, for which the
double determination yields substantial differences at the testing ages
56d and 98d. The other repeated series (CEM I-1 and -2 as well as
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Fig. 1. Differential pore radius distribution (logarithmic) for reference series
CEM I-1 and CEM I-2 and established SCMs S, FA, and L (a), as well as
thermally activated concrete fines from (b and c).

FA-1) show a good reproducibility.

tref 0.5
fc(t)=fcm,ref’exp{sc' |:1_<T> ]} (@)

The second parameter in Eq. (1), s, describes the velocity of the
strength development, with lower values indicating high early strength,
and high values signifying increased strength gain after the reference
aget,,,. In fib Model Code 2020 (International Federation for Structural
Concrete, 2023), s, ranges between 0.2 for concrete with cement
strength class CR and 35MPa < f.,, < 60MPa, and 0.3 for f., <
35MPa.? For strength class CN, these values increase to 0.4 and 0.5,
respectively. Presently, concrete mixes “CEM I” can be classified as

2 fib Model Code 2020 (International Federation for Structural Concrete,
2023) defines f,, as the characteristic cylinder compressive strength. To enable
a comparison with present data, f.,,, ~ fu + 18MPa can be assumed.
The offset comprises the difference between the mean and characteristic
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Fig. 2. Temporal development of compressive strength for reference mixes (a, ¢, d), and concrete containing activated fines (b, d, f). Diagrams for CEM I and FA
show results from repeated concrete mixes. Markers indicate the measured averages and standard deviations from three prisms; lines represent the corresponding

fit curves used to determine f,,,,,, and s, (Eq. (1)).

strength class CR, and concrete mixes “FA” match the description of
strength class CN. Present results for CEM I fit these provisions, as
illustrated in Fig. 4. s, for the four series “FA” tend to fall below the
provisions in International Federation for Structural Concrete (2023),
indicating a faster-than-expected strength development. Findings for
concrete incorporating slag are similar to those for fly ash, whereas
limestone powder has a marginally accelerating effect on the temporal
development of strength. All concrete series with activated concrete
fines exhibit s, in the range of CEM I for the entire compressive strength
range, which signifies a fast compressive strength development similar
to CEM L.

An alternative, simplified method for assessing compressive strength
development is the quotient r in Eq. (2), which is, however, limited to

compressive strength of 8 MPa and the difference between the cubic and
cylindrical compressive strength of 10 MPa.

strength results at 2d and 28d.

Se2d
e

fe284a @

Fig. 4 shows the results for both evaluation methods. Except for FA-
2, all concrete mixes with slag or fly ash yield the highest values of s,
and the lowest values of r. Concrete mixes with activated concrete fines
exhibit similar results as the CEM I base mixes or the reference series,
where limestone powder partially replaces CEM I (compare Bogas et al.,
2020; Real et al., 2020; Kim and Kim, 2023; Semugaza et al., 2023).

3.4. Flexural strength

A benefit of using prisms for strength testing, according to EN 196-
1:2016, is the ability to measure flexural strength alongside compres-
sive strength on the identical specimens. In the present study, flexural
strength was determined on three water-cured specimens at the ages of
2d and 28d and on dry-cured specimens at the ages of 28d and 98d.
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Fig. 5 illustrates the results of flexural and compressive strength tests
of water-cured prisms.

The relationship between flexural and compressive strength follows
a nonlinear trend (compare Campos et al., 2021; Liu et al., 2023; Inter-
national Federation for Structural Concrete, 2023), with overall minor
deviations. Furthermore, these deviations are independent of testing
age and cement substitution with SCMs or activated concrete fines.
Overall, the only influencing factor on flexural strength appears to be
compressive strength, suggesting good transferability of design specifi-
cations for established SCMs to thermally activated concrete fines.

3.5. Dynamic modulus of elasticity

The dynamic modulus of elasticity was determined in this study as
an inexpensive and rapid alternative to measuring the static modulus
of elasticity. Nonetheless, the results obtained from ultrasonic pulse
measurements allow for the qualitative assessment of the impact of
activated concrete fines on the modulus of elasticity, because the
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overall concrete composition and the curing conditions were not varied
throughout the test series (Ekin and Uyanik, 2021; Marques et al.,
2020).

Fig. 6 compares results of the experimental determination of the
dynamic modulus of elasticity to the prism compressive strength, which
were determined on the identical specimens at the age of 28d.

In addition to the increase in the dynamic modulus of elasticity with
increasing concrete compressive strength, which corroborates findings
in Getachew et al. (2024), the results indicate an effect of cement sub-
stitution with SCMs. While slag and limestone powder exhibit results
similar to those of the base mixes with CEM I, the substitution with
fly ash tends to increase the dynamic modulus of elasticity. Although
compressive strength remains the most significant factor affecting the
dynamic modulus, the present results show a decrease in the dy-
namic modulus with increasing reactivity of activated concrete fines,
regardless of compressive strength. R1-600 and R2-600, which exhibit
the lowest reactivity, have higher dynamic moduli than the base and
reference mixes. The lowest dynamic moduli are achieved by R5-600,
which shows the highest reactivity among all concrete mixes.

The reason for this may lie within the high porosity of dehydrated
cement paste, and, subsequently, of thermally activated concrete fines
with increasing paste content (compare Table 1). In contrast to es-
tablished reactive SCMs like fly ash or slag, hydration products in
activated concrete fines tend to form inside the porous particles, so that
rehydrated fines exhibit a similar porosity as the respective precursors
and no overall paste densification (Bogas et al., 2019; Real et al.,
2021). On the other hand, a high content of inert aggregate particles
within activated fines acts similarly to limestone powder and increases
material stiffness (compare Wang et al., 2018).

3.6. Shrinkage

Concrete shrinkage comprises various components, with drying
shrinkage being the primary factor. This type of shrinkage results from
the loss of evaporable water (International Federation for Structural
Concrete, 2023). In the case of normal-strength concrete, shrinkage
caused by cement hydration is relatively minor and can be over-
looked (Miiller et al., 2021). To eliminate the impact of this type of
shrinkage on the measured deformations, the specimens were kept at
100 % r.h. until they were 7d old.

The development of shrinkage deformations over time, up to 98d
of concrete age, is illustrated in Fig. 7. Given that the difference in
deformations between 1d and 7 d of age is inconsistent and smaller than
the standard deviation of the measurements, it is logical to disregard
basic shrinkage. As a result, the shrinkage deformation ¢, observed
from 7 d of age onward is attributable solely to drying shrinkage.

Evaluating shrinkage deformations can be challenging due to high
data variability, particularly when measurements are taken intermit-
tently. To address this, the material model proposed in International
Federation for Structural Concrete (2023) was employed to enhance
the analytical framework. This model incorporates a drying shrinkage
coefficient, a humidity coefficient, and a time function. Since humid-
ity remains constant in this study, Eq. (3) simplifies this approach
to include only the time function and the shrinkage coefficient e,
representing the ultimate shrinkage deformation.

_ 0.5
r—t > 3)

Eogs(tts) = —€050 * (m
R s

For all concrete mixes, Eq. (3) was fitted to the evolution of the
mean shrinkage deformations over time. As the parameter 4 in Eq. (1)
represents specimen geometry, which was identical for all specimens,
the parameter ¢, resulting from the least-squares method, describes
the summarized influence of the cement substitution through SCMs and
activated concrete fines.

While International Federation for Structural Concrete (2023) in-
cludes an increase in shrinkage deformation with decreasing compres-
sive strength, this effect only shows for the individual types of SCMs
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and activated concrete fines: For all mixes within this study, the “-1"-
series with lower strength exhibits higher shrinkage deformations (see
Fig. 8). However, the variation among these series is significantly
greater than the effect of compressive strength. Nonetheless, it is ev-
ident that activated concrete fines, as well as slag, increase shrinkage,
whereas fly ash and limestone powder have a decreasing effect (Nath
and Sarker, 2011; Sakthivel et al., 2019; Darquennes et al., 2012;
Wang et al., 2022). The scatter reduces when, instead of f,, . 15 the
dynamic modulus of elasticity is used as the base parameter. This
suggests similar influencing factors, such as the mitigating effect of a
high amount of inert particles, which hinder shrinkage due to their high
stiffness. At the same time, a high amount of reactive phases, such as

those present in R5-600, allows for higher deformation, as shrinkage
only occurs in the cement paste.

3.7. Capillary absorption

The capillary water absorption coefficient W A,,,, for concrete con-
taining thermally activated concrete fines increases with decreasing
strength with minor deviations from the trendline. An identical pattern
is observed for concrete containing limestone powder, with series L-
1 exhibiting the lowest compressive strength and the highest water
absorption among all series in this study. However, while the compen-
sation of compressive strength loss due to partial cement replacement
through the effective water-cement ratio also negates any measurable
effects on water absorption, series CEM I-1 exhibits a reduced water
absorption coefficient at a compressive strength similar to R1-600 and
R2-600. This effect can, to a lesser extent, be observed for the cement
substitution through slag or fly ash. Fig. 9(a) illustrates these findings.

These observations do not align with the results for total porosity,
in contrast to the findings in Wu et al. (2023) on the influence of
the substitution rate. However, the influence of compressive strength
confirms previous findings on activated artificial cement paste (Bogas
et al., 2022a; Carrico et al., 2022, 2021b). The overall increase in water
absorption alongside a decrease in compressive strength is consistent
with previous findings in Kim and Ubysz (2024), Bogas et al. (2022b)
and Wu et al. (2023).

3.8. Chloride diffusion

The determination of the chloride profiles from profile grinding of
series CEM 1-2.1 yielded a diffusion coefficient of D, = 296 mm?2/a =

nss
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9.4 x 10-12m?/s and a superficial chloride content of C, = 1.14 wt%
with an initial chloride content of C; = 0.02wt%, both relative to
the mass of concrete. The average chloride penetration depth of d, =
8.8 mm, obtained from the silver nitrate indicator test on specimens
from the same series, corresponds to a chloride content of C = 0.28 wt%
normalized to the mass of concrete.

The silver nitrate indicator test on specimens from the repetition of
this series yielded a penetration depth of d. = 12.6 mm. The repeated
series CEM I-1, FA-1, and FA-2 show a similar offset between the
measurements (compare Fig. 9b). As the respective specimens were
produced at the beginning and at the end of the study, which spanned
several months, an inhomogeneity in the chloride content of the raw
materials cannot be ruled out by the interpretation. However, the
results show increased chloride penetration depth in concrete mixes
containing activated concrete fines compared with the reference series

containing pure CEM I, slag, or fly ash. An increased chloride content of
concrete fines can be ruled out as a cause due to the results presented in
Table 1. An alternative explanation is the chloride-binding capacity of
hydration products from CEM I, slag, and fly ash, which is apparently
absent in activated concrete fines (compare Liu et al., 2023). This
agrees with previous findings, which identified a temperature depen-
dence of the chloride-binding capacity of thermally activated concrete
fines (He et al., 2023; Carrico et al., 2021b).

3.9. Carbonation

The results in Fig. 9(c) show a similar behavior of concrete con-
taining activated fines on carbonation as on chloride ingress. However,
activated concrete fines have a lower carbonation coefficient K, than
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Fig. 9. Influence of compressive strength on concrete durability: Capillary wa-
ter absorption (a), chloride penetration depth (b), and accelerated carbonation
coefficient (c).

mixtures containing fly ash, and are similar to limestone powder and
slag. A reason for this behavior may lie in the reduced alkalinity of the
pore solution, which stems from Ca(OH), forms during the hydration
of CEM I. While limestone powder or slag reduces the Ca(OH),-content
through the reduction of CEM I, the pozzolanic reaction of fly ash con-
sumes Ca(OH), and subsequently lowers the binding capacity of CO,.
The renewed formation of calcium-silicate-hydrates from dehydrated
paste does not require additional Ca(OH),. Simultaneously, results
in Table 1 show a negligible amount of free CaO, which implies a
similarity to the reaction of slag. These findings confirm and expand on
previously published results (Carrico et al., 2021b; Bogas et al., 2022b).

3.10. Leaching

Fig. 10 illustrates findings for select trace metal contents and or-
ganic compounds determined through both EDXRF and selected perco-
lation tests. Tabulated results are depicted in Tables A.3, A.4, A.5, and
A.6 in the Appendix.
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Metal content in concrete fines varies widely. While EDXRF yields
concentrations near or below the detection limit, some metals, exempli-
fied in Fig. 10a, exhibit elevated concentrations, albeit with substantial
differences among them. Overall, but not universally, metal concentra-
tions increase with higher precursor fineness. Among the established
SCMs, slag and limestone exhibit metal concentrations lower than those
of most RCFs, whereas fly ash shows the highest concentrations of all
materials. Results agree with findings listed in Park et al. (2025).

Percolation tests were performed to determine which of these metals
are prone to leaching by water and therefore pose a potential risk
of environmental contamination. Due to the high labor- and time
intensiveness of this method, percolation for a water/solid ratio of
w/s = 2 was limited to unaltered concrete fines, thermally activated
fines, and concrete mixes containing activated fines with a constant
water-binder ratio of w/b = 0.5. Results in Fig. 10b indicate a distinct
variation between different metals, with Cr and Cu showing a higher
elution compared to the other metals. On average, the eluates contain
0.34(30) % of the total Cu and 0.16(12) % of the total Cr content. For
Ni, the ratio is 0.08(6) %, and 0.03 % or lower for other metals.

Yet, the behavior is strongly affected by the thermal activation
(Fig. 10c). The eluble content of As, Cu, Ni, and Pb reduces, while Zn
remains unaffected. A possible explanation for this behavior might lie
in the immobilization of metals in dehydrated cement paste particles.
Cr, however, behaves contrarily, with a significantly increased elution
for thermally activated concrete fines. This may be triggered by the
oxidation of Cr(III) to Cr(IV) at temperatures higher than 200 °C (Wang
et al., 2025). While it is established that Cr, like other metals, can
be immobilized in cement hydrates, this immobilization apparently
fails upon decomposing the hydrates. This corroborates findings in Ma
et al. (2023), where the leaching of Cr in acidic solutions increases
with processing temperatures up to 800 °C. However, in contrast to the
present study, this effect is also reported for other metals Ni, Cu or Pb,
while Zn exhibits a decreasing behavior, albeit with a strong influence
of the leaching solution (Ma et al., 2023).

Regardless, the elution of crushed concrete containing activated
fines (Fig. 10d) exhibits a very similar behavior, and especially in the
case of Cr, an apparent renewed immobilization in cement hydrate
phases (compare Park et al., 2025).

The analysis of anions yields a similar behavior with variations be-
tween different concrete fines. After thermal activation, nitrite, nitrate,
and sulfate content in the eluate decrease, while chloride and bromide
are unaffected. The eluates from concrete contain lower amounts of
anions, except for sulfate, which increases alongside the increased
sulfate content in CEM I (compare Table 1).

Measurements of the total organic carbon (TOC) in unprocessed
and processed concrete fines show an almost complete decomposition
during thermal activation (Table 1). The same effect is apparent in
the eluates, where the content of polycyclic aromatic hydrocarbons
(PAH16) significantly reduces after thermal activation.

Ultimately, these results show that chrome, copper and sulfate are of
special concern with regards to individual use cases. The exceedance of
threshold concentrations (as defined through national regulations such
as ErsatzbaustoffV (2021)) may preclude certain applications.

4. Conclusion

The substitution of Portland cement with waste materials impacts
concrete compressive strength alongside other mechanical parameters
and durability. This study compares the impact of granulated blast-
furnace slag, fly ash, or limestone powder to six concrete fines of
different origin and composition. For each supplementary cementitious
material, the analysis uses a dual approach with the mitigation of
compressive strength loss in contrast to an unaccounted substitution.
This allows for the assessment of concrete performance at a constant
compressive strength level.



J.P. Hoffgen et al.

Developments in the Built Environment 26 (2026) 100948

EDX + CSA, 100 °C O R1 Eluate, 100 °C
10| o 10°| v R2
—_ <R3
Ei A R4 o
> = oRs| @
o
2 103 2 1 R6 é o
S 5 v A
2 ks
s > B ® ) 8
L 102l p 2] > ° E 10t g A
© B o CceMI| 8 o -
=] o 4s c O
g @ ° dl>m |8 R g o
g o] Olor |g
S 10! 0 O Rl T 1001 -A
< < V R2 o < v
a O R3
w 8 A R4
O R5
10° o Re 101}V v
a As Cr Cu Ni Pb Zn TOC As Cr Cu Ni Pb Zn PAH16
O R1 0] Eluate, 600 °C O R1 Eluate, concrete
10| v r2| & ‘ 10°| v R2
O R3 O R3
Ara| © A R4
= O R5 = O R5
o O R6 5 = O R6
3 102 o = 102
s J 8
S =1
e g
§ 10t § 101 g
5 B 5 2 8
9 Q o §
® 10 o R ® 100 (@)
3 =}
i ! 8 T 4 -
A g 5
10-1 v 101 |- O
A N
C As Cr Cu Ni Pb Zn PAH16 d As Cr Cu Ni Pb Zn PAH16

Fig. 10. Results of metal concentrations and total organic carbon content (TOC) and PAH16 concentrations. a: precursors through EDX and CSA, b: elutates from
precursors (“100°C”), c: thermally activated, unmilled concrete fines (“600°C”), d: concrete mixes “—1” containing activated, milled concrete fines.

Concrete containing thermally activated concrete fines or lime-
stone powder exhibits a fast strength development, while fly ash
or slag show a higher strength increase with later ages.

Overall, flexural strength, the dynamic modulus of elasticity, and
capillary water absorption are not affected beyond compressive
strength reduction. A mitigation of strength loss also largely
negates deviations in these concrete performance parameters.
Concrete containing activated concrete fines exhibits higher
shrinkage deformations compared to concrete with established
SCMs.

Chloride ingress and carbonation are increased for concrete con-
taining activated fines compared to a CEM I-reference, but per-
form similarly to established SCMs. The only exception is the
chloride binding capacity of hydration products from slag or fly
ash, which is missing in activated fines.

Concrete fines may contain harmful substances. The elution of
those mostly reduces following thermal activation, with the no-
table exception of chrome.

In conclusion, the present results show a sufficient agreement of
concrete with established SCMs and concrete containing thermally
activated concrete fines of different origins. Therefore, a cement sub-
stitution of 30 wt% is feasible to obtain concrete mixtures, which agree
with existing building standards and the underlying empirical relation-
ships between compressive strength, mechanical properties, and dura-
bility. However, the simplifications chosen for enabling the qualitative
comparison of a broad set of concrete properties require additional re-
search. These procedures require a closer alignment with standardized
experimental setups. Furthermore, the present results underline the
need for investigating binding mechanisms of (re) activated cement hy-
drates and harmful substances, such as CO,, chlorides, or heavy metals.
A scaled-up industrial application of thermally activated concrete fines
requires the quantitative assessment of harmful substance contents in
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the eluates with regard to threshold values defined for individual use
cases.
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Appendix Data availability

See Tables A.2-A.6. Data will be made available on request.

Table A.2

Overview of different series. SCM: supplementary cementitious material. f: substitution rate of CEM I through SCM. k: assumed
k-value. w/b: selected water-binder ratio. w/c,,: resulting equivalent water-cement ratio. w: water content. c: CEM I content. a:
SCM content. SP: superplasticizer dosage for achieving target consistency. Aggregate content for all series: RS: 526 kg/m?, RG:

1024 kg/m’.
Series SCM f k w/b w/cy, w c a SP
- - - - kg/m3 kg/m3 kg/m3 kg/m3
CEM I-1 0.60 0.60 261 435 0.0
CEM I-2 CEM 1 0.0 0.50 0.50 244 488 0.0
S-1 0.50 0.53 242 339 145 0.0
S-2 S 0.3 0.8 0.46 0.49 234 356 153 0.0
FA-1 0.50 0.61 233 327 140 0.0
FA-2 FA 03 05 0.43 0.51 219 356 152 2.7
L-1 L 0.3 01 0.50 0.68 240 335 144 0.0
L-2 0.36 0.49 207 403 173 5.8
R1-1 0.50 0.61 239 335 143 0.0
R1-2 R1-600 0.3 0.4 0.40 0.49 217 380 163 5.6
R2-1 0.50 0.61 239 334 143 0.0
R2-2 R2-600 03 0.4 0.40 0.49 217 380 163 5.4
R3-1 0.50 0.59 239 334 143 0.0
R3-2 R3-600 03 05 0.42 0.49 222 370 158 4.0
R4-1 0.50 0.59 238 334 143 0.0
R4-2 R4-600 0.3 0.5 0.42 0.49 221 369 158 3.3
R5-1 0.50 0.57 239 334 143 3.6
R5-2 R5-600 03 0.6 0.43 0.49 224 365 156 6.7
R6-1 0.50 0.57 239 335 143 1.6
R6-2 R6-600 0.3 0.6 0.43 0.49 224 365 157 5.2
Table A.3

Chemical composition of CEM I, reference SCMs (S, FA, L) and concrete fines (R1-R6) before activation. Oxide phases of
main elements through WDXRF, trace elements through EDXRF. Empty entries indicate results below the analytical limit of
determination.

CEM I S FA L R1 R2 R3 R4 R5 R6

WDXRF [wt%]

LOI 2.7 -0.9 1.7 39.3 15.3 8.9 21.2 15.0 18.8 17.1
Na,O 0.0 0.2 0.4 0.4 0.6 0.4 0.6 0.4 1.0
MgO 1.9 5.5 1.2 1.1 1.4 0.8 1.7 1.6 2.0 2.4
Al,04 4.8 11.0 29.2 2.5 4.4 4.8 5.1 5.8 6.0 8.5
Si0, 20.0 34.9 47.6 6.1 51.3 66.8 43.1 49.7 40.0 44.4
P,04 0.2 0.0 0.3 0.0 0.1 0.1 0.1 0.1 0.1 0.2
K,0 0.8 0.7 1.3 0.7 1.2 1.5 1.2 1.5 0.6 1.8
CaO 61.7 41.6 3.1 47.2 21.5 12.6 23.4 21.6 27.6 18.6
TiO, 0.2 1.0 3.4 0.1 0.2 0.2 0.2 0.2 0.3 0.4
MnO 0.2 0.6 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.1
Fe, 04 3.1 1.2 9.0 0.9 1.7 1.6 2.1 2.4 1.7 4.2
EDXRF [mg/kgl

As 30 101 3 6 10 7 9 2 28
Ba 520 1823 1097 99 310 289 530 322 347 377
Cd 0 0 1 0 1 1 1

Cr 29 14 258 141 169 127 130 134 261
Cs 13 7 32 9 9 3 5

Cu 116 14 235 8 21 33 25 32 130 101
Ga 11 8 47 10 11 11 11 11 10 14
Mo 4 9 1 3 5 4 4 3 7
Nb 6 4 126 4 7 6 7 7 7 13
Ni 41 8 134 20 16 18 19 20 20 46
Pb 22 11 71 15 25 23 30 30 30 88
Rb 35 23 117 26 49 63 47 56 25 93
Sb 21 12 6 4

Sn 49 40 32 22 3 9 5 6 5 5
Sr 703 664 571 986 341 307 355 342 371 526
Th 10 27 3 3

U 1 10 11 5 0 1 1 1 2 1

v 60 62 393 49 45 41 45 50 57 66
Y 20 51 52 4 10 10 13 17 19 22
Zn 278 33 283 18 53 69 78 117 156 315
Zr 67 200 411 45 68 70 94 99 109 136
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Table A.4
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Results from the eluate analysis on unprocessed concrete fines (“~100”). n.d.: not determined, <l.0.d.: below the limit of detection.
Note that, for R5-100, the automatic deactivation failed, resulting in an increase in W/S.

R1-100 R2-100 R3-100 R4-100 R5-100 R6-100
Sample (dry) 669 740 545 465 247 394
Eluate 1339 1481 1085 914 1538 771
w/s 2.00 2.00 1.99 1.97 6.22 1.96
pH 12.50 12.15 12.25 12.15 12.38 10.03
Elect. conduct. 6.55 2.90 3.84 3.73 3.80 2.24
Fluoride n.d. n.d. n.d. n.d. n.d. n.d.
Chloride 82.59 10.36 118.44 26.69 18.64 118.05
Nitrite 1.37 0.41 2.29 2.22 0.54 2.86
Bromide 0.18 0.20 0.23 0.23 0.52 0.82
Nitrate 10.82 1.67 9.35 9.58 1.01 23.20
Phosphate <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d.
Sulfate 33.86 15.61 26.57 391.31 35.44 1233.92
As 0.43 0.12 0.50 1.07 0.03 6.97
Cd <Lo.d. <l.o.d. <Lo.d. <l.o.d. <l.o.d. <l.o.d.
Cr 21.82 35.98 85.67 134.84 77.88 221.85
Co 0.43 5.54 10.91 1.92 0.76 18.66
Cu 12.79 19.52 79.29 43.91 23.26 404.80
Ni 4.26 0.65 17.46 9.13 1.63 23.44
Pb 5.01 2.05 2.66 2.27 2.04 <l.o.d.
Th <l.o.d. <l.o.d. <l.o.d. <l.o.d. 0.16 <l.o.d.
Zn 2.72 2.52 2.05 2.63 3.54 2.81
PAH16 0.86 0.09 1.08 0.94 0.35 3.70
Table A.5
Results from the eluate analysis on thermally activated concrete fines (“~600”). n.d.: not determined, <l.0.d.: below the limit of
detection.
R1-600 R2-600 R3-600 R4-600 R5-600 R6-600
Sample (dry) 132 136 97 90 131 70
Eluate 263 265 197 182 0 163
w/s 1.99 1.95 2.03 2.02 0.00 2.32
pH 12.26 12.16 12.15 12.23 12.09 10.57
Elect. conduct. 3.45 1.85 2.97 3.30 2.39 2.66
Fluoride 0.88 0.65 0.94 1.28 0.67 n.d.
Chloride 73.14 13.92 116.11 26.14 22.76 n.d.
Nitrite <l.o.d. <lo.d. <l.o.d. <lo.d. <l.o.d. n.d.
Bromide 0.24 0.24 0.31 0.30 0.15 n.d.
Nitrate <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. n.d.
Phosphate <Lo.d. <lo.d. <Lo.d. <l.o.d. <Lo.d. n.d.
Sulfate 7.60 21.66 8.65 25.48 25.99 n.d.
As <l.o.d. <l.o.d. <l.o.d. 0.23 <l.o.d. 2.45
Cd <l.o.d. <lo.d. <l.o.d. <lo.d. <l.o.d. <l.o.d.
Cr 223.80 838.77 165.17 856.13 416.18 1471.60
Co <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. <lo.d.
Cu <l.o.d. 0.13 <l.o.d. 0.52 88.87 0.60
Ni <l.o.d. <lo.d. <l.o.d. <lo.d. 1.26 <lo.d.
Pb 1.39 <l.o.d. 0.60 1.32 0.43 <l.o.d.
Th <Lo.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. 0.03
Zn 2.56 3.29 3.42 4.13 2.74 2.86
PAH16 0.05 0.01 0.00 0.00 0.02 0.02
Table A.6
Results from the eluate analysis on concrete containing activated fines (“~1”). n.d.: not determined, <l.o.d.: below the limit of
detection.
R1-1 R2-1 R3-1 R4-1 R5-1 R6-1
Sample (dry) 656 683 657 650 636 700
Eluate g 1313 1369 1329 1300 1278 1371
W/s 2.00 2.00 2.02 2.00 2.01 1.96
pH 12.60 12.60 12.69 12.63 12.77 12.70
Elect. conduct. 7.77 7.82 7.45 8.18 8.28 7.82
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Table A.6 (continued).
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R1-1 R2-1 R3-1 R4-1 R5-1 R6-1
Fluoride mg/1 n.d. n.d. n.d. n.d. n.d. n.d.
Chloride mg/1 45.35 28.74 38.87 32.91 38.03 29.77
Nitrite mg/1 <lLo.d. <lLo.d. <l.o.d. <Lo.d. 0.50 0.43
Bromide mg/1 0.51 0.38 0.50 <Lo.d. <Lo.d. <Lo.d.
Nitrate mg/1 1.71 1.66 1.60 1.95 8.77 3.93
Phosphate mg/1 <Lo.d. <lLo.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d.
Sulfate mg/1 71.55 53.07 74.29 48.63 74.73 47.54
As ng/l <l.o.d. 0.02 <l.o.d. 0.06 0.12 0.04
Cd ug/1 <Lo.d. <Lo.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d.
Cr ng/l 32.37 29.82 30.32 27.92 37.83 27.40
Co pg/1 36.02 37.40 37.99 48.98 53.74 46.25
Cu ug/1 1.44 1.36 1.87 2.69 4.58 2.32
Ni ug/1 0.17 0.31 0.60 0.73 1.26 0.26
Pb pg/1 4.91 4.63 5.62 7.16 8.13 6.95
Th ng/1 <Lo.d. <Lo.d. <l.o.d. <lo.d. 0.00 <l.o.d.
Zn ug/1 3.71 3.59 3.37 3.59 5.45 3.82
PAH16 pg/1 0.17 0.35 0.07 0.28 0.17 0.14
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