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 A B S T R A C T

The study explores the use of thermally activated concrete fines as substitution for cement to recycle mineral 
waste and reduce emissions. Concrete fines from waste recycling have a significant impact on compressive 
strength, with considerable variation due to their varying compositions. In the present study, 12 artificial 
concrete fines with varying compositions are thermally activated and assessed for their strength contribution. 
Increasing aggregate content within artificial fines results in a decrease in compressive strength, with aggregate 
mineralogy and binder composition having a major impact. Ultimately, this study proposes a model for 
predicting the impact of fines composition on compressive strength based on mass loss during dehydration. 
For thermally activated cement paste, the new model proposes no influence on compressive strength compared 
to the reference (𝑘 = 1.0). Paste precursors containing hydration products from alternative binders may even 
surpass the reference (𝑘 > 1.0), while an increasing amount of inert aggregates reduces strength (𝑘 < 1.0).
1. Introduction

Concrete is essential for the production of infrastructure and hous-
ing, but faces challenges: The sourcing of aggregates already results in 
localized shortages, and the production of cement clinker as a hydraulic 
binder entails high CO2-emissions (VDZ, 2024; Coffetti et al., 2022). 
Therefore, concrete and composite cements partially substitute clinker 
through supplementary cementitious materials (SCMs), or even avoid 
cement altogether as alkali-activated materials (Coffetti et al., 2022; 
Gao et al., 2013; Knight et al., 2023; Barthel et al., 2016; Shah et al., 
2022; Herrmann et al., 2018; Wang et al., 2024; Ma et al., 2025; 
Wu et al., 2024). However, some of the most widely used SCMs – 
ground granulated blast-furnace slag and coal fly ash – already face 
regional shortages, which will only magnify when less coal is burned 
in steel production and power plants, thus raising the need for the 
identification of additional SCMs (Hafez et al., 2020; Knight et al., 
2023; Snellings et al., 2023; Friol Guedes de Paiva et al., 2021).

Concrete recycling may provide an alleviation for both issues. How-
ever, while the application of recycled concrete aggregates is well 
established, cement recycling requires additional research and develop-
ment. One pathway for cement recycling is thermal activation, where 
hydrated cement paste (HCP) retains reactivity after the loss of chemi-
cally bound water (Carriço et al., 2020a; Ohemeng and Ekolu, 2020; Xu 
et al., 2022; Aquino Rocha and Toledo Filho, 2023; Zheng et al., 2024). 
HCP mostly consists of cement clinker hydration products, namely 
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calcium silicate hydrate and calcium hydroxide from the hydration 
of tricalcium silicate (C3S) and dicalcium silicate (C2S), as well as 
aluminous, ferrous, or sulfate hydrates (Richardson, 2000; Scrivener 
et al., 2015). The hydration of 1 g of ordinary Portland cement (OPC) 
requires about 0.4 g of water, of which 0.2 g–0.25 g is chemically bound 
in hydrates (Lura et al., 2017; Powers and Brownyard, 1946; Brouwers, 
2004). The remainder is present as physically bound water in gel 
pores. While the latter evaporates at temperatures up to 105 °C, the 
disintegration of different hydraulic phases in HCP requires increased 
temperatures (see Table  1). Calcium silicate hydrate is transformed 
into reactive 𝛼′𝐿C2S and 𝛼′𝐻C2S, with calcium oxide to silicon dioxide 
ratios ranging between 1.73 and 1.9 (Bogas et al., 2022b; Alonso and 
Fernandez, 2004; Richardson, 2000; Ge et al., 2024; Noel et al., 2025; 
Tajuelo Rodriguez et al., 2017; Carriço et al., 2020b; Real et al., 
2020; Serpell and Zunino, 2017). Dehydrated cement paste (DCP) 
exhibits high specific surface areas and high porosity, which originates 
in porous HCP and increases with increasing temperature and phase 
decomposition (Baldusco et al., 2019; Bogas et al., 2019; Carriço et al., 
2020b; Kim et al., 2021). For processing temperatures surpassing the 
dehydroxylation range of calcium hydroxide, DCP may contain finely 
distributed calcium oxide (Bogas et al., 2019; Serpell and Lopez, 2015).

When used as a recycled binder, rehydration begins with the refor-
mation of calcium hydroxide from calcium oxide, and the reformation 
of calcium silicate hydrates from C2S, which manifests in increased and 
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Table 1
Temperature-dependent decomposition of concrete fines containing hardened 
cement paste and aggregates.
Source: Data from (Angulo et al., 2022; Baggio et al., 2024; Baldusco et al., 
2019; Baquerizo et al., 2016; Florea, 2014; Horváth et al., 1977; Klingsch, 
2014; Schneider, 1982; Wang et al., 2019; Zelic et al., 2007; Zhou and Glasser, 
2001; Zhou et al., 2004).
 Temperature [◦C] Process  
 < 105 Loss of free and physically bound water  
 < 115 Disintegration of ettringite  
 < 250 Disintegration of monosulfate  
 260 – 400 Decomposition of calcium aluminate hydrates 
 110 – 500 Disintegration of calcium silicate hydrates  
 400 – 550 Dehydroxylation of calcium hydroxide  
 573 Quartz inversion in siliceous aggregates  
 650 – 900 Calcination of carbonated cement  
 phases or carbonatic aggregates  

accelerated hydration heat development (Angulo et al., 2022; Bogas 
et al., 2020; Semugaza et al., 2023; Yu and Shui, 2013; Wei et al., 
2025; Baldusco et al., 2019; Real et al., 2020). However, due to the 
porous nature of DCP, rehydrated C–S–H forms inside the particles, 
and exhibits weak interparticle connectivity after hydration, resulting 
in a low-strength material (Carriço et al., 2020b; Shui et al., 2008; 
Real et al., 2020; Xi et al., 2024a). Yet, when used as SCM, water 
consumption of DCP reduces the available water for clinker hydration, 
which forms a dense and interlocking microstructure (Qian et al., 2020; 
Tokareva et al., 2023; Wei et al., 2025). Small amounts of thermally 
activated cement paste may have a positive impact on compressive 
strength (Ma et al., 2022; Wei et al., 2025; Carriço et al., 2021b). How-
ever, with increasing substitution rate, strength declines (Carriço et al., 
2020b; Semugaza et al., 2023). Overall, up to 40wt% of clinker can 
be substituted through DCP with minimal adverse effects on concrete 
strength (Bogas et al., 2022a; Carriço et al., 2020b; Letelier et al., 2017; 
Ma et al., 2022; Qian et al., 2020; Tokareva et al., 2023; Vashistha 
et al., 2023; Wu et al., 2023).

When HCP contains hydration products from pozzolanic or latent-
hydraulic SCMs, like fly ashes or ground granulated blast-furnace slag, 
dehydration and rehydration behavior changes. Prominently, the reduc-
tion of clinker reduces the amount of calcium hydroxides in HCP, in 
favor of an increased amount of calcium silicate hydrates and calcium 
aluminate silicate hydrates (Xu et al., 2023b). After processing, the 
rehydration potential increases, especially for ground granulated blast-
furnace slag containing cement paste, which shows increased hydration 
heat development and higher compressive strength (Xu et al., 2023b,a). 
HCP containing fly ash exhibits reduced hydration heat and compres-
sive strength, while inert limestone powder as part of SCM merely 
dilutes DCP performance, as long as the processing temperature is kept 
below calcination temperature (Xu et al., 2023b,a; Serpell and Lopez, 
2013). While the dehydration and rehydration of HCP from OPC have 
been thoroughly investigated, the behavior of HCP from binary cements 
lacks a detailed analysis.

Similar shortcomings concerning the influence of aggregate type 
and content in recycled concrete fines need addressing. Fines from 
waste concrete processing never consist of pure HCP and always con-
tain primary aggregates, which have an overall negative impact on 
performance as SCM following thermal activation (Bogas et al., 2019; 
Carriço et al., 2021a,b). However, the mineral composition of finely 
ground aggregates impacts their performance as SCM, especially when 
containing amorphous silicon dioxide, which exhibits a pozzolanic re-
activity (Lipowsky and Müller, 2017). Regardless, no studies where the 
influence of aggregate type and concentration was assessed employing 
artificial fines could be identified.

Therefore, this study presents a systematic approach for assessing 
the influence of concrete fines composition regarding cement composi-
tion and aggregate content on the performance of thermally activated 
concrete fines as SCM.
2 
Table 2
Composition of artificial fines used as precursors for thermal activation. 𝑤∕𝑏: 
water-binder ratio; 𝑣𝑝: paste volume; A: aggregates; FA: fly ash; S: blast-furnace 
slag; RS: river sand; LS: limestone sand; GW: greywacke.
 Binder 𝑤∕𝑏 𝑣𝑝 [v%] A  
 CEM 100wt% CEM I 0.5 100 –  
 RS75

100wt% CEM I 0.5
75

RS
 

 RS62 62.5  
 RS50 50  
 LS75

100wt% CEM I 0.5 75 LS  
 LS50 50  
 GW75

100wt% CEM I 0.5 75 GW 
 GW50 50  
 FA0 70wt% CEM I 0.5 100 –  
 FA50 + 30wt% FA 50 RS  
 S0 70wt% CEM I 0.5 100 –  
 S50 + 30wt% S 50 RS  

Table 3
Mix designs of artificial fines used as precursors for thermal activation [g∕l]. 
W: Water; C: CEM I 42.5 R; FA: fly ash; S: blast-furnace slag; RS: river sand; 
LS: limestone sand; GW: greywacke.
 [g∕l] W C FA S RS LS GW

 CEM 610 1220  
 RS75 458 915 658  
 RS62 381 763 986  
 RS50 305 610 1315  
 LS75 458 915 670  
 LS50 305 610 1340  
 GW75 458 915 678  
 GW50 305 610 1355  
 FA0 583 816 350  
 FA50 292 408 175 1315  
 S0 605 847 363  
 S50 303 424 182 1315  

2. Experimental program

The experimental program aims to assess the influencing parameters 
of concrete fines composition on the performance as supplementary ce-
mentitious materials. Thermally activated artificial fines were assessed 
for their rehydration behavior and compressive strength development.

2.1. Materials

To reflect the bandwidth of possible concrete fines from existing or 
demolished concrete structures, 12 artificial fines with known compo-
sitions were produced. Variations include aggregate composition and 
content as well as the partial substitution of OPC (CEM I 42.5 R, 
‘‘CEM I’’) through reactive supplementary cementitious materials.
Table  2 gives an overview of the artificial fines compositions and 
naming scheme. Table  3 details the corresponding mix designs.

The basis of the artificial fines is hardened cement paste (HCP) 
made from CEM I 42.5 R. The influence of the type of sand is to be 
investigated primarily on mortars with an aggregate content of 50 v%. 
A quartzitic river sand (RS) and a calcitic crushed limestone sand 
(LS), which are intended to represent the predominantly used types of 
aggregate, are used. In addition, two artificial fines were produced with 
greywacke (GW), whose alkali reactivity was known from a previous 
research project (Wiedmann, 2020). To investigate the influence of 
the aggregates content, additional artificial fines with an aggregates 
content of 25 v% – and in the case of RS 37.5 v% – were produced. 
Since the use of OPC has been declining in recent years, pure binder 
pastes and mortars with an aggregates content of 50 v% by volume, 
in which 30wt% of CEM I was replaced by fly ash (FA) or ground 
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granulated blast-furnace slag (S), which are widely used pozzolanic or 
latent-hydraulic SCMs, complete the artificial fines matrix.

All artificial fines were manufactured with a fixed water-binder ratio 
of 𝑤∕𝑏 = 0.5, as it can be assumed that at 𝑤∕𝑏 = 0.5, the entire 
binder is hydrated, even if the local 𝑤∕𝑏-ratio may be slightly altered. 
Preliminary analyses showed that lower 𝑤∕𝑏-ratios were feasible for 
the production of paste materials, but required the undesired addition 
of superplasticizer for mortars with low paste content. Higher 𝑤∕𝑏-
ratios, as often found in practice, do not lead to an increased degree 
of hydration, but affect the porosity of the cement matrix. On the 
other hand, the tendency of the fresh mortar to segregate increases 
with increasing 𝑤∕𝑏-ratio, especially with high paste content. Pure 
paste artificial fines (CEM, FA0, S0) nonetheless showed segregation, so 
these materials were repeatedly homogenized by hand after the original 
mixing until hydration had started. From all artificial fines, prisms 
((20 × 20 × 80)mm3) for strength testing were cast.

Bulk artificial fines were stored in sealed buckets to ensure a high 
degree of hydration. Prisms were demolded at 1 d and subsequently 
stored under water alongside bulk samples until the age of testing at 2 d, 
7 d, 28 d, and 356 d. At an age of at least 9 months, bulk specimens were 
crushed and dried at 105 °C, followed by grinding in an industrial mill. 
Ground and dried artificial fines were labeled with the suffix ‘‘−100’’. 
Subsequent thermal activation used a static oven with a crucible size of 
1.5 kg. The thermal activation procedure was obtained from preliminary 
analyses, with a heating rate of 5K∕min and a holding time of 6 h at the 
individual processing temperature (400 °C, 600 °C or 800 °C), before 
cooling in laboratory climate. Afterwards, samples were stored in a 
sealed container containing a drying agent. Similar to ground artificial 
fines, the naming scheme for thermally activated samples added the 
temperature as a suffix to the artificial fines, i.e., ‘‘GW75-400’’ for a 
mortar containing 25 v% greywacke, which was activated at 400 °C.

The artificial fines matrix was complemented by RS0 and LS0, which 
denote the respective aggregates used for mortars, after grinding in a 
laboratory mill.

2.2. Experimental procedures

Raw materials as well as artificial fines were characterized for 
their chemical composition through Wavelength Dispersive X-ray Flu-
orescence (WDXRF), their particle size distribution, and density. The 
thermal decomposition behavior of artificial fines was assessed through 
thermogravimetric analyses before and after activation (sample sizes: 
160mg, heating rate: 10K∕min).

Isothermal hydration heat measurements were conducted on blends 
of CEM I and artificial fines at 20 °C with internal mixing, enabling the 
determination of the initial heat release. Preliminary tests on mixing 
efficiency and homogeneity led to setting the water-binder ratio to 
𝑤∕𝑏 = 0.6 for all samples. Artificial fines were generally investigated 
in combination with CEM I at a substitution rate of 𝑓 = 0.3. Double 
determinations were performed for all mixes, except for the base mix 
with pure CEM I, which comprised eight single measurements. Addi-
tionally, activated paste artificial fines (CEM, FA0, S0) were tested at 
different CEM I-substitution rates.

For strength development tests, a mortar with 50 v% quartzitic river 
sand (0mm–2mm) as aggregates was used, matching the composition of 
RS50. To assess the influence of artificial fines on SCM, two mixes with 
𝑤∕𝑏 = 0.4 and 𝑤∕𝑏 = 0.5 at 𝑓 = 0.3 were produced for each SCM, with 
selected SCMs also having 𝑤∕𝑏 = 0.5 at 𝑓 = 0.1 and 𝑓 = 0.5. Fourteen 
base mixes with pure CEM I were produced with 𝑤∕𝑏 = 0.40−0.65 and 
were repeated in three series throughout the experimental program. 
159 mixes, including repetitions, were tested for the assessment of 
CEM I-substitution through processed artificial fines. In stiff mortars, 
superplasticizer was added to ensure comparable workability. After 
mixing, the mortar was placed in steel molds, which were moist-cured 
for 1 d, and then stored underwater at 20 °C after demolding. Strength 
testing was performed on three prisms each ((20×20×80)mm3) at 2 d and 
3 
Fig. 1. Ternary illustration of raw materials and artificial fines composition 
determined through WDXRF (EN 196-2:2013) as well as literature (Baggio 
et al., 2024; Chen et al., 2024; Gebremariam et al., 2020; Kim and Ubysz, 
2024; Sousa et al., 2024; Tokareva et al., 2023; Vashistha et al., 2023; Sui 
et al., 2020; Wei et al., 2024, 2025; Xi et al., 2024b; Yonis et al., 2024; Zhang 
et al., 2023; Cyr et al., 2019; Florea, 2014; Frías et al., 2021; Brameshuber 
et al., 2011; Izoret et al., 2019; Li et al., 2021; Liang et al., 2021; Liu et al., 
2021; Müller and Dora, 2000; Shen et al., 2021; Sun et al., 2021). See Table 
2 for artificial fines composition.

28 d. The small specimen size (half of a standard mortar prism according 
to EN 196:2016) was chosen for the reduced amount of raw materials 
required for one mix. This allowed for the production of up to four 
different mortar compositions from one batch of thermally activated 
artificial fines. For CEM I, as well as CEM and different RS-artificial 
fines, additional strength measurements were conducted at 1 d and 7 d. 
First, flexural strength 𝑓𝑓  was determined with a span of 50mm at a 
loading rate of 𝐹̇𝑓 = 10N∕s. Compressive strength (𝑓𝑐) testing used six 
prism halves at a loading rate of 𝐹̇𝑐 = 600N∕s.

3. Results and discussion

3.1. Precursors characterization

Table  4 lists the results of the strength development of artificial fines 
prisms. Overall, strength increases with reduced paste content, while 
aggregate composition does not exhibit a systematic influence. Materi-
als, where CEM I was partially substituted through reactive SCMs, show 
a slower strength development, but exhibit similar 356 d-compressive 
strength as equivalent materials without CEM I-substitution, with S50 
reaching the highest ultimate compressive strength of all artificial fines 
prisms.

Fig.  1 illustrates the chemical composition of raw and artificial fines 
in a ternary diagram. Results show the expected difference between 
individual artificial fines.

The chemical composition reflects variations between individual 
RCFs from the literature, which consist of different kinds of binders 
and aggregates. Fig.  1 also implies that the chemical composition is 
not suited as a standalone assessment parameter of RCF potential.

The thermal behavior of artificial fines was determined on sam-
ples that had been dried at 105 °C to eliminate free and physically 
bound water. Instead of industrial grinding, samples were ground in 
a laboratory ball mill immediately after drying (Fig.  2).

Here, the influence of the type and content of the aggregates is 
shown, which is in good agreement with the XRF results. Regardless 
of aggregate composition, mass loss up to 600 °C scales with paste 
content, as pure aggregates exhibit almost no mass loss for lower 
temperatures. Mass loss of artificial fines with different aggregate types 
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Table 4
Flexural (𝑓𝑓 ) and compressive strength (𝑓𝑐) of artificial fines prisms at 2 d, 
7 d, 28 d and 365 d on prisms with (20 × 20 × 80)mm3.

𝑓𝑓  at the age of 𝑓𝑐 at the age of
2 d 7 d 28 d 365 d 2 d 7 d 28 d 365 d

CEM 4.6 7.1 7.4 8.1 20.3 36.8 42.5 53.6

RS75 7.4 8.5 8.5 38.7 46.7 55.9
RS62 6.0 8.0 8.6 6.3 27.1 46.1 50.4 53.6
RS50 6.1 7.7 8.5 8.9 26.5 48.3 50.0 60.5

LS75 6.7 7.1 7.4 41.5 45.6 53.1
LS50 6.2 7.9 8.7 10.1 29.7 49.8 56.5 64.1

GW75 7.0 8.6 7.9 43.0 50.4 60.3
GW50 6.1 8.3 9.9 11.2 32.9 52.8 47.6 65.4

FA0 2.8 4.4a 6.7 9.2 11.0 22.9 35.1 56.8
FA50 3.9 5.6 5.7 9.6 18.0 32.9 37.9 56.6

S0 3.8 4.5a 7.2 8.9 13.3 24.2 37.4 53.9
S50 4.6 6.9 8.9 11.2 21.8 39.0 54.3 73.8

a At 7 d, FA0 and S0 were tested with 𝐹̇𝑓 = 1N∕s.
Fig. 2. Thermogravimetric characterization of artificial fines (sample size 160mg, heating rate 10K∕min). See Table  2 for artificial fines composition.
but the same aggregate content is almost identical. The artificial fines 
with limestone aggregate (LS) show a high mass loss at temperatures 
above 810 °C, which is only slightly present in the artificial fines 
with greywacke and not present in samples with siliceous river sand. 
This is due to the decomposition of calcium carbonate (CaCO3) in the 
aggregate particles. However, all artificial fines exhibit a mass loss 
between 700 °C and 800 °C, which is also caused by the decomposition 
of calcium carbonate. The different decomposition temperatures can be 
explained by different mineralogical and petrographic compositions or 
configurations of CaCO3.

In addition to the obvious influence of the aggregate content on 
the mass loss, Fig.  2 also shows differences between cement pastes 
4 
with different binder compositions. FA0, in which 30wt% of the hy-
draulically reactive CEM I was replaced by pozzolanic coal fly ash, 
shows a similar mass loss up to temperatures of around 500 °C as 
CEM. However, the subsequent increased mass loss, which is due to 
the decomposition of calcium hydroxide (Ca(OH)2), is significantly 
lower. This can be explained by the fact that Ca(OH)2 is consumed 
by the pozzolanic reaction of the fly ash. Since the Ca(OH)2 content 
of FA0 is reduced to almost zero, it is also possible that FA0 contains 
undetermined amounts of primary, unreacted fly ash, which affects 
its usability as a concrete additive. Compared to FA0, S0 shows an 
increased mass loss at 500 °C, but this is lower than that of CEM. 
Since latent-hydraulic blast-furnace slag replaces 30wt% of the CEM I 
here, less Ca(OH)  is produced in favor of calcium silicate hydrates 
2
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Fig. 3. Particle size distribution of ground artificial fines determined through laser diffraction.
Fig. 4. Particle size distribution of artificial fines CEM and RS50 after thermal activation at different temperatures determined through laser diffraction.
(C–S–H) during hydration. This explains the increased mass loss at 
temperatures below 500 °C compared to CEM, which is mainly due to 
the decomposition of C–S–H.

The ultimate goal of using an industrial mill for grinding before 
thermal activation was to achieve good comparability between indi-
vidual samples, allowing the exclusion of particle size influence on 
experimental results. Overall, ground artificial fines have similar parti-
cle size distributions, with the exception of LS0 and RS0, which is due 
to the diverging milling process (see Fig.  3).

To rule out the impact of thermal processing on particle size distri-
bution, artificial fines CEM and RS50 were measured after processing 
at 400 °C and 600 °C. Laser diffraction measurements yielded no 
systematic influence of thermal activation on particle size, so the com-
prehensive determination of particle size distributions for all activated 
artificial fines combinations was forgone (see Fig.  4).
5 
3.2. Artificial fines performance as SCM

3.2.1. Hydration heat
The assessment of the rehydration behavior of processed artificial 

fines comprises four individual steps: The influence of activation tem-
perature, the influence of paste content, the influence of aggregate 
composition, and, finally, the influence of CEM I-substitution rate.

The effect of the processing temperature on hydration heat de-
velopment in Fig.  5 used three paste artificial fines (CEM, FA0, and 
S0) as well as mortar RS50 at a CEM I-substitution rate of 30wt% in 
comparison to the average results from the eightfold determination of 
pure CEM I.

The results show a significant influence of the activation tempera-
ture for CEM: In the first minutes after water addition, the mixtures of 
CEM I with thermally activated CEM exhibit a significantly increased 
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Fig. 5. Hydration heat development of blended binders with 70wt% CEM I and 30wt% artificial fines activated at different temperatures. See Table  2 for artificial 
fines composition.
heat release with rising temperature. Subsequently, the heat release 
decreases for all mixtures. Compared to pure CEM I, mixtures with all 
four processed CEM samples exhibit increased heat release during the 
induction period in the first 6 h of measurement. Subsequently, the 
curves show a flatter progression than the reference sample made of 
pure CEM I – the heat release is reduced depending on the processing 
temperature. CEM-600 shows the highest local maximum after the 
acceleration period, while the total heat released within 5 days between 
CEM-600 and CEM-400 hardly differs. CEM-100 exhibits the lowest hy-
dration heat release. However, the behavior stemming from CEM-800 
is particularly striking: Although only 30wt% of CEM I was replaced, 
the initial heat release during the first 30min increases by a factor of 4. 
The height of the local maximum of the hydration heat flow is reduced 
by about 50% and also occurs significantly earlier. Subsequently, the 
hydration heat flow curve of the mixture of CEM I and CEM-800 
runs significantly flatter than that of the other investigated mixtures. 
Overall, none of the investigated mixtures of CEM I and thermally 
activated CEM reach the cumulative heat released by pure CEM I.

These observations are only partially transferable to RS50, although 
analogous tendencies are shown. The analysis is made more difficult by 
the fact that in the calorimetry measurements, reactive CEM I makes up 
70wt% of the solid quantity. Furthermore, RS50 consists of CEM I and 
river sand in a mass ratio of 0.46, so that the proportion of potentially 
reactivated cement paste in the solid quantity of the calorimetry bal-
ance is reduced from 30wt% for CEM to 9.4wt% for RS50. The hydration 
heat release is accordingly influenced to a lesser extent by the treatment 
temperature. The artificial fines RS50-100, RS50-400, and RS50-600 
exhibit almost the same hydration heat release, with RS50-600 showing 
the highest local maximum, analogous to CEM-600. RS50-800 has a less 
pronounced effect on the hydration heat release compared to CEM-800, 
but results in a lower overall heat release than RS50-100. All mixtures 
of CEM I with thermally processed model materials RS50 release less 
heat cumulatively than the corresponding mixtures of CEM I with CEM.
6 
Artificial fines whose cement paste matrix consists of hydration 
products of CEM I and blast-furnace slag (S0) or coal fly ash (FA0) 
show a behavior deviating from the processed CEM. Compared to CEM-
600, the cumulative hydration heat release of S0-600 is significantly 
increased and reaches the level of pure CEM I, with the increased 
local maximum of the hydration heat flow being reached earlier (com-
pare Baldusco et al., 2019; Xu et al., 2023b,a). S0-100 and S0-400 
also show a slightly increased heat release compared to CEM-100 and 
CEM-400, respectively. However, the heat release in the first minutes 
after water addition is significantly reduced compared to CEM-600 and 
is similar to that of pure CEM I. The same applies to FA0, where, 
apart from the initial heat release in the first 24 h after water addition, 
no increased heat release is detectable. Subsequently, the processed 
materials, regardless of the activation temperature, exhibit an increased 
hydration heat flow.

Fig.  6(a) illustrates the corresponding results for artificial fines pre-
pared at 600 °C with different contents of river sand. Here, a decrease 
in hydration heat release can be observed with decreasing cement paste 
content. However, further details cannot be inferred due to the scatter 
of the experimental results.

Fig.  6 shows the heat flow curves of artificial fines with different 
types of aggregate in comparison. The individual measurement results 
are close to each other, making interpretations difficult due to the 
scatter of the experimental results. On the one hand, it can be observed 
that the processing temperature has only a minor influence on the 
hydration heat release. The same applies to the type of aggregates. It 
can be seen that the artificial fines with 50 v% greywacke (GW50) show 
a reduced hydration heat release at the beginning of hydration, which 
is, however, compensated for in the further course. Artificial fines 
with 75 v% cement paste content show slightly increased cumulative 
hydration heat releases.

In Fig.  7, the results of hydration heat flow measurements on the 
processed artificial fines CEM-400, CEM-600, S0-600, and FA0-600 are 
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Fig. 6. Hydration heat development of select blends of 70wt% CEM I and 30wt% artificial fines with different aggregate contents and compositions, activated at 
400 °C and 600 °C. See Table  2 for artificial fines composition.
compared for different substitution rates of CEM I
(10wt%, 30wt%, 50wt% and 100wt%). The experimental results show, 
on the one hand, clear differences between the individual artificial 
fines among themselves, as well as between the substitution rates of 
respective processed artificial fines.

Activation of CEM at 400 °C produces a binder with hydraulic 
reactivity. The cumulative hydration heat release of pure CEM-400 
corresponds to 55% of the heat release of CEM I after 5 d. Based 
on the results for pure CEM I, the hydration heat release decreases 
with increasing substitution rate. Considering the heat flows reveals 
a nuanced picture: CEM-400 releases more heat in the first minutes 
after water addition than CEM I. The difference stems from the near 
omission of the acceleration and deceleration phases between 2 h and 
48 h present in CEM I-containing binder blends. While the heat flow of 
pure CEM-400 plateaus, blends with CEM I increase to a local maximum 
after an induction period with increased heat flow compared to CEM I. 
When replacing 50wt% of CEM I with CEM-400, the hydration heat 
flow decreases more strongly after reaching the maximum than when 
replacing 30wt%.

CEM-600 is also hydraulically reactive, with a cumulative hydration 
heat release after 5 d corresponding to 84% of CEM I. The difference to 
CEM-400 is approximately equal to the hydration heat release within 
the first hour after water addition. However, the heat flow of CEM-
600, in contrast to CEM-400, shows a recognizable maximum after 10 h. 
Subsequently, the hydration heat flow decreases more strongly than 
that of CEM-400. Blends of CEM I and CEM-600 are arranged according 
to their replacement rates between the pure binders.

S0-600 also shows hydraulic reactivity, which is associated with a 
larger cumulative hydration heat release than CEM-600 and reaches 
98% of the hydration heat of CEM I after 5 d. The evaluation of the 
hydration heat flows shows a more balanced course than CEM I, with 
a significantly increased local minimum after 3 h and a reduced and 
temporally shifted maximum after 15 h, so that the heat flow before 
7 
the minimum and after the maximum is each higher than CEM I. The 
position of the minima and maxima of mixtures with 30wt% and 50wt%
S0-600 is also changed, but no systematic relationship with the substi-
tution rate can be identified.

When considering FA0-600, no hydraulic behavior is recognizable 
after the initial heat flow has subsided within the first hours after 
water addition. Only after several days does the hydration heat release 
increase measurably; a local maximum is reached after 163 h with 
𝑊ℎ = 0.4mW∕g. The substitution of 30wt% of CEM I through FA0-
600 behaves similarly to corresponding blends containing CEM-600 
and S0-600 except for a reduced initial hydration heat within the first 
minutes. The substitution of 50wt% of CEM I through FA0-600 results in 
a reduced peak after the shortened acceleration phase and a plateauing 
deceleration phase.

In the overall view, the present results of the hydration heat flow 
measurements show a clear influence of the processing temperature, 
the binder composition, and, to a lesser extent, the aggregate content. 
Findings for the temperature-dependence agree with results in litera-
ture, where heat-release is partially attributed to the reaction of free 
lime as well as the reformation of calcium silicate hydrate and other 
hydrate phases (Angulo et al., 2022; Bogas et al., 2020; Semugaza et al., 
2023; Real et al., 2020). The effect of hydration products from blast-
furnace slag corroborates results presented in Baldusco et al. (2019), 
Xu et al. (2023b) and Xu et al. (2023a). Xu et al. (2023b) also reports 
a hydration heat release for a blended paste containing 30wt% fly ash, 
which is considerably higher than the present results for FA0. However, 
the precursor in Xu et al. (2023b) contains a higher amount of Ca(OH)2
compared to FA0, which supports the hypothesis of the importance 
of calcium hydroxide for fines rehydration. The effects observed here 
cannot be conclusively clarified with the available results, particularly 
the hypothesis of incomplete reaction of the fly ash in connection with 
the reduction of the Ca(OH)2 content, as discussed in Section 3.1. 
The type of aggregate is of lesser importance for the hydration heat 
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Fig. 7. Hydration heat flow of select blends of CEM I and CEM-400, CEM-600, S0-600 or FA0-600 at different substitution rates. See Table  2 for artificial fines 
composition.
release, while the general presence of inert particles generally reduces 
the hydration heat release, which agrees with previous findings for 
limestone-blended cement pastes (Serpell and Lopez, 2013; Xu et al., 
2023b). The ratio of CEM I to thermally activated artificial fines 
brings additional effects that overlap and interact with the previously 
mentioned factors (compare Zhang et al., 2018).

3.2.2. Compressive strength development
To analyze the strength development of the manufactured mortar 

mixtures, two approaches were used. The quotient 𝑟 according to 
Eq. (1) describes the ratio of the mortar compressive strength at the 
ages of 2 d and 28 d, and was determined for all mixtures. 

𝑟 =
𝑓𝑐,2 d
𝑓𝑐,28 d

(1)

Fig.  8 shows results for the mortar compressive strength 𝑓𝑐 at 
the age of 2 d and 28 d for different compositions in which thermo-
mechanically activated model fines partially substitute CEM I. The 
quotient in the present representation is illustrated through lines of 
different slopes. The mortar compressive strength at the age of 28 d, 
which in turn strongly depends on the SCM content and the 𝑤∕𝑏-ratio, 
significantly influences 𝑟, which increases with higher 𝑓𝑐,28 d. For similar 
𝑓𝑐,28 d, artificial fines activated at 400 °C or 600 °C exhibit similar 𝑟, 
while increasing activation temperature to 800 °C leads to reduced 𝑟
and mortar with artificial fines processed at 100 °C show increased 𝑟. 
These results mirror findings in literature, where compressive strength 
development of dehydrated cement paste is similar to Portland cement 
up to 3 d, but falls behind at later ages (Bogas et al., 2020; Real et al., 
2020).

The resulting values for 𝑟 correspond to the results for CEM I-
mortar with different 𝑤∕𝑐-ratios (here, respective mean values from 
three series). These range from 𝑟 = 0.46 for 𝑤∕𝑐 = 0.60 (with 𝑓𝑐,28 d =
40.4MPa) to 𝑟 = 0.50 for 𝑤∕𝑐 = 0.55 (with 𝑓 = 48.0MPa) and 
𝑐,28 d

8 
Fig. 8. Mortar compressive strength 𝑓𝑐 at the age of 2 d over mortar compres-
sive strength at 28 d for different mixes with partial CEM I-substitution through 
processed artificial fines. Marker shapes indicate mix composition, and colors 
indicate the activation temperature.  (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this 
article.)

𝑟 = 0.51 for 𝑤∕𝑐 = 0.50 (with 𝑓𝑐,28 d = 53.3MPa) to 𝑟 = 0.62 for 
𝑤∕𝑐 = 0.45 (with 𝑓𝑐,28 d = 56.3MPa).

Additionally, Eq. (2) was adapted from fib Model Code (2023) and 
adjusted to the results of mixtures that were tested at the ages of 1 d, 
2 d, 7 d and 28 d using the least squares method.

𝑓𝑐 (𝑡) = 𝛽𝑐𝑐 (𝑡) ⋅ 𝑓𝑐,28 d with (2)

𝛽𝑐𝑐 (𝑡) = exp
{

𝑠𝑐 ⋅
[

1 −
( 28

𝑡

)𝑙]}

(3)
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Fig. 9. Temporal compressive strength development (absolute (a) and relative (b)) of CEM I-mortar with different w/c ratio at the age of 1 d, 2 d, 7 d and 28 d, 
(mean and standard deviation from six prism halves for each data point as well as regression curves following Eq. (2)).
The parameter 𝑙 = 0.5 is independent of the binder. A global 
analysis showed that these results in an underestimation of the strength 
development of the examined mortars at the age of 7 d. 𝑙 = 0.85
would allow a better overall fit to the experimental data. However, for 
the following evaluation of the activated artificial fines, 𝑙 = 0.5 was 
applied to enable better comparison with the values given in fib Model 
Code (2023). Subsequently, the parameter 𝑠𝑐 was calculated for each 
individual mixture.

Fig.  9 illustrates the results for 𝑓𝑐 (𝑡) and 𝛽𝑐𝑐 (𝑡), which were measured 
or calculated for mortars with CEM I with different 𝑤∕𝑐-ratios. The 
expected increase in compressive strength with decreasing 𝑤∕𝑐-ratios 
was shown, as well as a faster initial strength development with increas-
ing strength. The calculated parameters 𝑠𝑐 using regression analysis lie 
between 0.20 for 𝑤∕𝑐 = 0.45 and 0.32 for 𝑤∕𝑐 = 0.60. Thus, the values 
for 𝑠𝑐 correspond to the values in fib Model Code (2023) of 0.3 and 
0.2 for CEM I 42,5 R for characteristic concrete compressive strength 
𝑓𝑐𝑘 ≤ 35MPa and 35MPa < 𝑓𝑐𝑘 < 60MPa, respectively.

In Fig.  10, the corresponding calculated curves of 𝛽𝑐𝑐 (𝑡) are shown 
for eight mixtures with CEM I-substitution by thermally activated ar-
tificial fines (𝑓 = 0.3 at 𝑤∕𝑏 = 0.50). The artificial fines CEM, RS75, 
RS62, and RS50 were used as SCMs, which were thermally activated at 
400 °C or 600 °C. Strength tests were performed at the age of 1 d, 2 d, 7 d
and 28 d on three prisms each. The replacement of CEM I by activated 
artificial fines generally leads to decreasing strengths at the age of 28 d. 
Apart from this, the relative temporal strength development, illustrated 
by the time functions 𝛽𝑐𝑐 (𝑡), is not affected. The determined values for 𝑠𝑐
range from 0.19 for RS62-400 to 0.32 for RS75-600, with no systematic 
influence of activated artificial fines composition. Activation at 800 °C 
exhibits similar, yet slightly increased results for 𝑠𝑐 , with 𝑠𝑐 = 0.32 for 
CEM-800 and 𝑠𝑐 = 0.30 for RS75-800, indicating a decelerated strength 
development.

3.2.3. Compressive strength at 28 d
The analysis of the test results regarding the influence of using 

processed artificial fines on the mortar compressive strength at the age 
of 28 d was based on the so-called 𝑘-value concept, which is described 
in CEN/TR 16639:2014. In this approach, the 𝑤∕𝑏-ratio (Eq. (4)) is 
replaced by an equivalent water-cement ratio (𝑤∕𝑐eq

) according to 
Eq. (5). The 𝑘-values serve as a measure of the reactivity of the 
supplementary cementitious materials and thus as an indication of their 
influence on the compressive strength. The European concrete standard 
EN 206:2017 defines 𝑘-values for individual types of SCM, such as 
𝑘 = 0.4 for fly ash or 𝑘 = 0.6 for blast-furnace slag.
𝑤
𝑏

= 𝑤
𝑐 + 𝑎

with 𝑎: mass of (reactive) SCMs (4)
𝑤
𝑐eq

= 𝑤
𝑐 + 𝑘 ⋅ 𝑎

(5)
9 
Rather than the application of preset values for 𝑘 to produce con-
crete with a target compressive strength, the present research uses 
Eq. (5) to calculate 𝑘-values for all activated artificial fines individually. 
Subsequently, 𝑘-values can serve as a measure for the analysis of the 
reactivity and compressive strength contribution of mode materials 
composition. Essential for determining equivalent water-cement ratios 
is the knowledge of the relationship between compressive strength 𝑓𝑐
and the water-cement ratio 𝑤∕𝑐, which was first established for the 14 
base mixtures from three series without SCMs (see Fig.  11).

For further computation, the test results were approximated using 
regression curves based on the least squares method. While normally 
convex curves are used for analyzing this material behavior, the present 
data are best represented by a linear approach (Eq. (6)), which is also 
proposed in CEN/TR 16639:2014. 
𝑓𝑐,28 d = 𝛼 − 𝛽 ⋅

𝑤
𝑐

with 𝛼 = 105 and 𝛽 = 106 (6)

The subsequent calculation of 𝑘 uses the measured compressive 
strength to compute the corresponding equivalent water-cement ratio 
𝑤∕𝑐eq (Eq. (7)). With the additional input of mix parameters (substitu-
tion rate 𝑓 and the water-binder ratio 𝑤∕𝑏), Eq. (8) gives the individual 
𝑘-value of a specific mortar mix.
𝑤
𝑐eq

=
𝛼 − 𝑓𝑐,28 d

𝛽
(7)

𝑘 = 1 − 1
𝑓

⋅
(

1 −
𝑤∕𝑏
𝑤∕𝑐eq

)

(8)

To evaluate the 𝑘-values of the mixtures with processed artificial 
fines as SCMs, it is first investigated to what extent the binder content 
𝑓 and the water-binder ratio 𝑤∕𝑏 influence the overall results. For 
this purpose, pairs of mixtures from a sample set are considered. For 
𝑤∕𝑏 = 0.50, 37 successful test pairs are available, which result in 
arithmetic means of 𝑘(𝑓 = 0.1) = 1.07 and 𝑘(𝑓 = 0.3) = 0.65, suggesting 
an influence of the SCM content on the analysis results. 53 test pairs for 
𝑓 = 0.3 yield 𝑘 (𝑤∕𝑏 = 0.40) = 0.72 and 𝑘 (𝑤∕𝑏 = 0.50) = 0.68, whereby 
the influence of the water-binder ratio on the calculated 𝑘-values can 
be considered negligible.

Therefore, in the next step, these 53 test pairs for 𝑓 = 0.3 were 
used to determine influencing factors of processing parameters as well 
as artificial fines composition. Fig.  12 illustrates the arithmetic mean 
values of the 53 test pairs.

By comparing the artificial fines CEM, LS75, and LS50 (Fig.  12(a)), 
it becomes apparent that the treatment temperature only indirectly 
influences the reactivity. Instead, the mass loss due to dehydration is 
the decisive criterion for the reactivity resulting from thermal process-
ing. CEM activated at 400 °C (CEM-400) shows a similar mass loss of 
𝛥𝑚 = 9.4wt% as LS75-600 with 𝛥𝑚 = 9.7wt%, resulting in 𝑘 = 0.66 for 
both artificial fines (mean values over two test pairs). LS75-400 and 
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Fig. 10. Relative temporal compressive strength development of mortar containing artificial fines with different river sand content activated at 400 °C (a) and 
600 °C (b).
 

Fig. 11. Relationship between compressive strength 𝑓𝑐 and water-cement ratio 
for mortar mixes without CEM I-substitution for 0.40 ≤ 𝑤∕𝑐 ≤ 0.65.

LS50-600 behave similarly (with an outlier due to material scattering 
being plausible). For all examined test series with the artificial fines 
CEM, LS75, LS50, and LS0, a linear relationship between 𝑘 and 𝛥𝑚 can 
be observed. A plausible deviation is CEM-800 with 𝛥𝑚 = 18.0wt%, as 
the mass loss can only be attributed to dehydration up to processing 
temperatures of approximately 650 °C, after which the decomposition 
of carbonates with the release of CO2 begins (Klingsch, 2014). The high 
𝑘-values for thermally activated CEM corroborate findings in Bogas 
et al. (2022a), Carriço et al. (2020b), Letelier et al. (2017), Ma et al. 
(2022), Qian et al. (2020), Tokareva et al. (2023), Vashistha et al. 
(2023) and Wu et al. (2023), where the substitution of Portland cement 
through thermally activated cement paste has only minor negative 
effects on compressive strength. Paste precursors containing limestone 
powder, which is similar to LS75, exhibit reduced strength (Xu et al., 
2023b; Serpell and Lopez, 2013).

When considering artificial fines with river sand instead of lime-
stone as aggregate (Fig.  12(b)), a slight increase in 𝑘-values can be 
observed, regardless of the mass loss. The same applies more pro-
nouncedly to artificial fines with greywacke (Fig.  12(d)). Ground lime-
stone (or limestone powder) acts as an inert SCM, whereas SiO2 from 
the aggregate contained in the artificial fines can exhibit pozzolanic 
reactivity. Prerequisites for this are that SiO2 is amorphous or that 
crystalline quartzitic SiO2 has been very finely ground. While it can 
be assumed that artificial fines with river sand and greywacke con-
tain some particles with sufficient fineness, greywacke also contains 
amorphous SiO2.

Additional positive effects on the reactivity of thermally activated 
artificial fines become apparent when they contain reaction products 
10 
of blast-furnace slag or fly ash (Fig.  12(c)), which corroborates findings 
in Xu et al. (2023b,a).

Based on these observations, various model approaches are subse-
quently investigated to predict 𝑘-values based on the artificial fines 
composition and mass loss during thermal processing. The analysis is 
based on 49 test pairs with a CEM I-substitution rate of 𝑓 = 0.3 through 
artificial fines processed at 100 °C, 400 °C or 600 °C.

The best fit is defined in Eq. (9). Model parameters are determined 
using the method of least squares from 98 individual results of the 49 
test pairs with 𝑓 = 0.3. As a result, the sum of the squared errors 
amounts to 𝛥2 = 14.8 and the coefficient of determination for the 
compressive strength is 𝑅2 = 0.75. The results are illustrated in Fig. 
13.

𝑘 = 𝑘ℎ ⋅ 𝛥𝑚 + 𝑘𝑎 + 𝑘𝑏 (9)

𝑘ℎ = 5.70 (10)

𝑘𝑎 =

⎧

⎪

⎨

⎪

⎩

0.00 for LS
0.10 for RS
0.30 for GW

(11)

𝑘𝑏 =

⎧

⎪

⎨

⎪

⎩

0.15 for CEM I
0.30 for CEM I + S
0.45 for CEM I + FA

(12)

For ground artificial fines, the 𝑘-value comprises a binder-dependent
and an aggregate-dependent constant parameter. The mass loss 𝛥𝑚
during thermal activation increases 𝑘 linearly. Alongside the interpre-
tation of 𝛥𝑚 as chemically bound water, 𝑘ℎ can be transformed into the 
amount of water bound per unit-weight of cement, 𝑚ℎ (see Eq. (13)). 
𝑘ℎ = 5.70 corresponds to 𝑚ℎ = 0.21. Despite the indirect determination 
method, this agrees with the amount of chemically bound water from 
Power’s model (Powers and Brownyard, 1946; Brouwers, 2004; Lura 
et al., 2017). 
𝑘ℎ = 1 + 1

𝑚ℎ
(13)

A simplified model, where artificial fines composition is not ac-
counted for (𝑘𝑎 = 𝑘𝑏 = 0.00) yields an increased 𝑘ℎ = 8.80 at a higher 
sum of the squared errors (𝛥2 = 20.4) and a reduced coefficient of 
determination for the compressive strength (𝑅2 = 0.40). Similarly, when 
using the exact artificial fines composition to alter Eq. (9) to directly 
account for the aggregate and paste content, the sum of squared errors 
increases slightly to 𝛥2 = 14.9. The coefficient of determination for the 
compressive strength decreases insignificantly (𝑅2 = 0.73).

Subsequently, an extension of Eq. (9) for 𝑘 to account for the CEM I-
substitution rate (𝑓 ) is investigated. The best approach (Eq. (14)) yields 
𝑅2 = 0.77 (starting from 𝑅2 = 0.75 without considering 𝑓 ).

𝑘 = (𝑘ℎ ⋅ 𝛥𝑚 + 𝑘𝑎 + 𝑘𝑏) ⋅
(𝑓𝑟𝑒𝑓

)𝑘𝑓
(14)
𝑓
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Fig. 12. Relationship between 𝑘-values of processed artificial fines and mass loss during thermal activation (arithmetic means for 𝑤∕𝑏 = 0.40 and 𝑤∕𝑏 = 0.50 at 
𝑓 = 0.3).
Fig. 13. Modeled over measured 𝑘-values for 𝑓 = 0.3 (a), modeled over measured compressive strength 𝑓𝑐 for all mix compositions (b).
𝑘𝑓 = 0.5 (15)

𝑓𝑟𝑒𝑓  denotes the CEM I-substitution rate for which the basic model 
was calibrated; presently 𝑓𝑟𝑒𝑓 = 0.3. The nonetheless relatively poor 
model fit is due to incomplete data: For 𝑓 = 0.1, no experiments 
were conducted with the artificial fines S0, S50, FA0, and FA50. For 
𝑓 = 0.5, the scope of the experiments was further significantly reduced, 
making it impossible to analyze the influence of the binder content 
in conjunction with some artificial fines parameters. Furthermore, the 
results for 𝑓 = 0.1 are subject to significantly increased scatter, which 
results from the calculation procedure (see Eq. (8)). Fig.  14 confirms 
that the scatter of theoretical 𝑘-values increases with decreasing sub-
stitution rate 𝑓 , since all material scatter is projected onto a decreasing 
proportion of the binder. Nevertheless, it becomes apparent that the 
model adaptation leads to a significantly improved prediction of the 
𝑘-value, in that 𝑘-values for 𝑓 = 0.1 are no longer underestimated 
11 
and for 𝑓 = 0.5 are no longer overestimated. However, only the latter 
has a notable influence on the prediction of the mortar compressive 
strength, since a cement substitution of 10wt% generally only shows 
minor effects on compressive strength.

4. Conclusions

The present results detail the impact of concrete fines composi-
tion on compressive strength contribution after thermal activation. 
The substitution of 30wt% OPC through pure cement paste activated 
at 600 °C does not affect compressive strength (𝑘 = 1.0). When 
cement paste contains hydration products from blast-furnace slag or 
fly ash, compressive strength at 28 d can even exceed the reference 
(𝑘 > 1.0). Compressive strength contribution decreases with increasing 
aggregate content in the fines, but also depends on the aggregate com-
position, with limestone sand performing worse than quartzitic sand. 
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Fig. 14. Modeled 𝑘-values without consideration of the substitution rate 𝑓 (a) and with consideration of 𝑓 through Eq. (14) (b).
Fines containing greywacke with amorphous silicates exhibit increased 
compressive strength contribution, even without thermal activation.

While the activation temperature remains the most important pro-
cessing parameter for achieving high compressive strength, the present 
analysis finds an overall good correlation between mass loss during 
thermal activation and compressive strength contribution, regardless 
of fines composition and aggregate content. The proposed model for 
strength contribution is based on the 𝑘-value approach in EN:206:2017 
and reflects binder and aggregate composition through fixed parame-
ters. The linear influence of the mass loss agrees with theoretical as-
sumptions for the chemically bound water content in hardened cement 
paste.

While these findings are mostly based on a CEM I-substitution 
of 30wt%, a model extension reflects findings from both the present 
experimental work as well as literature, where compressive strength 
contribution reduces with increasing substitution rate. This allows for 
increasing compressive strength when up to 10wt% of CEM I is substi-
tuted through thermally activated concrete fines.

The temporal compressive strength development of mortar contain-
ing thermally activated concrete fines is independent of their compo-
sition or processing temperature. Overall, besides the aforementioned 
impact on absolute strength, relative strength development is similar 
to CEM I. Only when fines are processed at 800 °C, relative strength 
development slows.

High early strength is caused by fast rehydration of fines, which 
exhibit an increased and accelerated hydration heat development dur-
ing the first 6 h after mixing. While fines composition has a minor 
impact on hydration heat development, results for different substitution 
rates suggest interactions between activated fines and Portland cement, 
which require additional research.

While the proposed model for strength contribution has been cal-
ibrated for the extensive present experimental data, an industrial ap-
plication requires an even broader dataset, which includes cement, 
SCMs, and aggregates from different geographical sources, with a more 
detailed analysis of their compositions. This dataset may then serve as 
a benchmark and model validation for industrially processed concrete 
fines, where the composition is generally unknown. As the present anal-
ysis focuses on compressive strength, further studies also require the 
investigation of concrete durability and the applicability of empirical 
provisions in structural design codes.
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