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ARTICLE INFO ABSTRACT

Keywords: Thermal activation of concrete fines is a promising method for the simultaneous reduction of
Concrete CO, emissions and mineral waste. Hydrated cement paste, a major component of these recycled
Cement materials, can be used as a reactive supplementary cementitious material after dehydration

Mineral waste

Recycling

Thermal activation

Supplementary cementitious material

at elevated temperatures and grinding. This affects concrete strength, especially when fines
contain a higher proportion of aggregates. While strength loss can be mitigated by adjusting
the water-binder ratio, the combined effect on other mechanical properties and durability
remains unclear. This study utilizes seven different artificial concrete fines with varying
binder compositions, aggregate contents, and aggregate mineralogies to produce concrete with
varying compressive strengths. These concretes are then assessed for their flexural strength,
elastic modulus, shrinkage, water absorption, chloride diffusion, carbonation, and freeze-thaw-
resistance. Results highlight that with increasing compressive strength, mechanical properties
and durability also improve. However, while strength development and the elastic modulus are
similar to the reference concrete, the substitution of Portland cement through activated fines
increases shrinkage as well as carbonation and chloride ingress, especially for fines with a high
amount of reactive SiO,.

1. Introduction

Thermal activation of concrete fines is a promising process for mineral construction and demolition waste recycling, as well as
reducing the carbon footprint of cement production [1-9]. The activation process relies on the dehydration of hydrated cement
paste (HCP) within these fines. With increasing temperature, different cement hydration products gradually release chemically
bound water. Most prominently, calcium hydroxide disintegrates to free lime in the temperature range of 400°C to 550°C, and
calcium silicate hydrates decompose between 110°C and 500°C to form reactive a},C,S and ) C,S [10-23]. Upon re-wetting, the
activated paste rapidly rehydrates, recreating the original cement phases [10,12,13,16,17,19,24-27]. Because both the hydrated
and the dehydrated paste remain porous, the rehydrated product primarily occupies the existing pore network, resulting in limited
inter-particle bonding and reduced strength [17,18,25,28-30].

When used as a supplementary cementitious material (SCM), thermally activated cement paste can replace up to 25 wt% —40 wt%
of ordinary Portland cement (OPC) without significantly compromising compressive strength [14,29,31-36]. The behavior stems
from the high water consumption of the activated particles, which lowers the free water available for OPC hydration and
thus densifies the matrix [29,34,37]. For higher substitution rates, total porosity increases alongside decreasing compressive
strength [14,18]. Similarly, incomplete dehydration at activation temperatures below 400 °C leads to increased porosity [18,37].
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While compressive strength is the central material property, durability and deformation behavior are major factors in concrete
design. Besides affecting compressive strength, the substitution of Portland cement through activated concrete fines as supplementary
cementitious materials (SCMs) also changes material resistance to corrosion (e.g., carbonation, chloride ingress, or freeze-thaw
action) as well as elastic or shrinkage deformations.

Substituting OPC with activated fines generally reduces the elastic modulus due to the lower density of the fines [24], but
the effect persists even at modest replacement levels [38,39]. Shrinkage deformations follow a similar trend with increased
deformations [38,40]. Low-level substitution can be offset by the densification effect, whereas high-temperature activation or lower
water-cement ratios in the precursor material increase particle stiffness and mitigate shrinkage [38,40-42]. Besides, drying shrinkage
is affected by the amount of evaporable water, and increases when additional mixing water is used to compensate for the high water
demand of activated cement paste [40,41].

Capillary absorption follows the same influencing factors as paste porosity. Higher Portland cement substitution through
activated cement paste results in increased absorption, especially when additional mixing water is used for adjusting fresh concrete
workability [40]. At a fixed water-binder ratio, the reduction of free water outside of activated cement paste particles lessens
capillary absorption [31,40,43]. Compared to ground HCP, thermal activation at up to 1000 °C reduces absorption [33,36,41,42,44].
Water absorption plays an important role in freeze-thaw damage evolution. At similar strength, mortar and concrete containing
thermally activated concrete fines exhibit a similar freeze-thaw-resistance as Portland cement reference mixes [45,46]. The diffusion
of C1~ and CO, is affected by paste porosity and the binding capacity of hydration products. Subsequently, the aforementioned
influences on porosity impact the resistance to carbonation and chloride ingress [28,29,31,43,47,48].

Assessing mechanical and durability properties after partial substitution of Portland cement with thermally activated concrete
fines remains challenging, primarily because the substitution also affects compressive strength. This interdependence obscures the
isolated effects of the fines themselves. For pure OPC-based HCP, such strength variations may be limited. However, concrete fines
sourced from recycling plants contain aggregates of varying amounts and mineralogical compositions, and may incorporate hydration
products from alternative binders (e.g., slag, pozzolans). These components alter both reactivity and mechanical performance in
ways that are not yet predictable. Although the aggregate fraction of concrete fines is widely recognized as essentially inert and
therefore detrimental when used as SCM, the contribution of alternative binder residues remains much less clear [24,43,49-54]. The
existing literature regularly uses concrete with fixed water-binder ratios, or increased water contents to compensate for insufficient
workability, and therefore does not provide a consistent framework for distinguishing the effects of composition from those of
strength change.

In practice, when designing concrete to meet a defined compressive strength, a possible negative impact of SCMs on the latter is
usually compensated for by a reduction of the water-binder ratio. Although the procedure can restore compressive strength, it does
not uniformly affect other mechanical or durability properties. However, codes and standardized structural design implicitly assume
that concretes with the same compressive strength will exhibit comparable deformation behavior and reinforcement corrosion
resistance. This assumption has never been validated for systems that incorporate thermally activated concrete fines. No previous
study has systematically examined whether restoring compressive strength also recovers mechanical and durability responses altered
by the heterogeneous composition of the fines.

2. Experimental program

The experimental program is structured to address this unresolved question directly. The central objective is to determine whether
compensating for the strength reduction caused by activated concrete fines also neutralizes their influence on the deformation
characteristics and the durability performance. For this means, artificial fines with controlled and varying amounts of inert aggregate
and alternative binder residues, and thus varying compressive strength contribution, are employed. By holding compressive strength
constant across mixtures, the study isolates the macroscopic effects arising solely from fines composition. This approach provides the
first systematic evaluation of whether established empirical relationships linking mechanical and durability behavior to compressive
strength remain valid in concretes containing thermally activated fines.

2.1. Materials

Base materials for the experimental procedures were a commercial Portland cement CEM I 42.5 R (“CEM I”), ground granulated
blast-furnace slag (“S”) and black coal fly ash (“FA”) as binders, as well as siliceous river sand (0/2 mm, “RS”) and gravel (2/8 mm,
“RG”), limestone sand (0/4 mm, “LS”) and greywacke (0/4 mm, “GW”) as aggregates.

Seven different artificial fines were used as representative concrete fines to set up three groups of three (see Table 1). One group
altered the binder composition, where, starting with CEM I-paste (“CEM”), 30 wt% of the binder were substituted for fly ash (“FA0”)
or slag (“S0”). The second group varied binder content, where RS replaced 50 v% (“RS50”), and 25v% (“RS75”) of the CEM I-paste
(“CEM”). Finally, the third group switched the river sand in RS50 for LS and GW with different aggregate compositions (“LS50”
and “GW50”). The artificial fines chosen for the present study resemble possible compositions found in literature. [55] contains a
detailed mix design, as well as characterization of the artificial fines performance.

For all artificial fines, three prisms ((40 x 40 x 160) mm?) were cast, and cured alongside the bulk materials. Bulk materials were
stored in sealed buckets with excess water, and demolded after at least nine months to exclude the influence of temporal effects
from the subsequent analyses. Samples were dried at 105 °C before grinding in an industrial mill. The temperature of the grinding
tube was monitored to not exceed 100 °C.
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Table 1

Composition of artificial fines with water-binder ratio w/b = 0.5. v,:
paste volume; Agg.: aggregates; FA: fly ash; S: blast-furnace slag; RS:
river sand; LS: limestone sand; GW: greywacke.

Binder v,[v%] Agg.
CEM 100 wt% CEM I 100 -
FAO 70wt% CEM I + 30wt% FA 100 -
SO 70wt% CEM I + 30wt% S 100 -
RS75 75 RS
RS50 o 50 RS
LS50 100 wt% CEM I 50 LS
GW50 50 GW

Table 2
Mix design of the reference series CEM I-2.
Density Share
g/cm? kg/m?
River gravel 2/8 mm 2.56 1024
River sand 0/2 mm 2.63 526
CEM I 425 R 3.13 488
Water 1.00 244

Afterwards, artificial fines were thermally activated in a static furnace. The target temperature of 600 °C (suffix “—600"") was held
constant for 6h. The heating ramp was controlled (5 K/min), while cooling was limited to the passive cooling of the furnace. When
reaching 100 °C, samples were stored in sealed containers with a drying agent to prevent moisture ingress. Two types of artificial
fines (CEM and RS50) were additionally activated at 400 °C (“—400"), and also used in their ground variant (“~100"). [56] details
the thermal activation procedure.

2.2. Experimental procedures

The raw materials were analyzed for their chemical composition through WDXRF measurements (EN 196-2:2013), and their
mineralogical composition through XRD. Artificial fines and CEM I were characterized for their chemical composition (wet-chemical
analysis and carbon-sulfur analysis, EN 196-2:2013), particle size distribution (laser diffraction), and particle density (pycnometer).
Nitrogen absorption/desorption was used to determine both the specific surface areas (BET method) and porosity (BJH method).

Concrete was designed with an aggregate content of 60v%, split into 20v% RS (0/2 mm) and 40v% RG (2/8 mm), which was
held constant for all concrete mixes. Sieve analyses yielded d;, ~ 0.12mm, ds;, ~ 0.34mm, and dy, ~ 0.88 mm for RS, as well as
dyy ~ 2.8mm, dsy ~ 4.9mm, and dy; ~ 7.0 mm for RG. Limiting the maximum grain size to § mm enabled the use of smaller specimen
sizes. This subsequently reduced raw material consumption. While this came at the cost of potentially increased scatter, following
the size-effect law, it reduced time-intensive thermal activation and allowed for the testing of all material properties from a single
batch of concrete per mix. For each binder, two different water-binder ratios (w/b) were adopted: Series 1 used w/b = 0.5, without
taking artificial fines reactivity into account. Series 2 applied the equivalent concrete performance concept defined in EN 206:2021
and CEN/TR 16639:2014, where w/c.q = 0.5 replaces w/b (Eq. (1)).

Lr__w with a: SCM-content )
Ceq Ctk-a

The k-value addresses the performance of individual SCMs compared to Portland cement. For k = 1.0, the equivalent water-
cement ratio equals the water binder ratio, while an alteration of w/b compensates for the effect of Portland cement substitution
on concrete performance through SCMs. k-values for individual processed artificial fines were determined in a previous study on
compressive strength and subsequently applied in the present work [55]. For each SCM, the water-binder ratio was adjusted to
reach the target w/ceq = 0.5.

Similarly, two reference series without CEM I substitution were defined with w/b = w/ceq = 0.6 (“~1”) and w/b = w/ceq = 0.5
(“~2”). Mixes of CEM I-1 and CEM I-2 were produced twice to enable double determinations of select material properties. For the
assessment of activated artificial fines as SCM, a substitution rate of 30wt% of CEM I was selected. Additionally, CEM-600 and
RS50-600 were also used to replace 10 wt% and 50 wt% of CEM I. The mix design for the reference series CEM I-2 is listed in Table
2. Table A.5 in the appendix gives an overview of the different series.

During concrete mixing, workability was adjusted through the addition of superplasticizer. Target consistency was a spread of
17cm — 19cm determined by the flow table test in EN 1015-3:2007. After being placed in steel molds, samples were kept humid
at 20 °C until demolding at 1d. Afterwards, specimens were cured depending on the conditioning plan for each concrete property.
Unless otherwise stated, all procedures were performed at 20 °C. The subsequent experimental analyses required compromises to
enable the determination of various concrete performance indicators from a single batch. The selection of specimen sizes followed
the requirement in EN 12390-1:2011 of a minimum size of 28 mm for a maximum aggregate diameter of 8 mm. Fig. A.14 gives an
overview of the experimental setups for concrete testing.
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Strength development. Strength testing followed the provisions in European standard EN 196-1:2016 and used six prisms ((40 x 40 x
160) mm?), which were cured underwater. Despite being a test procedure for cement mortar, this choice enabled the determination
of two strength parameters on a single specimen. Flexural tests were performed on three prisms at concrete ages of 2d and 28d.
Compressive tests used three prism halves immediately after flexural tests. The remaining halves were tested at 56d and 98d.

Dynamic modulus of elasticity. For the determination of the dynamic modulus of elasticity, three prisms ((40 x 40 x 160) mm?) were
moist cured at 100 % r. h. until the age of 7d and subsequently stored at 65 % r. h. until the determination of the dynamic moduli
through ultrasonic pulse measurements at the concrete age of 28d.

The dynamic modulus of elasticity E, was derived from ultrasonic pulse velocity v,, specimen density p,, and Poisson’s ratio
v using Eq. (2). Afterwards, flexural and compressive strength were determined on the same prisms following the provisions in
EN 196-1:2016.

EﬁUﬁ'ﬂfW ®)
Shrinkage. Three prisms ((40 x 40 x 160) mm?) for shrinkage were produced with cast-in pins and stored alongside specimens for
dynamic modulus measurements. Deformation and mass loss were determined at a concrete age of 1d, 7d (1), 14d, 21d, 35d, 63d,
and 98d, followed by strength tests after the last deformation testing according to EN 196-1:2016.

Shrinkage deformations ¢,, were obtained from normalizing the measured absolute length change to the specimen length after
demolding.

Chloride diffusion. From each concrete mix, one cylinder (d = 100mm, 2 = 280 mm) was produced and stored underwater after
demolding. Water curing was interrupted for cutting the cylinder into 5 slices (2 ~ 45mm) and covering the lateral surfaces of
all 5 specimens and one flat surface of three specimens with epoxy resin. At the age of 28d, these three specimens were taken
from the water bath and submerged in a saturated Ca(OH),-solution for 24h before being placed in a 16.5 wt%-NaCl-solution
for 35d. While this conditioning follows European standard EN 12390-11:2015, a simplified representative chloride penetration
depth was determined using silver nitrate as an indicator on cracked specimens, similar to the rapid chloride migration test in
EN 12390-18:2021. The average penetration depth d. was obtained as the average of nine data points from each cracked surface
per specimen.

Capillary absorption. Capillary absorption tests were performed on the two remaining cylindrical specimens, with only the lateral
surfaces coated in epoxy resin. After water curing until the age of 28 d, the specimens were stored at 65 % r.h. for at least 6 months,
until they reached a constant mass. To determine the capillary absorption coefficient W A,,,,, the mass change of each specimen
after partial submersion of the bottom 5 mm for 24 h was measured and normalized to the surface area.

Carbonation. The determination of the accelerated carbonation coefficient K, followed the procedure in EN 12390-12:2020. Three
prisms ((40x40x160) mm?) were stored underwater until the age of 28 d with a subsequent dry storage at 65 % r.h. for 14 d. Afterwards,
specimens were exposed to 3v% CO, at 57% r.h. for another 70d, with intermediate testing ages after 7d and 28d exposure. For
each determination, a fresh surface from each prism was produced by splitting. After applying a phenolphthalein indicator, the
mean carbonation depth 4, , was determined from three measuring points per edge per specimen. K, was then calculated as the
slope of a straight line fitted to the mean carbonation depth over the square root of the duration of the exposure ¢, using the least
squares method on Eq. (3).

dp =Ky Vi 3

Freeze-thaw-cycles. Freeze-thaw tests were based on the cube test in the technical specification CEN/TS 12390-9:2017. Two cubes
(100 mm) from mixtures with w/c,, = 0.5 were stored underwater until the age of 7d with a subsequent dry storage at 65 % r.h.
for 21d. Afterwards, both specimens were submerged in a container filled with demineralized water and placed in the freeze-
thaw chamber. The first freeze-thaw cycle started after another 24h, where specimens were left to absorb water. Freezing to
—15°C followed the ramp defined in CEN/TS 12390-9:2017, and for thawing, the chamber was filled with warm water. When the
temperature in the specimen container had reached 20 °C, fragments were brushed off and the mass of all fragments was determined
through oven-drying. Measurements were taken after 7, 14, and 28 freeze-thaw cycles (FTC), with some test extensions to 56 FTC.

Porosity. For the quantification of porosity through mercury-intrusion, concretes were mirrored through additional paste specimens
with the same ratio of CEM I to SCM to water, but without aggregates. Immediately after mixing, samples were left in sealed flasks
until demolding and crushing to a particle size of 2mm — 4 mm at the age of 28 d. Following a solvent exchange through isopropyl,
samples were dried at 60 °C before testing.

3. Results and discussion
3.1. Characterization of binders
The physical and chemical characterization of CEM I and the processed artificial fines highlights differences between both groups,

as well as between artificial fines of different compositions and activation temperatures (see Tables 3 and 4). For reference, Figs.
A.15 and A.16 illustrate the mineralogical composition of the raw materials.
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Table 3

Results of the physical analysis of CEM I and activated artificial fines. p,: Particle
density (pycnometer), Sy, Specific surface area (BET-Method), pg,: Pore volume
(desorption, BJH-Method) d, ds,, doy: Particle size at 10v%, 50 v%, and 90 v% cumula-
tively passing (laser diffraction)

Pp Sper Pein dyg dsg dog

kg/dm? m?/g cm? /kg pm pm pm
CEM I 3.13 1.39 7.08 1.7 12.1 32.9
CEM-100 2.35 18.42 102.15 2.0 14.8 51.8
CEM-400 2.45 14.08 90.98 2.1 16.2 60.8
CEM-600 2.69 14.55 94.56 1.8 14.0 51.1
FA0-600 2.72 11.09 66.35 2.3 23.6 76.7
50-600 2.77 10.48 63.88 2.1 21.5 76.0
RS75-600 2.77 7.53 47.16 1.7 13.5 51.5
RS50-100 2.54 6.51 36.56 1.9 15.3 50.8
RS50-400 2.59 5.45 33.72 1.9 14.7 49.3
RS50-600 2.59 5.41 33.08 1.9 14.5 49.7
LS50-600 2.73 6.13 35.74 1.6 12.6 74.7
GW50-600 2.72 7.98 42.08 1.7 12.4 51.5

Table 4

Results of the wet-chemical analysis of CEM I and activated artificial fines. Carbon (C),
total and reactive (r-)CaO, and total and reactive (r-)SiO,, all according to EN 196-
2:2013, and free f-CaO according to EN 451-1:2017.

C CaO f-CaO r-CaO SiO, r-Sio,

wt% wt% wt% wt% wt% wt%
CEM I 0.5 61.7 0.8 57.7 20.4 19.5
CEM-100 1.0 51.4 12.8 45.4 16.9 16.2
CEM-400 1.2 54.0 11.7 46.9 18.0 17.2
CEM-600 1.3 58.1 7.1 50.7 19.2 18.6
FA0-600 0.9 43.0 0.1 38.0 29.0 26.4
S0-600 0.8 50.1 0.8 45.3 28.0 24.1
RS75-600 1.0 40.8 1.8 35.9 39.6 18.1
RS50-100 1.0 21.1 3.5 17.3 53.3 7.8
RS50-400 1.1 21.8 2.9 17.7 59.1 12.5
RS50-600 1.1 22.0 0.0 18.0 60.1 14.1
LS50-600 7.6 49.4 0.1 13.4 12.0 9.2
GW50-600 0.6 18.2 0.1 16.8 56.1 229

Particle density p,, specific surface area Sppr, and pore volume pp, j; are interdependent: A high density coincides with a low
porosity and low specific surface area, exemplified through CEM I. Dried, hydrated cement paste, CEM-100, on the other hand,
exhibits the lowest density and highest porosity and specific surface area among the artificial fines. The thermal activation has a
densifying effect on the microstructure (compare [18]). Similarly, the effect of hydration products from slag or fly ash yields a
denser paste (compare [53,54]). The presence of aggregates results in a reduced paste volume and subsequently increased particle
density and reduced specific surface area and porosity (Table 3).

The chemical composition of the processed artificial fines is defined through the composition of the raw materials (see Table
A.6). Yet, the wet-chemical analysis allows for a more detailed analysis. For CEM I, the total amount of CaO and SiO, matches the
results from WDXRF. Table 4 shows that most of these are in a reactive form. When CEM I chemically binds water, the resulting
artificial fines CEM-100 have a relatively lower amount of both CaO and SiO,. During hydration, cement clinker forms calcium
hydroxide, which is subsumed in free CaO, and other hydrates, whose calcium content comprises reactive CaO. Due to the loss of
chemically bound water during thermal activation, (reactive) CaO and (reactive) SiO, increase for CEM-400 and CEM-600. Free CaO
decreases, which exists as Ca(OH), in CEM-100 and converts to CaO with increasing temperature. However, the offset indicates the
formation of additional phases.

Compared to CEM-600, S0-600, and FA0-600, where CEM I was partially replaced by slag or fly ash during artificial fines
production, exhibit a significantly higher amount of (reactive) SiO,, in favor of a reduced amount of reactive and free CaO.

Artificial fines containing quartzitic river sand (RS) as aggregates (RS50 and RS75) have a reduced amount of reactive CaO
and SiO, compared to CEM. However, the present results suggest an interaction between free CaO and (inert) SiO, during thermal
activation. Free CaO in RS50-100 is completely consumed, while the amount of reactive SiO, almost doubles. RS75-600 shows
similar results, which cannot solely be explained when considering these artificial fines as a blend of CEM and inert river sand.
The analysis of artificial fines LS50-600 and GW50-600. LS50-600 with calcitic aggregates comprises a low amount of reactive
components. GW50-600, on the other hand, contains greywacke with amorphous SiO,, which increases the amount of reactive SiO,
in the activated artificial fines.
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Fig. 1. Temporal compressive strength development of select concrete mixtures with artificial fines “CEM” and “RS50” processed at different
temperatures and at different substitution rates. Markers and error bars represent mean values and standard deviations from three prism halves.
Lines indicate optimized fit curves for strength development according to Eq. (4).

The results in Table 4 also show that all artificial fines contain carbon (C), which can only partially be explained by the raw
material composition. This suggests that despite careful handling of artificial fines, natural carbonation, i.e., during milling, could
not completely be avoided. The amount of organic carbon (TOC) was 0.0 wt% for all materials.

3.2. Compressive strength development

Fig. 1 illustrates selected results for concrete mixes containing processed artificial fines “CEM” and “RS50”, and data processing
of compressive strength tests.

For all concrete mixes, compressive strength results from series 2 are close to each other. Independent of concrete age at
testing, concrete containing CEM-100 or RS50-100 exhibits similar compressive strength for each series individually. At all ages,
compressive strength for series 2, where the water-binder ratio was reduced based on individual k-values, exceeds results from
series 1. Compressive strength of series 1 for both types of artificial fines increases with higher processing temperature, more
so for CEM than for RS50, where CEM-600 (with k = 1.0) reaches the same strength for both series. This also underlines the
overall good reproducibility of the results. Increasing the substitution rate from 30wt% to 50 wt% results in decreasing concrete
strength, with RS50-600-50-1 exhibiting the lowest overall compressive strength of all investigated concrete mixes. Yet, the results
for RS50-600-50-2 show that this compressive strength reduction can be compensated for by lowering the water-binder ratio.

The temporal compressive strength development can be further analyzed through two different approaches. Eq. (4) appropriates
the model for compressive strength development in fib Model Code 2020 [57] for 7,,, = 28d. The equation was fitted to the
experimental data by the least-squares method for each concrete mix. The fit yielded a stabilized reference strength f,,, ., and
a strength development parameter s,. Fig. 1 contains fit results for Eq. (4) for each individual mix. Alternatively, r (Eq. (5)) directly
uses the ratio of compressive strength at 2d and 28 d. However, while r can be more easily determined, this parameter is more
sensitive to scatter.

0.5
fe®) = femper - €XP {sc . [1 - (%) ] } with 7,,, =28d 4

Sena
e

Se28d

(5)
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Fig. 2. Temporal compressive strength development of concrete containing processed artificial fines as SCM. Marker shapes indicate different
artificial fines, fill styles indicate substitution rates (f), and color indicates processing temperatures.

(a): Compressive strength after 2d over compressive strength after 28 d. Straight lines indicate strength ratio r (see Eq. (5))

(b): Parameters f,,,,., and s, as results from fitting Eq. (4) to experimental results after 2d, 28d, 56d and 98d.

Fig. 2 illustrates the results for both approaches. Increasing f, 534 comes with disproportionally increased f.,,. Regardless of
artificial fines composition (which affects compressive strength differently, as seen by the width of results for compressive strength
in general), r ranges from <0.4 for the lowest strength concrete to >0.6 for the highest strength concrete. Similarly, s. decreases
from >0.3 to <0.2.

This behavior is well known. The fib Model Code 2020 [57] proposes s, = 0.2 for concrete with CEM I 42.5 R and 35MPa <
fer < 60MPa, and s, = 0.3 for f., < 35MPa. Here, f., denotes the characteristic compressive strength measured on cylinders. For
comparison, the present analysis assumes prism compressive strength to exceed characteristic compressive strength by 18 MPa. This
simplified offset comprises the difference between characteristic and mean compressive strength (8 MPa) and between cylindrical
and cube compressive strength (10 MPa for 35 MPa < f,, < 60 MPa). Therefore, the present results for concrete with varying artificial
fines compositions and substitution rates, including the CEM I-reference, agree well with the provisions in fib Model Code 2020 [57]
for the present compressive strength range.

When assessing the influence of artificial fines composition, most materials exhibit a similar behavior, regardless of binder
composition or aggregate composition. Only RS75 and GW50 show a slower strength development, indicated through increased
s.. The latter can be explained by the pozzolanic nature of greywacke [51]. The behavior of RS75 remains inexplicable, as the
expected results would lie in the range of RS50 and CEM. The thermal activation of RS50 and CEM at 400°C or 600°C results
in slower strength development compared to 100 °C. The filler effect is present from the start and does not increase compressive
strength at a later age, while rehydration of dehydrated fines is faster than CEM I hydration, but still time-dependent. Consequently,
s, for concrete with processed artificial fines reduces with higher substitution rates.

Despite the good agreement of the experimental data and the empirically fitted empirical approach in Eq. (4), there are some
residual deviations. This is exemplified by both series RS50-600-50, where the 28 d-strength of the “—1”-mix exceeds the fitted
curve, while the results for the “—2”-series exhibit the contrary behavior. Therefore, for the subsequent assessment of shrinkage and
durability, where compressive strength was not directly measured, f.,, ., was used instead of f. 534 to reduce the potential impact
of scatter.

3.3. Dynamic modulus of elasticity

As the experimental determination of the static modulus of elasticity is a time-consuming process, which could not be integrated
into the extensive experimental program, the dynamic modulus of elasticity was measured as an inexpensive substitute. Since the
aggregate fraction and content, as well as curing conditions, were held constant for all series, the results derived from ultrasonic
pulse measurements allow for the qualitative assessment of the influence of the use of artificial fines as SCM [58,59].

Fig. 3 illustrates results for the dynamic modulus of elasticity and compressive strength at the age of 28 d measured on the same
concrete specimens.

Overall, the modulus of elasticity increases with increasing compressive strength, corroborating findings in [39] for varying
substitution rates. The results show only small deviations of concrete containing processed artificial fines as SCM from the trend
set by the CEM I-references. Only series with thermally activated paste (CEM, SO, and FAO) as well as GW50, which contains an
increased amount of reactive silica, exhibit a marginally smaller dynamic modulus of elasticity as compared to other series with
similar compressive strength. These findings agree with [38], where reduced ultrasonic pulse velocity was linked to higher particle
porosity of dehydrated paste and decreasing cement matrix stiffness.
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3.4. Flexural strength

The adoption of the test setup from EN 196-1:2016 allows for the determination of flexural and compressive strength on the same
concrete specimens and, therefore, the elimination of scatter through unintentional specimen production or handling differences.
Flexural strength measurements used wet-stored prisms at the ages of 2d and 28d, as well as dry-stored prisms at the ages of 28d
and 98d. Fig. 4 shows the results of flexural and compressive strength tests.

Strength tests at the ages of 2d and 28d yield a nonlinear relationship between flexural and compressive strength (compare [57,
60]). Deviations from this trend are small and independent of concrete composition. This is confirmed for specimens tested at the
ages of 28d and 98 d, however, with an increased scatter. In contrast to early testing ages, strength increase is small, as also illustrated
in Fig. 1.

3.5. Shrinkage

Concrete shrinkage comprises different components, with drying shrinkage induced through the loss of evaporable water being
its major component [57]. For normal strength concrete, basic shrinkage as a consequence of cement hydration is several magnitudes
smaller and therefore negligible [61]. In the present research, specimens were stored at 100 % r.h. until the age of 7d, to further
exclude an influence of basic shrinkage on measured deformations.

Fig. 5 illustrates the temporal development of shrinkage deformations ., up to a concrete age of 98 d. As the difference between
deformations at a concrete age of 1d and 7d is not uniform and also smaller than the standard deviation of three prisms, the
assumption to neglect basic shrinkage seems justified. Therefore, the shrinkage development ¢, starting at 7, = 7d corresponds to
the drying shrinkage.

The assessment of shrinkage deformations is generally impeded by a high scatter, especially in the present case of discontinuous
measurements. [57] gives a coefficient of variation of 30 % for its model, which was partially adopted here to broaden the analytical
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Fig. 5. Shrinkage deformation development for concrete mixes containing artificial fines “CEM” and “RS50”, processed at different temperatures
and with different substitution rates. Averages and standard deviations from three prisms as well as individual fit curves Eq. (6).

database. Here, drying shrinkage development consists of a drying shrinkage coefficient, a humidity coefficient, and a time function.
As humidity is an invariant in the present study, the model is facilitated to comprise the time function f,,(r —t,) and the shrinkage
coefficient €. ), which denotes the ultimate shrinkage deformation for r — 1, — oo (see Eq. (6)).

Ecds(t’ 1) = €50 ° ﬂds(t —1) (6)

f—1 0.5
Bust—1) = <—0'035 g —m) @

Eq. (6) condenses all material-dependent properties into ¢ 4, while the time function g,,(t — ¢,) is only affected by specimen
geometry, which was not altered in the present study (A = 20mm). Thus, €., obtained from fitting Eq. (6) to the experimental
data by means of the least-squares method allows for the assessment of cement substitution through processed artificial fines. As
exemplified in Fig. 5, most series show a good fit. Only concrete series with artificial fines “CEM-100" and “RS50-100”, which were
processed at 100 °C instead of activation at higher temperatures, exhibit a systematically slower shrinkage deformation development.
This results in a systematic underestimation of the absolute shrinkage deformations for these series by Eq. (6).

This also shows in Fig. 6, where ¢, is illustrated over the reference strength f,,, ., and the dynamic modulus of elasticity
E,. Compared to the two reference series without CEM I-substitution, shrinkage increases with the inclusion of thermally activated
artificial fines, which is in line with findings in [38,40]. This effect is especially pronounced for paste fines (CEM, SO, FAO) and
for GW50 with its high content of reactive silica. In other artificial fines, ground inert aggregates may serve as micro-aggregates,
which impede shrinkage deformations due to their high stiffness. The comparison of ¢, and E, instead of f,,, ., substantiates this
hypothesis.

3.6. Porosity

While mercury intrusion porosimetry measurements were conducted on separately produced paste specimens rather than
concrete, the results still allow for assessing the impact of porosity on compressive strength.

Results for the reference series CEM I-1 and CEM I-2 confirm the reduction of total porosity alongside increasing compressive
strength due to a reduction of the water-cement ratio (see Fig. 7(a)).
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Fig. 7. Compressive strength dependency of different concrete durability parameters: Total porosity on paste specimens (a), capillary water
absorption (b), chloride penetration depth (c), and accelerated carbonation coefficient (d). Marker shapes indicate artificial fines type and
substitution rate, and marker colors indicate artificial fines activation temperature for different water-binder ratios.

However, except for the two series, where only 10 wt% of CEM I was replaced, all other series exhibit reduced paste porosity in
concrete of similar strength, with the offset appearing to be independent of fines composition and activation temperature. While
total porosity comprises all measured pores greater than 2 pm, the illustration of pore radius (r,) distributions in Fig. 8 reveals the
effect of CEM I-substitution beyond the increase in the effective water-cement ratio.

The higher water content in CEM I-1 compared to CEM I-2 leads to a significantly increased amount of pores with 100 nm <
r, < 1000nm and r, < 20nm. When partially replacing CEM I through activated concrete fines, the total water-binder ratio remains
constant, but the paste microstructure changes for the reduction in cement hydration products and the increase in small inert
particles. Subsequently, the porosity of the remaining hydration products is only marginally altered. For artificial fines containing
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Fig. 8. Differential pore radius distribution (logarithmic) for reference series CEM I-1 and CEM I-2 as well as thermally activated artificial fines
from pure paste (a), and artificial fines with different aggregate composition (b).

ground aggregates, this mostly affects pores with r, < 25nm. Paste fines, which yield the highest concrete strength as SCM, have
a similar decreasing effect on pores with r, < 25nm, but at a higher magnitude. Conversely, porosity with 40nm < r, < 200nm
increases in comparison with artificial fines containing aggregates. This can be attributed to the reduction in w/b in the paste
surrounding artificial fines particles due to the absorption, and consumption, of mixing water. This counteracts the higher internal

porosity of these particles [25].
3.7. Capillary absorption

The effect of CEM I substitution through thermally activated artificial fines does not go beyond the reduction in compressive
strength (Fig. 7(b)). When the reduction of strength is compensated for through reduced water-binder ratios, the water absorption
coefficient W A,,, also reduces, despite the increased total porosity. However, for low-strength concrete, water absorption is
increased compared to the reference CEM I-1.

Capillary absorption interrelates with porosity, and no binding mechanisms can be expected. Fig. 9 illustrates the relationship
between pore volume and capillary water absorption. Pore volume can be calculated directly from mercury intrusion measurements.
As there is no consensus on a threshold for capillary activity, the definition in [37] was adopted, where harmful pores have
a minimum radius (rp) of 25nm. Pores with a radius between 10nm and 25nm are considered “less harmful”. Capillary suction
decreases with increasing pore radius [62]. Therefore, an upper threshold of 1000 nm was chosen. Results in Fig. 8 exhibit nearly
identical results for r, > 1000nm. The results in Fig. 9 show that for a lower pore radius of 25nm, water absorption of concrete
mixes containing the artificial fines “CEM”, “FA0”, or “S0”, which consist of pure cement paste with different binder compositions,
agrees with interpolated results for the reference mixes CEM I-1 and -2. For the same pore volume, fines containing aggregates
(RS75, RS50, and LS50) exhibit increased water absorption. Inert particles are surrounded by an interfacial transition zone (ITZ)
with increased porosity, and for high concentrations of the particles, these ITZs may form a continuous network, which affects
transport mechanisms beyond global porosity [62]. This hypothesis also explains the deviating behavior of RS50-600-50-1, which
is the concrete mix with the highest amount of inert particles.

One notable exception is GW50, where aggregates are partly reactive and therefore might exhibit densified ITZs, resulting in
reduced water absorption. Substantiating this hypothesis, however, requires elaborate microscopical analyses, like SEM, which were
not part of the present experimental setup.

When including less harmful pores (10nm < r, < 25nm) in the analysis (Fig. 9 b), the relationship between capillary absorption
and pore volume is still observable, but disagrees with the reference mix CEM I-1. Therefore, the following analyses use a pore size
of r, > 25nm.

3.8. Chloride diffusion

Overall, regardless of compressive strength, chloride penetration depths d, are increased, compared to the reference series
without CEM I substitution. While the results for the artificial fines “CEM”, consisting of pure CEM I-paste, are similar to the
repetition of the reference series, which agrees with [43], results for other types of artificial fines exhibit an increased chloride
penetration depth. Fig. 7(c) highlights individual magnitudes of this effect in connection with fines composition and processing.

Chloride diffusion is affected by interacting concrete properties, such as the w/b ratio, the degree of hydration, and pore
structure [63]. Furthermore, chlorides may be chemically bound by cement hydration products, with aluminous compounds
providing the highest binding capacity [62,64]. Fig. 10 illustrates individual mechanisms. In Fig. 10 a, chloride penetration depths
of concrete with constant w/b (“—1”) are plotted over paste pore volume. The results show a weak, but noticeable correlation
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between both parameters (compare [31,48,65]). In [31], the authors report an impact of open porosity between processed fines and
OPC-paste, similar to capillary absorption, which further explains the present results.

Similar to capillary absorption, this trend is affected by artificial fines composition, where paste fines (“CEM”, “FA0”, “S0”)
exhibit lower penetration depths at similar porosity. Fig. 10 b illustrates the chloride penetration depth of concrete of the same
target strength ("-2) over the total amount of Al,Oj5 in artificial fines, obtained from WDXRF-measurements (Table A.6). While fines
processed at 600 °C exhibit similar penetration depths, regardless of fines composition, Fig. 10 b highlights the influence of the
processing temperature. Artificial fines “CEM” and “RS50” exhibit a reduced penetration depth after processing at 400 °C or 100°C,
which suggests microstructural changes in these fines. [25] reports that sulfo-aluminates, which are a major contributor to chloride
binding, carbonate easily. This agrees with findings in [47], where the chloride binding capacity increases when the activation
temperature exceeds 800 °C, at which carbonates are essentially disintegrated. Accordingly, the concrete mix “CEM-100-2" exhibits
the lowest chloride penetration depth of all mixes containing processed artificial fines. Here, essentially, CEM-100 substitutes CEM I
and water, so that the newly formed paste and CEM-100 have a similar composition.

Regardless, these findings should be regarded with caution, as the repetition accuracy of the results must be considered. Presently,
the double determination of CEM-600 yields a difference of Ad, = 1.3 mm despite being produced on the same day from the same
batches of raw materials. Even more, the repetition of CEM I-1 and CEM I-2 exhibits a difference of 4d, = 3.7mm. In contrast
to CEM-600, these series were produced with a temporal difference of three months. However, all results lie within the precision
estimates for repeatability (CEM-600) or reproducibility (CEM I), detailed in EN 12390-11:2015 and EN 12390-18:2018.

3.9. Carbonation

Similar to chloride diffusion, concrete carbonation is enhanced by the partial replacement of CEM I, but also shows the individual
impact of different fines composition and processing (see Fig. 7(d)).
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The partial substitution of CEM I through processed CEM only affects carbonation alongside compressive strength reduction.
Regardless of the processing temperature, K 4 follows the same relationship as the reference series CEM I-1 and CEM I-2. This
may be caused by the binding of CO, in Ca(OH),. CEM-100 is essentially hydrated CEM I and therefore contains the same amount
of Ca(OH),. During thermal activation, the hydration partially reverses, but upon rehydration, new Ca(OH), forms. On the other
hand, the amount of Ca(OH), is reduced by fines with a high content of reactive SiO,, which consumed the former for a pozzolanic
reaction. Fig. 11 b exemplifies this behavior for concrete mixes with similar strength (“—2”) by plotting the accelerated carbonation
coefficient K 4 over the difference between reactive SiO, and free CaO. Subsequently, this exemplifies that even after compensating
for compressive strength through adapting w/b, the fines composition impacts the carbonation behavior, which substantiates a
hypothesis in [31]. Paste pore volume exhibits an additional influence on carbonation, which is similar to that of compressive
strength. Fig. 11 a shows an increase of K, with higher pore volume. Here, concrete mixes without strength compensation (“—1")
containing CEM regardless of the processing temperature follow the trend line set up by the reference mixes with pure CEM I
Fines with a reduced CaO- or increased SiO,-content exhibit higher carbonation coefficients. These observations agree with results
reported in [43], where the substitution of CEM I through activated cement paste has no effect on carbonation for substitution rates
up to 30 wt%, whereas activated concrete fines containing inert particles increase carbonation depth. In comparison with chloride
penetration, carbonation is affected to a larger extent by porosity, which was found to be caused by the semi-dry conditioning,
whereas for chloride penetration, specimens are saturated [31].

3.10. Freeze-thaw-cycles

Due to the limited volume of the testing device, the effect of freeze-thaw-cycles on concrete containing processed artificial fines
could only be investigated for mixes with w/c,, ~ 0.5, so that the influence of diverging compressive strength can be ruled out from
the interpretation of the results.

Fig. 12 illustrates the development of the mass loss with increasing number of freeze-thaw-cycles (FCT). For both presented types
of artificial fines, “CEM-600" and ‘“RS50-600”, the substitution of 10wt% CEM I has no effect on the mass loss after 56 FTC. For
both SCMs, the substitution of 30 wt% CEM I increases the mass loss, while a higher substitution (50 wt%) has the adverse effect.
This trend follows the capillary water absorption coefficient W A,,,, which was only evaluated up to 28 FCT (see Fig. 13).

After 28 FTC, the mass loss of the reference CEM I-2 is surpassed by half of the concrete mixes containing processed artificial
fines. Generally, mass loss increases with higher water absorption, regardless of CEM I-substitution (compare [66]). As capillary
absorption was not measured for series “—2”, an influence of the latter cannot be derived from the data, but remains possible,
especially since superplasticisers are known to refine porosity, and CEM-600-50 and RS50-600-50 required the highest amounts for
a good workability (see Table A.5) [43].

4. Conclusion

For the design of durable concrete structures, compressive strength remains the most important material parameter, on
which design codes are based. However, when sustainability requires the substitution of Portland cement (CEM I) through
supplementary cementitious materials (SCMs), this may affect concrete compressive strength and other mechanical parameters as
well as durability in different magnitudes, so that the applicability of established building codes may be compromised. The present
study, therefore, used seven thermally activated artificial fines with different compositions, including binder type, aggregate content,
and composition, as SCMs. The assessment of mechanical properties, as well as durability, included the production of two different
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(series “—2”). Marker shapes indicate artificial fines type and substitution rate, and marker colors indicate artificial fines activation temperature
for different water-binder ratios.

concrete mixes for each SCM with different compressive strengths. This enabled the assessment of whether the substitution of CEM I
through activated artificial fines compromises concrete properties beyond compressive strength.

Concrete compressive strength generally reduces when CEM I is partially substituted with processed artificial concrete fines.
This can be compensated for by the reduction of the water-binder ratio following the k-value concept in EN 206:2021.
Concrete containing processed fines exhibits a fast compressive strength development, which is similar to or exceeds the
strength development of CEM I-concrete.

Flexural strength of concrete containing processed fines changes alongside compressive strength, and follows the same
relationship as CEM I-concrete.

The dynamic modulus of elasticity and shrinkage are affected by the amount of inert particles contained in activated fines. A
higher amount of inert particles reduces concrete deformations.

While the total porosity of concrete at similar strength reduces with CEM I-replacement, the substitution negatively affects the
resistance to chloride penetration and carbonation. This may have been caused by the reduced amount of cement hydration
products, which can chemically bind chlorides and CO,.

Capillary water absorption of concrete containing processed fines follows the same dependence on compressive strength as
CEM I-concrete. The freeze-thaw-resistance increases with higher water absorption.

In conclusion, the present results show that concrete with a CEM I substitution through up to 50 wt% thermally activated artificial
fines exhibits a good mechanical behavior. Therefore, existing building standards and their underlying empirical relationships
between compressive strength and other mechanical properties are applicable to estimate the long-term behavior of concrete
containing activated fines as SCM.

However, especially for the mostly negative influence of activated fines on concrete durability, additional research, e.g., through
SEM-EDS is required, where the effect of CEM I substitution on microstructure and the binding capacity of hydration products is
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Fig. A.14. Photographic illustration of the test setups. (a): split prisms with phenolphtailein, indicating carbonation depth. (b): cubes in freeze-
thaw container. (c): prism in ultrasonic pulse applicator. (d): split cylinders with silver nitrate, indicating chloride penetration. (e): shrinkage
strain gauge with calibration rod.

linked to corrosive processes. The results highlight that a more thorough understanding of these processes is necessary, similar to
more established SCMs, as presented in [67,68]. Ultimately, additional research needs to translate the present findings to recycled
concrete fines from industrial sources and include a broader dataset to statistically secure the findings.
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Table A.5

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: 526kg/m?, RG: 1024kg/m>.

. f k w/b w/e,, w c a SP
Series SCM B N -~ _ ke/m? Ke/m? ke/m? ke/m?
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
CEM-100-1 0.50 0.66 235 329 141 2.3
CEM-100-2 CEM-100 03 0.20 0.38 0.50 208 383 164 8.2
CEM-400-1 0.50 0.56 236 331 142 3.5
CEM-400-2 CEM-400 03 0.66 0.45 0.50 226 352 151 4.3
CEM-600-1 03 1.00 0.50 0.50 239 335 144 3.2
CEM-600-2 ' : 0.50 0.50 239 335 144 3.6
CEM-600-10-2 CEM-600 0.1 1.00 0.50 0.50 243 437 49 0.0
CEM-600-50-1 05 0.80 0.50 0.56 237 237 237 7.0
CEM-600-50-2 ' : 0.45 0.50 226 251 251 12.7
FA0-600-1 0.50 0.47 240 336 144 1.6
FA0-600-2 FA0-600 03 1.20 0.53 0.50 245 324 139 0.8
S0-600-1 0.50 0.47 240 337 144 1.7
S0-600-2 50-600 03 1.20 0.53 0.50 246 325 139 0.6
RS75-600-1 0.50 0.53 240 337 144 1.3
RS75-600-2 RS§75-600 03 0.84 0.47 0.49 234 349 150 2.1
RS50-100-1 0.50 0.65 238 333 143 0.0
RS50-100-2 RS50-100 0.3 0.25 0.39 0.50 213 383 164 4.0
RS50-400-1 0.50 0.60 238 334 143 1.2
RS50-400-2 R§50-400 03 0.46 0.41 0.49 219 374 160 4.7
RS50-600-1 03 0.50 0.50 0.59 238 334 143 1.2
RS50-600-2 ’ : 0.43 0.49 224 364 156 3.4
RS50-600-10-2 RS50-600 0.1 1.00 0.50 0.50 242 436 48 0.0
RS50-600-50-1 05 0.40 0.50 0.71 235 235 235 3.5
RS50-600-50-2 ’ : 0.35 0.50 199 285 285 10.0
LS50-600-1 0.50 0.59 240 336 144 1.2
LS50-600-2 1550600 0.3 0-51 0.43 0.50 225 367 157 3.4
GW50-600-1 0.50 0.53 240 336 144 1.2
GW50-600-2 GWS0-600 0.3 0.80 0.47 0.50 234 348 149 2.5

Table A.6

Chemical composition of the raw materials for concrete and artificial fines production through Wavelength Dispersive X-ray Fluorescence
Spectroscopy (WDXRF) (EN 196-2:2013). LOI: Loss on ignition.

Na,O MgO Al, 04 Si0, P,05 K,0 CaO TiO, MnO Fe,04 LOI

wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%
CEM I 0.1 1.9 4.6 19.8 0.2 0.8 60.7 0.2 0.2 3.2 2.4
S 0.2 5.6 11.0 35.7 0.1 0.7 41.6 1.0 0.6 1.3 -1.0
FA 0.4 1.3 29.7 48.1 0.3 1.3 3.1 3.4 0.1 9.2 1.8
RS 1.2 0.6 5.8 80.6 0.1 2.0 4.1 0.1 0.0 1.1 3.8
LS 0.0 3.0 2.3 7.7 0.1 0.8 44.3 0.1 0.0 0.9 38.5
GW 0.8 1.9 13.3 68.8 0.1 3.1 1.1 0.9 0.1 5.4 3.8
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