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ARTICLE INFO ABSTRACT

Keywords: Thermal activation of recycled concrete fines (RCFs) has gained traction as a promising method
Concrete for mineral waste recycling and the substitution of Portland cement, thereby reducing CO, emis-
Cement sions. However, as the composition of concrete fines varies, their performance as supplementary

Construction waste

Recycling

Thermal activation

Supplementary cementitious material

cementitious materials (SCMs) also changes. The present work compares 25 industrial concrete
fines from various sources and compositions concerning their thermal decomposition and their
influence on hydration heat and mortar compressive strength development. RCFs were processed
at 100 °C, 400 °C, and 600 °C, and tested for their hydration heat development and compressive
strength. Findings show that blended cements exhibit fast rehydration, which results in high
early strength. Compressive strength of mortar containing processed RCFs increases with
activation temperature. However, the mass loss from the disintegration of hydraulic hardened
cement paste phases is a more significant parameter for assessing the strength contribution.
Based on these findings, the study presents a new model for predicting compressive strength
alongside current provisions for established SCMs. While compressive strength contribution of
RCFs processed at 100 °C on average assumes about 10% of CEM I reactivity and may be
even negative, the same RCFs show an in increase to 41% for 600 °C, with some RCFs even
exceeding 60 %. This allows for the substitution of increasingly scarce fly ash, which exhibits
strength contribution around 40 %-50 %.

1. Introduction

The production of cement is one of the most significant contributors to climate change, accounting for 8% of global CO,-
emissions [1]. Emissions are attributed to two major sources: fossil fuels required for cement clinker processing temperatures up
to 1450 °C and the calcination of carbonates from clinker raw meal. While the former can be abated through alternative fuels, the
latter requires a switch to carbon-free calcitic feedstocks [2,3].

The hardening process of ordinary Portland cement (OPC, or CEM I according to EN 197-1:2011) based concrete relies on
the hydraulic reaction of cement clinker, which forms high amounts of calcium-silicate-hydrates (C-S-H) responsible for strength
development, and calcium hydroxide for high alkalinity from the hydration of alite (C3S) and belite (C,S), as well as hydration
products of aluminous and ferrous clinker phases [4,5].

For ecological reasons, clinker can be partially substituted through alternative binders, so-called supplementary cementitious
materials (SCMs), such as limestone powder, ground granulated blast-furnace slag (GGBS), amorphous silica, or fly ash [5-10]. These
exhibit a different, in general lower, reactivity (compared to OPC) [3,11-13]. This depends on their mineralogical and chemical
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Fig. 1. Strength activity indices (SAI) over processing temperatures for different concrete fines and substitution rates (/) from various exemplary
references.

LCF: fines from laboratory-made concrete, RCF: fines from concrete recycling plants.

Marker shapes: (): [73], A, v: [58], > [74], o: [49], x: [75], [: [76], <: [54], O: [77], +: [66], x: [71].

composition, where SCMs may react with hydration products from the OPC reaction, or are inert. Facing the high demand for
sustainable building materials, research focuses on identifying potential SCMs [7,14].

Among these, recycled concrete fines (RCFs) are particularly promising [15-19]. Their application is identified as closed
circularity, especially since the use as fine concrete aggregates is impeded through their high porosity and water absorption,
which results in weak concrete performance [20,21]. This is associated with the enrichment of hardened cement paste (HCP)
with decreasing particle size during mechanical processing of recycled concrete aggregates [22]. Alternatively, RCFs can be ground
and serve as SCMs, where they act as fillers and nuclei for the hydration of OPC [23-25]. However, material properties can be
enhanced by thermal activation. HCP dehydrates at elevated temperatures: Calcium silicate hydrates (C-S-H) start to decompose at
110 °C [26]. The upper limit of C-S-H decomposition lies between 300 °C and 500 °C [26-28]. Calcium hydroxide disintegrates
in a smaller range between 400 °C and 550 °C [26,27,29]. Aluminous hydration products are anhydrous at temperatures higher
than 400 °C [27,30-34]. Favored by the lower processing temperatures compared to clinker production, this process can be
almost emission-free, as long as fossil fuels are avoided in favor of renewable energy [35-39]. Only when processing temperature
exceeds 650 °C, carbonates start to disintegrate with the subsequent emission of CO,. Dehydrated cement paste (DCP) is a
reactive SCM: dehydrated C-S-H forms different variations of «'C,S with C/S-ratio between 1.73 and 1.90 [4,40-47]. C-S-H from
the rehydration of o’C,S mainly forms within the porous structure of DCP-particles, resulting in a loose microstructure with
weak interparticle connectivity [46,48,49]. However, when used as a partial Portland cement substitute, the water uptake and
consumption in the DCP-pores reduce the water available for clinker hydration, which subsequently enhances the strength of the
surrounding matrix [27,50-52]. The rehydration of «’'C,S exhibits a high velocity, more so when free lime from disintegrated
calcium hydroxide or calcium carbonates is present in the DCP. This results in an accelerated hydration with high initial hydration
heat release and high early strength development [27,28,40,43,46,50,52,53]. DCP can replace up to 40wt% of OPC with no
significant negative impact on compressive strength [45,52,54-60]. Optimum processing temperatures mostly lie within the range
of 350 °C-800 °C [43,49,56,60-69]. Higher temperatures induce the reformation of a’C,S to less reactive phases [43,46,51,68].

However, besides HCP, RCFs consist of fine natural aggregates, which are mostly inert after processing below calcination
temperature (> 650 °C, depending on mineral composition) [70,71]. Inert aggregates in dehydrated concrete fines mostly exhibit no
strength contribution aside from the nucleation and filler effect [49]. However, natural aggregates may contain amorphous siliceous
or other pozzolanic phases [72]. Aside from different aggregate compositions and matrix porosity, RCFs vary in terms of the chemical
composition of the original cement and SCMs used for the production of the source concrete.

For the assessment of the strength contribution of SCMs, the strength activity index (SAI) provides a single-point direct
quantification method. SAI, is defined through Eq. (1) as the relative compressive strength f,. of a reference mortar (or concrete)
with OPC and a SCM-mortar with partial OPC substitution at a given age ¢. Requirements for mix composition and .S AI-thresholds
depend on individual SCM standards: European standard EN 15167-1:2006 requires SAI;4 > 0.45 and SAI,gy > 0.70 for standard
mortar containing 50 wt% GGBS, and EN 450-1:2012 defines thresholds of SAI,g4 > 0.75 and SAly,4 > 0.85 for a substitution rate
of 25 wt% through fly ash.

SAI = Jescms )
f cref.t

SAlyg, for thermally activated concrete fines mostly lie within a range, which fulfills the aforementioned requirements for
fly ash. However, the literature data presented in Fig. 1 also shows a great variation between results from different publications,
where, besides concrete fines composition, different processing and testing approaches may negatively affect the comparability of
these results.
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Table 1
Overview of the investigated parameter combinations and processing temperatures for different precursors. RCF:
Recycled concrete fines, RCA: Recycled concrete aggregates, FCR: Fresh concrete recycling, F: Filter cake.

Marker Precursor Variants 100 °C 400 °C 600 °C
0/0.125 s X X
0/0.25 s X
O RCF 0/2 mm Al- 0/0.25 X X
0/0.5 X X
0/1 X X
0/2 X X
0/0.25 X
3 RCF 0/2 mm A2- 0/2 %
0/0.25 X X X
0/0.5 X X
A RCF 0/2 mm B1- o/1 < <
0/2 X X X
0/0.25 X X
v RCA 0/45 mm B2- 0/2 < <
0/0.25 X X
> RCA 0/45 mm C- 0/2 % %
0/0.25 X X
o RCA 0/16 mm D- 0/2 % % %
FCR F F X X X
0/0.25 X X
X RCF 0/2 mm E- 0/2 % %
0/0.25 X X

F F-

+ RC 0/3 mm 0/2 < y 9
Q RCF F G- F X X X
() FCR F H- F X X

Ultimately, for these variations, the present data is insufficient for providing a means for predicting compressive strength of
mortar or concrete containing thermally processed RCFs. Besides the impact of different experimental procedures, the influence of
varying RCF composition itself has rarely been investigated in the literature, where most studies focus on evaluating a single RCF.
For the industrial application of thermally processed RCFs as SCMs, knowledge about fluctuating material properties is paramount. A
direct comparison of the strength contribution of RCFs from different sources, and subsequently, a model for predicting compressive
strength based on RCF properties, is lacking. Therefore, the present study investigates the influence of thermally activated RCFs of
different compositions on compressive strength with the ultimate objective of providing a comprehensive model for predicting
compressive strength of mortar or concrete containing therally processed RCFs as SCM.

2. Experimental program

The experimental program comprises two distinct goals: The first step is to analyze parameters of the thermal activation, followed
by the evaluation of thermally activated concrete fines as supplementary cementitious materials (SCM) in comparison to ground
granulated blast-furnace slag, black coal fly ash, and limestone powder as established concrete binders.

2.1. Materials

The experimental assessment uses and compares eleven different batches of waste concrete from eight different processing plants
(labeled A — H). From two plants (A and B), two batches produced several months apart were procured. For batches of recycled
concrete aggregates (RCA), where the maximum particle size exceeded 2 mm, larger particles were removed through dry-sieving
before any further handling. In addition to the variant “0/2” [mm] from each recycled concrete fines (RCF) batch, an additional
variant “0/0.25” [mm] was produced through a second dry-sieving step. From two batches, additional variants with different particle
sizes were obtained in a similar procedure. Three batches had a different preprocessing: Batch G-F originated from a mineral waste
processing plant, which used a wet-separation, where concrete fines smaller than 100 pm, rather than the typical 2 mm from the other
batches, can be obtained as residue filter-cake (F). In contrast, D-F and H-F denote filter cakes from two fresh-concrete recycling
(FCR) plants. Following the subsequent thermal activation, concrete fines were ground to a maximum particle size of 125 um, except
for the variants A1-0/0.125s and A1-0.25s, which were left without grinding after thermal processing (“s”). Activation temperature
was 400 °C or 600 °C, as hereinafter indicated through suffices “—400” and “-600”. Additionally, concrete fines were dried at
105 °C and ground (suffix “~100"). Table 1 gives an overview of the, in total, 25 different concrete fines variations and 53 processed
concrete fines combinations.
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Besides concrete fines, the experimental analyses used OPC (CEM I 42.5 R, “CEM I”) as base binder and ground granulated
blast-furnace slag (““S™), fly ash (“FA”), as well as limestone powder (“L”) as established SCMs for reference. Additionally, siliceous
river sand (0/2 mm, “RS”) served as fine aggregates.

CEM I was also used to produce an artificial hardened cement paste (“CEM”) with a water-cement ratio of w/c = 0.5, which was
used for the evaluation of thermal activation processing parameters. CEM was kept moist for 9 months, before drying at 105 °C and
subsequent grinding (“CEM-100").

2.2. Experimental procedures

Initially, all materials, including thermally activated fines, were characterized for their chemical composition as well as their
density and particle size distribution. Concrete fines were also investigated through thermogravimetric analyses before and after
activation, using sample sizes of 160 mg and a heating rate of 10 K/min.

The evaluation of thermal activation processing parameters followed a three-step approach. First, the base material CEM-100
was examined for its thermal behavior in the same thermogravimetric test setup, but with varying heating rates (1 K/min, 5 K/min
and 10K /min) and sample sizes of 5g. The test at 10 K/min was repeated in a different setup with a sample size of 60 mg, which
included a mass spectrometer for measuring ion currents (IC) of H,O and CO,. The second step exploited the versatility of the
thermogravimetric setup for processing CEM-100 at varying temperatures, heating and (passive) cooling rates, as well as holding
times. Finally, the influence of varying sample sizes and holding times was analyzed with the ultimate goal of defining the thermal
processing regimen for the subsequent RCF activation.

CEM I, reference SCMs, and select activated concrete fines were used for isothermal hydration heat measurements at 20 °C with
internal mixing, which allowed the determination of the initial heat release. Following preliminary tests on mixing efficiency and
homogeneity, the water-binder ratio was set to w/b = 0.6 for all materials. SCMs were investigated in combination with CEM I and
a substitution rate of f = 0.3. For all mixes, a double determination was carried out, except for the base mix with pure CEM I, which
consisted of eight single measurements.

Strength development tests used a mortar with 50v% quartzitic river sand (0 mm-2mm) as aggregates. For the assessment of
SCM influence, from all SCMs two mixes with w/b = 0.4 and w/b = 0.5 at f = 0.3 were produced, with selected SCMs adding
w/b=0.5at f =0.1, and f = 0.5. Fourteen base mixes with pure CEM I used w/b = 0.40-0.65, which were produced in three series
repeated over the experimental program. In case of stiff mortars, superplasticiser was added to ensure comparable workability. After
mixing, mortar was placed in steel molds, which were moist-cured for 1d, and, following demolding, stored under water at 20 °C.
Strength testing used three prisms ((20 x 20 x 80) mm?) at 2d and 28 d. Since thermal activation and grinding of concrete fines was a
resource-intensive process, this smaller specimen size was chosen, compared to standard mortar bars ((40 x40 x 160) mm?), to reduce
the amount of binder required for each mix. First, flexural strength f, was determined with a span of 50mm at a loading rate of
f =10N/s. Compressive strength (f,) testing used six prism halves at a loading rate of f, = 600N/s.

Fig. A.14 in the appendix section gives a graphical illustration of the experimental procedures.

3. Results and discussion
3.1. Thermal activation parameters

The temperature-dependent mass loss (Am) of CEM-100 in Fig. 2 shows the aforementioned segments, although all measurements
produce unique results. With decreasing heating rate, decomposition processes occur at lower temperatures, resulting in increased
mass losses at the same temperatures. In particular, the decomposition of calcium hydroxide shows a strong influence of the heating
rate, with an offset of more than 50 K. This offset is interrelated with sample size, as with larger sizes, thermal conduction impedes
a uniform temperature within the sample. Accordingly, Am in the thermogravimetric measurement coupled with mass spectroscopy,
which used a sample size of 60 mg and a heating rate of 10 K/min, is closest to Am at 1 K/min and 5 g. Similar observations are made
for the decomposition of carbonates, which starts at 550 °C and peaks at 720 °C, but is offset to higher temperatures for larger
sample sizes.

Conversely, Fig. 2 allows for the determination of processing temperatures that are less susceptible to heating rate and/or sample
size, thus enabling better reproducibility and comparability across different thermal processing setups. Subsequently, a processing
temperature of 600 °C was chosen for the following analyses. Additionally, at 600 °C mass spectroscopy shows an almost complete
loss of H,0, while CO, emissions are still low.

In addition to the processing temperature of 600 °C, two other processing temperatures were identified from Fig. 2. At a
temperature of 400 °C, apart from the decomposition of calcium hydroxide, the majority of the dehydration is complete. At a
temperature of 800 °C, a high proportion of the carbonates in the cement paste is also decomposed. In combination with 600 °C,
400 °C, and 800 °C allow for evaluating the influence of calcium hydroxide and carbonates decomposition.

To investigate this preselection of processing temperatures in more detail, samples of CEM-100, each weighing 5 g, were activated
in the same thermogravimetric setup. In particular, the different holding times, heating, and cooling rates allowed the influence of
system inertia and thus control accuracy to be addressed. The core parameter combination was 5-600-0-10, which is an abbreviation
for a heating rate of 5K/min, target temperature of 600 °C, holding time of Oh, and an initial cooling rate of 10 K/min. Parameter
variations combine heating rates of 1K/min, 5K/min and 10K/min, holding times of Oh and 2h and initial cooling rates of
5K /min, 10 K/min and 20 K/min. The latter could not be actively controlled, but denotes the maximum rates during passive cooling.
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Fig. 2. Temperature-dependent mass loss of CEM-100. a: influence of different heating rates (sample size 5g), b: additional ion current
measurements at a heating rate of 10K /min (sample size 60 mg).
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Fig. 3. Thermogravimetric analysis of CEM-100 activated at different processing parameters.

Additionally, for processing temperatures of 400 °C and 800 °C, the influence of different holding times (0h and 2h) was evaluated
at a heating rate of 5K /min and a cooling rate of 10 K/min.

From these samples, subsamples were taken and initially characterized in a repeated thermogravimetric investigation. For this
purpose, sample masses of 160 mg were examined at a heating rate of 10K/min. Fig. 3 shows the resulting mass losses as a function
of temperature up to 1100 °C.

In an ideal thermal preparation, it would be expected that the curve progressions remain constant until the preparation
temperature is reached again and only then show a mass loss with increasing temperature. Fig. 3 shows that this is not the case
for any of the samples prepared at 600 °C — all samples show varying degrees of mass loss. However, no systematic influence of
the processing parameters can be identified. An increased mass loss occurs at approximately 400 °C, while the decomposition of
calcium hydroxide is complete in all cases at around 500 °C. This shift in the decomposition temperature suggests that the observed
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mass losses are due to compounds formed after thermal processing (compare [43,78,79]). A probable reason is that the hot samples
cannot be immediately removed from the test device after processing. At the same time, the results underscore the importance of
rapid further processing of the samples.

The processing temperatures of 400 °C and 800 °C were only considered concerning different holding times. Here, it is shown
that processing at 800 °C, in contrast to processing at 600 °C, results in very low mass losses for both parameter combinations
during the repeated thermogravimetric measurements. Both samples prepared at 400 °C also show only a slight mass loss up to the
previous preparation temperature. However, a plausible influence of the treatment duration is evident: A temperature of 400 °C
is not sufficient to decompose calcium hydroxide. However, an extension of the processing duration can have a similar effect as a
reduction of the heating rate (see Fig. 2), so that a small amount of calcium hydroxide is decomposed after a duration of 2 h. Similar,
albeit less pronounced, observations can be made for the samples processed at 800 °C.

In the third step of the analysis of processing parameters, CEM-100 was activated in different crucibles for either 3h or 6h in
a static high-temperature furnace. The target temperature was 600 °C, with a heating rate of 5K/min. Finally, the results from
the static furnace were compared to the activation in a rotary furnace. In contrast to processing in crucibles, a rotary furnace
continuously agitates the sample, resulting in a homogeneous temperature distribution. Holding time was therefore reduced to Oh
and 1h. Immediately after the preset test duration ended, the static furnace opened automatically, and the samples were cooled in
their covered crucibles at a laboratory climate before storage in desiccators. The samples in the rotary furnace were cooled in their
containers at laboratory climate and stored in desiccators after reaching a temperature of < 200 °C.

Subsequently, thermogravimetric measurements were carried out on subsamples, which are shown in Fig. 4. The measurements
illustrate a mutual influence between crucible size and preparation duration: While small crucibles already show similarly successful
preparation after 3h as the samples in Fig. 3, larger samples (examined were 0.75kg and 1.0kg) show a significantly increased mass
loss between 400 °C and 600 °C, suggesting that the samples were not heated homogenously. Consequently, longer preparation
times are required for larger samples. However, 6 h proved sufficient for all sample sizes up to 1.5kg. The rotary furnace allows for
a strongly reduced holding time. It is evident that the sample, where the heat treatment was terminated immediately after reaching
the target temperature of 600 °C (0h), subsequently showed the lowest mass loss below 600 °C. Extending the preparation by 1h
brought no additional benefit, with the mass loss subsequently slightly increased. An influence of storage can be assumed here,
analogous to the previous experiments in the static furnace. The deviation between the two samples from the rotary furnace is
smaller than the deviation between the two repeated samples from the static furnace. All samples show different mass losses above
700 °C, with no systematic pattern evident.

Subsequently, the procedure where RCFs were treated for 6h in a static furnace at the target temperature following a heating
ramp at 5 K/min was elected for the main analyses.

3.2. Precursors characterization

Fig. 5 presents the chemical compositions of RCFs (sieved to 2mm and 0.25 mm) measured by WDXRF, the corresponding filter
cakes, as well as CEM I, reference SCMs, and siliceous river sand (RS). It becomes apparent that the examined RCFs contain a
similarly low amount of Al,O5; and Fe,O3. In contrast, RCFs contain high amounts of SiO,, indicating the presence of siliceous
aggregates. CaO- and MgO-content, on the other hand, increases with decreasing particle size, thus implying the concentration of
hydrated cement in smaller particles.

Fig. 6 shows the mass loss of selected RCFs before thermal processing. The finer materials generally exhibit greater mass
losses than the corresponding variants with a maximum grain size of 2mm. However, the difference does not follow any apparent
systematics and varies in magnitude for individual RCFs. The highest mass loss at 600 °C is observed for the RCF “D-F”, a filter
cake from fresh concrete recycling. None of the examined samples shows an increased mass loss at around 500 °C, which would be
associated with the decomposition of calcium hydroxide. It can therefore be assumed that calcium hydroxide has been converted
to other compounds such as CaCO5 through natural carbonation. Regarding the mass losses between 650 °C and 850 °C, which
are associated with the decomposition of carbonates, the samples also show significant differences among each other. The RCFs
from plant A and the filter cake from plant G show the highest mass losses here, while RCFs from plant D show only slight mass
losses, which also end at lower temperatures of around 800 °C. This, in conjunction with the WDXRF results, which indicate a
high CaO-content in RCFs from plants A and G, suggests that the RCFs contain different primary aggregates with varying calcium
carbonate contents and variations.

The particle size distribution of processed RCFs shows a generally good comparability between different samples, except
processed filter cakes (see Table 2). The latter exhibits smaller particle sizes, which are similar to limestone powder. Processing
at 600 °C before grinding has a minor effect on the particle size distribution.

3.3. Concrete fines performance as SCM

3.3.1. Hydration heat

The hydration heat flow calorimetry measurements were limited to CEM I, S, FA, L, and selected RCFs processed at 600 °C. Fig.
7 includes the span obtained from eight single measurements, as well as the average of the double determinations performed for all
measurements, where 30 wt% of CEM I was substituted through SCMs. The released hydration heat in Fig. 7 shows a great similarity
between the processed RCFs and a great similarity to the mixture of CEM I with blast-furnace slag, exceeding the values for fly ash
and limestone powder. Additionally, the heat release of finer raw materials (0/0.25 mm) is slightly increased compared to coarser
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Fig. 4. Thermogravimetric analysis of CEM-100 activated in a static furnace with different sample sizes and holding times (a: 3h, b: 6h) and a
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Fig. 5. Relative chemical composition of base materials and recycled concrete fines (RCF) through WDXRF (see tabulated data in the appendix
section Table A.5).

raw materials (0/2 mm). Noteworthy is the hydration heat release of D-F (filter cake from a fresh concrete recycling plant). Here, a
significantly increased heat release is evident in the first minutes after water addition. Additionally, the subsequent local maximum
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Fig. 6. Thermogravimetric characterization of select RCFs (sample size 160 mg, heating rate 10 K/min).

Table 2

Relevant characteristics (average and standard deviation at
10v%, 50v%, and 90 v% passing) of the particle size distri-
bution of processed concrete fines and reference binders.
Results only include values where pairs of RCFs were
processed at both 100 °C and 600 °C.

Qty.  dyy [um] dsy [um] dgg [pm]
CEM I 1 1.7 12.1 329
S 1 2.1 12.3 30.0
FA 1 29 21.6 83.4
L 1 1.9 12.5 44.4
0/2-100 7 1.8(3) 13.2(33) 54.1(83)
0/2-600 1.8(3) 14.1(33) 57.1(71)
0/0.25-100 7 1.8(3) 13.7(23) 55.2(58)
0/0.25-600 1.8(2) 14.0(16) 57.7(52)
F-100 3 2.2(6) 11.6(27) 44.7(109)
F-600 2.1(4) 10.1(13) 41.6(18)

of the hydration heat flow is lower and occurs earlier. However, the following decline in heat release is reduced, so this sample
ultimately shows the highest heat release of all investigated mixtures of CEM I and processed RCFs.

3.3.2. Compressive strength development

The influence of cement, and SCMs, on compressive strength development can be characterized through the ratio of 2d- to 28 d-
strength (r,). Fig. 8 shows results for the strength ratio r, for mortar with CEM I at different w/c-ratios and the partial replacement
of CEM I through latent-hydraulic blast-furnace slag (S), pozzolanic fly ash (FA), or limestone powder (L). Particularly for CEM I,
but also for mortar with SCMs, strength development accelerates with higher 28 d-compressive strength, i.e., for lower w/c-ratio
and lower substitution rate through SCMs. Correspondingly, with the same strength, the partial substitution of CEM I through blast-
furnace slag or fly ash leads to reduced strength at the age of 2d. r, for these mixtures ranges from 0.4 to 0.5. The replacement
of CEM I with inert limestone powder has the greatest impact on mortar compressive strength compared to blast-furnace slag or
fly ash. Apart from that, the strength ratio r, is not additionally affected. Mixtures with CEM I and limestone powder, as well as
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Fig. 7. Hydration heat of CEM I, including standard deviation, and mixtures of 70 wt% CEM I and 30 wt% reference SCMs, or RCFs processed at
600 °C.

mixtures with pure CEM I, show strength-dependent values of r, in the range of 0.5 to 0.7. With the same strength at the age of
28 d, these mixtures tend to have higher 2 d compressive strength than mixtures with fly ash or blast-furnace slag.

The compressive strength development of mixtures with thermally activated RCFs shows similar r, values to the pure CEM I
mixtures, with even higher r, values up to 0.7 being achieved at the same 28 d compressive strength — regardless of the processing
temperature. This indicates an accelerating effect of RCF on compressive strength development.

3.3.3. Compressive strength at 28 d
The assessment of compressive strength at a mortar age of 28 d uses both strength activity indices as well as the k-value approach.
Strength activity indices (SAI,g4) for processed concrete fines replacing 30 wt% of CEM I were calculated based on the average
fererasa = 53.3MPa. Results indicate a temperature dependence, with average SAl,34(100°C) = 0.64(7) and SAI,34(600°C) =
0.74(5). Fig. 9 illustrates individual results for different concrete fines variations. For comparison, the double determination of SAI
for established SCMs yield SAIL,g4(S) = 0.91 for slag, SAI,34(FA) = 0.78 for fly ash, and SAI,;4(L) = 0.66 for limestone powder.
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Fig. 9. Strength activity indices (SAI,3,) over processing temperatures (a) and mass loss (b) for different concrete fines at CEM I-substitution of
f =0.3 (see Table 1 for marker shapes). For better visualization only, results in (a) are randomly distributed around the activation temperatures
of 100 °C, 400 °C, and 600 °C.

S AI for individual CEM I-series range between 0.95 and 1.05. While this uncertainty of the base mix strength is partially reflected
in the scatter of S AI-results for processed concrete fines, the latter exhibit a high variation between different fines variations.

While investigating concrete fines from a single source, previous research found a logarithmic [63] or parabolic [49,64]
relationship between processing temperature and compressive strength, or SAI, respectively. When applying the latter to the present
data, the fit from Eq. (2) yields SAI, =0.59, SAI, =5- 104, and SAI, = —4 - 1077, albeit with a mediocre coefficient of variation
(R? =0.44)

SAI = SAIy+ SAI - T+ SAL,-T>  with SAI,,5: fit parameters )

When, instead of processing temperature, the relative mass loss during thermal activation is used as the horizontal axis, the
bandwidth of the results for SAI reduces and shows a linear trend (see Fig. 9(b)). This can be expressed through Eq. (3), where the
least squares method yields SAI, = 0.64 and SAI, = 1.45, with a slightly improved coefficient of determination (R? = 0.47).

SAI = SAI, + SAI, - Am  with SAI,,: fit parameters (3)

Due to the low coefficients of determination for both approaches, neither serves as a measure to predict compressive strength
based on RCF properties or processing parameters. A more extensive, multipoint approach to account for the strength contribution
of SCMs is the k-value concept as described in the European standard EN 206:2013, which uses these parameters to negate the
impact of SCMs on relevant concrete properties, presently the compressive strength. The concept relies on the relationship between
compressive strength and the water-cement ratio w/c, which is replaced through an equivalent water-cement ratio w/c.q according
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Fig. 10. Relationship between w/c and compressive strength f, of base mixes without CEM I-substitution. Maker fill grades indicate results from
three individual series.

to Eq. (4), where a concrete with partial cement substitution through an SCM has the same properties as a concrete without SCM
with the same w/c-ratio.

Lr__w with a: mass of the reactive SCM 4)
Ceq Ctk-a

k-values serve as a measure of reactivity of the concrete additives and thus as an indication of their influence on compressive
strength. Overall, k-values of a given SCM vary with concrete mix design, including water-cement ratio w/c and substitution rate.
For most SCMs, k ranges between 0.0 and 1.0, where the former indicates an inert material, and the latter an SCM, which does not
affect concrete properties when substituting CEM I.

The experimental determination of k-values uses the individual, mixture-dependent relationship between compressive strength f,
of mixtures without CEM I-substitution and the water-cement ratio w/c. For a mixture with SCMs, the equivalent water-cement ratio
is then obtained by equating the resulting compressive strength with the relationship of w/c and f.. Fig. 10 shows the individual
results from three distinct series consisting of a total of 14 base mixes.

To represent the relationship mathematically, the experimental results were approximated by regression curves. Four approaches
were examined for this purpose, which are shown in Fig. 10 with the respective optimized fit parameters («;, §;).

w

Sesa=m=p -2 ®)
forsa = - exp (—ﬁz : %) )
Semsa=-(4)7 @)
forga = @4 - eXp <[§]7ﬂ4> ©)

The linear approach (Eq. (5)) — recommended in CEN/TR 16639:2014 — provides the best fit to the experimental results. Although
linear material behavior is physically implausible, Eq. (6), Eq. (7), and Eq. (8) were discarded as empirical relationships for further
analysis due to their insufficient fit. Furthermore, the comparison of the individual approaches illustrates that for mortar compressive
strength between 43.4 MPa and 58.4 MPa, the linear approach yields higher values for w/¢ and thus lower values for k, corresponding
to a conservative approach.

The subsequent determination of k calculates the individual equivalent water-cement ratio (Eq. (12)) and the respective k-value
(Eq. (9)) for each mixture with the respective mixing parameters (w/b-ratio and cement substitution rate /) based on the compressive
strength at the age of 28d. The calculation of k requires additional input parameters such as the water-binder ratio w/b and the
cement substitution rate f, as defined in Eq. (10) and (11).

-5 [5 1 1|5
k=;.ML.__] =]+_.L_] 9
w1 - W
f o f f o
f:%:]-% 10
o —
w % Seosd 12)
Ceq b

CEM [, by definition, has a k-value of k = 1.0. k > 1.0 can only be reached by highly reactive SCMS (as silica fume, according
to EN 206:2013), where compressive strength increases when CEM I is substituted. Generally, the partial replacement of CEM I

11
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Fig. 11. a: k-values calculated for individual mortar mixes with CEM I substitution through established SCMs (slag (S), fly ash (FA), and limestone
powder (L)) for different parameter combinations of the water-binder ratio w/b and the substitution rate f over respective design values in
EN 206:2013.

b: measured compressive strength over calculated compressive strength using k from EN 206:2013.

Table 3

Average k-values for all processed RCF mixtures, clustered
for different parameter combinations (excluding results
from D-F-100 as outliers).

100°C 400°C 600°C Total
f=01w/b=05 0.20 0.61 0.51
f=03,w/b=0.5 0.17 0.36 0.39 0.30
f=03,w/b=04 0.01 0.40 0.43 0.26
f=03,w/b=04/05 0.09 0.38 0.41 0.28

through SCMs lowers compressive strength, which shows in k < 1.0. The magnitude of the strength reduction is represented by the
value of k, where decreasing strength coincides with a reduction of k.

This behavior is exemplified by the reference SCMs (S, FA, and L) in Fig. 11. By definition in EN 206:2013, limestone powder (L)
is an inert filler, consistent with k£ = 0.0, although slightly higher values for k have been proposed [80]. For f = 0.3, experimentally
determined values for k range between 0.0 and 0.2. For fly ash and slag, experimental results in this study show a similar exceedance
of conservative, standardized provisions, which are k = 0.4 for fly ash, and k = 0.6 for slag (EN 206:2013, CEN/TR 16639:2014).
Experimental results yield £k = 0.4-0.9 for fly ash and k = 0.8-1.4 for slag with f = 0.3, which reflects alternative standards
and provisions [81,82]. For all tested SCMs, the substitution of 10wt% of CEM I results in even higher k-values. However, when
comparing the predicted compressive strength (by means of Egs. (4) and (5)) to the experimentally measured compressive strength
(Fig. 11(b)), this influence of the substitution rate f is mitigated. Nonetheless, f has a major influence on the scatter of k, which
cannot be neglected for further analysis. Fig. 10 illustrates the three individual series for the determination of the fit parameters in
Eq. (5). Between the different series, the measured strength has an apparent offset from the regression curve. The reason for this lies
in deviating raw material properties, as the three series were produced with several months between them, so that all raw materials
came from individual subsamples of the main batches. Fig. 11(b) compares these experimental results for CEM I to their prediction,
which exhibits a similar scatter band as the reference SCMs, but lies around the bisector, while results for reference SCMs lie above.
This is due to the aforementioned exceedance of standardized k-values, while k = 1.0 for CEM I is true by definition. Regardless,
results for CEM I can be converted into individual k-values by assuming f in Eq. (9). For f = 1.0, k ranges between 0.9 and 1.0. This
range increases hyperbolically with reducing f: For f = 0.1, the bandwidth of k for CEM I is 0.3 to 1.9, and for f = 0.3, k ranges
between 0.8 and 1.3, with a standard deviation of 0.18.

For the second step of the analysis, 55 processed RCFs were used to produce 137 mortar mixtures, which were analyzed for their
compressive strength and k-values. Generally, k-values increase with the processing temperature, whereby the difference between
400 °C and 600 °C is considerably smaller than the increase between 100 °C and 400 °C. The incorporation of RCFs processed at
100 °C can result in negative k-values, which is more pronounced for lower w/b-ratios. For 400 °C and 600 °C and the substitution
rate f = 0.3, average k-values for different w/b-ratios deviate only slightly. Varying the substitution rate f at constant w/b has a
higher, albeit ambiguous impact on k-values (see Table 3).

Fig. 12 shows the relationship between k-values calculated from the experimental results for f = 0.3 and the mass loss Am during
thermal processing. The RCFs in Fig. 12 were provided by the same manufacturer for each of the two upper diagrams. Batches Al
and A2, as well as B1 and B2, came from the same plants, so the same preparation technique for each pair can be assumed. However,
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Fig. 12. k-values of select processed concrete fines over mass loss during thermal activation (averages for w/b = 0.40 and w/b = 0.50).
Marker shapes and fill styles denote RCF producer and variation, and color indicates processing temperature.

the source concrete for A1 and A2, as well as B1 and B2, is for obvious reasons not the same, which includes different chemical
compositions and mass losses. As mass loss also varies between variants of the same batch, a linear relationship between mass loss
and k becomes apparent, notwithstanding scatter, especially for RCFs processed at 100 °C. Variants A1-0/0.25s and A1-0/0.125s,
where the milling after the thermal activation was omitted, yielded higher k-values compared to milled variants at similar mass
loss. Yet, this came with the side effect of impaired workability and higher superplasticiser demand, thus indicating an increased
water demand. Two select variants from batch B1 were processed at 400 °C in addition to 100 °C and 600 °C, agreeing with the
linear relationship between k and mass loss for batches B1 and B2.

Similar observations hold when considering the other RCF-variants illustrated in Fig. 12(c). Generally, RCFs processed at 400 °C
yielded reduced mass losses and k-values compared to their 600 °C-counterparts. RCFs processed at 100 °C generally show low
k-values, with some smaller than zero.

Variant D-F (filter cake from a fresh concrete recycling plant) showed the most noteworthy behavior: The RCF processed at
100 °C yielded a foam-like mortar with low density and low strength, resulting in k = —0.55, which is the lowest observed in this
study. Mortars containing D-F-400 had a very stiff consistency, requiring the highest amount of superplasticizer within this study.
However, the resulting k-values were among the highest, yet surpassed by D-F-600, which required less superplasticizer than its
counterpart processed at 400 °C. Similar results for k were reached by other filter cake materials (G-F and H-F).

Subsequently, a linear model for the relationship between k and the mass loss Am was fitted to the experimental results in Fig.
12 (Eq. (13)), excluding the variant D-F-100 as an outlier.

k = ko + k,, - Amky, k,, fit parameters (13)

Fit parameters k, and k,, were obtained through the least squares method. Predictably, k, = 0.10 roughly matches the average
for RCFs processed at 100 °C (Table 3). k,, = 4.55 is based on direct mass loss measurements before and after thermal processing.
These results, however, are possibly distorted by the decomposition of RCF components unrelated to hydration, such as organic
material. The total organic carbon content (TOC) of the investigated RCFs ranges between 0.1 wt% (A2-0/2 and D-0/2) and 1.8 wt%
(G-F).

Alternatively, the relevant mass loss can be obtained from thermogravimetric measurements, where the inert gas, in this
case nitrogen (N,), prevents the oxidation of carbons. By substituting Am in Eq. (13) through the mass loss difference between
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Fig. 13. Modeled k-values for a CEM I substitution rate through processed RCFs of f = 0.3 over k-values obtained from measurements (a)
and modeled compressive strength over measured compressive strength (b). Marker shape indicates mix design, and color indicates activation
temperature.

thermogravimetric measurements before and after thermal processing (4myg), k,, increases to k, rc = 5.30. Eq. (15) provides an
alternative interpretation of k! TG Under the assumption that 4m;; comprises the total chemically bound water in cement hydration
products, the parameter m,, illustrates the water consumption of one weight-unit of anhydrous cement. k,, 7 = 5.30 corresponds to
my, = 0.23, which agrees well with previous determinations of chemically bound water in OPC hydration products [83-85].

k= ko+k), 1 Amrg 14

=k0+(1+L>-AmTG (15)
mp

ko, K. 3. my, © fit parameters (16)

Fig. 13 visualizes the individual comparison of the experimental results for compressive strength f, and k versus their
counterparts obtained from Eq. (13) in conjunction with Eq. (4) and (5). The coefficient of variation of the model for predicting k
based on mass loss is mediocre with R? = 0.60. However, the scatter of the experimental and analytical results is to some extent due
to the baseline scatter of the CEM I-series (compare Fig. 11). Consequently, the determination of the coefficient of determination
for the extended model, which includes Eq. (5) for predicting compressive strength, yields an increase to R? = 0.72. This provides
a significant improvement of the fit curve compared to SAI (Eq. (3)), even so, when only taking results for w/b = 0.5 and f = 0.3
into account, which yield R? = 0.75.

Table 4 lists the analysis of the model residuals Af, = f. measured — fe.modeled fOr different parameter combinations, which includes
arithmetic means m and standard deviations s. For the reference SCMS (S, FA, and L), m = 4.19 means that measured compressive
strength exceeds predicted compressive strength (based on k-valued from EN 206:2013) by more than 4 MPa, on average. For the
base series with CEM I, and mortars including processed concrete fines, m is much smaller, since the model was fitted to the present
data. The standard deviation of the residuals gives insight into the resulting deviations between measured strength results and the
model, thereby allowing for a detailed analysis of the scatter. Since s for mixes containing processed concrete fines is higher than s
for the CEM I base, the coefficient of variation cannot be completely explained through the scatter of CEM I. However, the present
data imply this is mainly due to the high variations among RCFs processed at 100 °C. For RCFs, which were thermally activated,
the residuals exhibit a lower scatter than the CEM I-mixes.

4. Conclusion and outlook

Thermal activation of recycled concrete fines (RCFs) is a promising procedure for construction and demolition waste recycling
and CO,-emission reduction as supplementary cementitious material (SCM). Industrial application requires a means for coping with
variations in concrete fines composition. While usually focusing on a single precursor, comparing recent studies yields different
strength activity indices (SAI), with processing temperature as the most important processing parameter.

The present study approaches this issue by processing 25 variations of 11 precursors and comparing their performance as SCM
to reference materials, such as blast-furnace slag, fly ash, and limestone powder. Main findings include:
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Table 4

Statistical parameters of the distribution of model residuals Af, for compressive
strength. SCM: established SCMs (S, FA, L), f: substitution rate, T activation temper-
ature [°C], n: number of individual mortar mixes, m: arithmetic mean, and s: standard
deviation directly calculated from Af, for the given parameter combinations.

CEM I SCM RCF RCF RCF RCF RCF RCF
f - 0.3 0.3 0.3 0.1 0.3 0.1 0.3
T - - all 100 400 400 600 600
n 14 10 103 41 7 12 23 50
m -0.14 4.19 -0.18 -0.41 -0.87 0.65 1.07 -1.22
s 2.94 3.48 4.17 5.32 0.93 1.66 1.87 291

+ Hydration heat development is accelerated and increased when CEM I is partially substituted through activated RCFs compared
to reference SCMs like blast-furnace slag or fly ash. Subsequently, mortars containing processed concrete fines as SCM have a
fast compressive strength development regardless of processing temperature, which is similar to CEM I and faster than fly ash
or blast-furnace slag. This allows the application for structures, where fast demolding is required, e.g., in the precast industry.
Compressive strength of mortar containing processed RCFs increases when RCFs are activated at 400 °C compared to processing
at 100 °C. The positive influence of 600 °C over 400 °C is measurable, but smaller. Strength activity indices (SAI) from this
study range from 0.67 to 0.81 (with two outliers) for 600 °C, and agree with findings in literature with regards to temperature
dependence and scatter. Mass loss during processing is a better indicator for SAI, as RCFs with higher mass loss yield higher
compressive strength.

The present study proposes a model, which extends the k-value concept in the European standard EN 206:2013 for slag or fly
ash. The compressive strength contribution of thermally processed RCFs with sufficiently high mass loss can exceed k = 0.4,
which is the proposed k-value for fly ash, and even k = 0.6, which is applicable for slag.

The determination of the mass loss of RCFs on samples in an inert atmosphere, e.g. in a thermogravimetric setup, provides a
better agreement with theory, where k increases proportionally with the chemically bound water. This setup also allows for
precursor screening and assessment before activation, where a lower boundary of the mass loss may serve as a compliance
criterion.

However, the scatter of the obtained results underlines the necessity for additional research. The present study focuses on
comparing thermally processed RCFs to established SCMs and proposing a simplified model approach for the strength contribution
alongside existing provisions. The consideration of the influence of the chemical and mineralogical RCF composition may improve
model accuracy for RCFs, where binder composition or aggregate reactivity varies. Besides, while the present study focuses on
compressive strength development as a major concrete performance indicator, the influence of thermally activated RCFs on concrete
long-term behavior requires additional research before practical application.

Furthermore, the presented model uses processed RCFs as a standalone SCM. Contemporary composite cements may consist of
more than two different main constituents, which requires further development of the model. In the case of RCFs, blends with fly
ash, slag, or nano silica have proven especially promising [51,53,67,86-92].
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Fig. A.14. Graphical illustration of the experimental procedure.

Table A.5
Chemical composition and loss on ignition (LOI) of select RCF-variants (WDXRF in wt% according to EN 196-2:2013).
Na,O MgO Al, O, Sio, P,0s K,0 CaO TiO, MnO Fe,0; LOIL

Variant wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%
A1-0/2 0.45 1.48 5.02 47.1 0.11 1.31 22.9 0.22 0.04 2.00 16.9
A1-0/0.25 0.48 1.64 5.48 45.2 0.12 1.33 23.1 0.25 0.04 2.22 17.4
A2-0/2 0.42 1.36 4.41 51.3 0.08 1.18 21.5 0.17 0.04 1.72 15.3
A2-0/0.25 0.41 1.72 5.10 43.1 0.10 1.19 23.4 0.22 0.05 2.10 21.2
B1-0/2 0.52 1.28 5.15 56.5 0.08 1.48 17.3 0.19 0.05 2.07 13.1
B1-0/0.25 0.51 1.49 5.48 49.0 0.10 1.44 20.4 0.22 0.05 2.19 16.2
B2-0/2 0.50 1.38 5.22 56.8 0.09 1.60 16.2 0.19 0.04 2.11 14.0
B2-0/0.25 0.52 1.86 5.99 47.7 0.10 1.63 19.7 0.25 0.05 2.37 17.3
C-0/2 0.50 1.73 5.34 56.8 0.09 1.44 15.1 0.19 0.07 1.80 14.3
C-0/0.25 0.51 2.51 6.23 45.5 0.11 1.45 19.2 0.25 0.10 2.10 19.1
D-0/2 0.61 0.76 4.36 71.7 0.05 1.11 10.5 0.18 0.03 1.08 7.3

D-0/0.25 0.73 1.41 6.04 54.1 0.09 1.22 18.9 0.34 0.05 1.79 13.2
D-F 0.43 1.86 5.84 42.7 0.09 0.76 25.1 0.27 0.06 1.60 17.6
E-0/2 0.51 1.22 5.21 51.5 0.10 1.44 19.7 0.20 0.04 1.82 15.4
E-0/0.25 0.50 1.63 6.37 42.9 0.14 1.40 23.3 0.28 0.05 2.33 18.4
F-0/2 0.63 0.94 5.27 56.3 0.10 1.61 17.4 0.21 0.04 1.75 13.7
F-0/0.25 0.70 0.91 5.23 56.7 0.10 1.58 16.7 0.22 0.05 1.78 13.9
G-F 0.70 2.02 7.23 41.1 0.15 1.46 21.9 0.31 0.10 3.31 19.8
H-F 0.34 1.65 6.00 32.7 0.22 1.07 27.8 0.26 0.04 2.72 23.3
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