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Abstract

Recycling fine concrete waste (or recycled concrete fines) is a significant obstacle to circular
construction. The concentration of hardened cement paste (HCP) with decreasing particle size
effectively hinders its use as recycled aggregates, as HCP is porous and has lower strength than
natural aggregate. This impairs the workability of fresh concrete and results in insufficient
performance of hardened concrete. So far, advanced processing methods have failed to provide a
definitive solution to this issue. Different approaches have been successful in separating natural
aggregates from HCP. However, while this produces recycled aggregates of improved quality, the
second waste stream, consisting of enriched HCP, lacks applicability.

In this context, recycling as a binder with the goal to substitute cement offers a valuable
alternative. Here, different methods exist. Fine concrete waste can replace a portion of the
Portland cement clinker raw meal, which is subject to constraints imposed by the chemical
composition. Alternatively, the dilution effect limits the use of (inert) ground concrete fines
as a supplementary cementitious material. In contrast, thermal activation has proven to be a
promising compromise, in which dehydrated HCP exhibits hydraulic reactivity, and the aggre-
gate fraction in concrete waste serves as an inert filler.

Although a literature review indicates high research activity in this field, this thesis addresses
significant gaps. While published results primarily focus on activation procedures for (practi-
cally non-existent) hydrated cement paste or on a single type of industrial concrete waste, the
comprehensive research program of this work assesses the behavior of 12 laboratory-made artifi-
cial concrete fines with deliberately altered aggregate content, binder composition, or aggregate
mineralogy, as well as 25 different industrial concrete fines.

The first part of the experimental program assesses the behavior of these fines after pro-
cessing at temperatures between 100 ◦C and 800 ◦C, focusing on their hydration behavior and
their contribution to compressive strength. Regardless of their composition, thermally activated
concrete fines exhibit rapid rehydration, as evidenced by accelerated heat evolution during hy-
dration. The total heat release, however, depends on the aggregate content. Extensive mortar
compressive strength tests indicate a correlation between mass loss during thermal activation
and the contribution to compressive strength, regardless of fines composition and origin. The
chemical and mineralogical composition of the artificial fines also has a major impact on com-
pressive strength, which is not mirrored by industrial fines. From these results, a model based
on the k-value approach specified in EN 206:2013 is derived.

In the second part of the experimental work, a subset of both artificial and industrial fines is
used for concrete production. In contrast to the literature, the effect of cement substitution on
compressive strength is compensated for by applying the aforementioned model. The subsequent
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analysis of mechanical properties shows a good agreement with reference supplementary cemen-
titious materials and existing concrete design proposals. However, the substitution of cement
with thermally activated concrete fines adversely affects the resistance to carbonation and chlo-
ride ingress due to a reduced binding capacity. Furthermore, the elution of harmful substances
shows the need for additional research regarding the binding capacity for heavy metals.

Overall, the results in this thesis extend previous findings by providing a new method for
predicting compressive strength based on concrete fines properties, highlighting individual con-
sistencies and discrepancies with existing design provisions. Facilitating the recycling of concrete
fines as a substitute for cement also enables the implementation of new procedures to separate
HCP and natural aggregates as distinct materials, thereby advancing fully circular concrete
construction.

iv



Kurzfassung

Die Kreislaufführung von feinem Betonabbruch (sog. Betonbrechsanden) stellt eine große Heraus-
forderung dar. Die Anreicherung von erhärtetem Zementstein (HCP) mit abnehmender Partikel-
größe behindert die Anwendung als rezyklierte Gesteinskörnung erheblich: HCP ist porös und
weist eine geringere Festigkeit im Vergleich zu natürlichen Gesteinskörnungen auf. Dies beein-
trächtigt die Verarbeitbarkeit des Frischbetons und führt zu unzureichenden Festbetoneigen-
schaften. Bisherige Aufbereitungsverfahren liefern bislang keine eindeutige Lösung für dieses
Problem. In der Forschung und Praxis werden verschiedene Ansätze entwickelt, um natürliche
Gesteinskörnungen von HCP zu trennen. Dies führt zwar zu rezyklierten Gesteinskörnungen mit
verbesserter Qualität. Der zweite Abfallstrom aus angereichertem HCP lässt sich jedoch bislang
nicht sinnvoll verwerten.

Für diesen Zweck stellt die Verwendung von Betonbrechsanden als Zementersatz eine vielver-
sprechende Alternative dar. Feiner Betonabbruch kann einen Teil des Rohmehls in der Port-
landzementklinkerherstellung ersetzen. Dies ist jedoch durch dessen chemische Zusammenset-
zung begrenzt. Der Einsatz von (inerten) gemahlenen Betonbrechsanden als Zementhauptbe-
standteil wird durch den Verdünnungseffekt eingeschränkt. Eine thermische Aktivierung hat sich
als vielversprechender Kompromiss erwiesen, wonach dehydratierter HCP hydraulische Reaktiv-
ität aufweist. Die in den Betonbrechsanden enthaltene natürliche Gesteinskörnung wirkt als
inerter Füller.

Obwohl eine Literaturrecherche eine hohe Forschungsaktivität auf diesem Gebiet zeigt,
deckt diese Arbeit bedeutende Forschungslücken ab. Während veröffentlichte Ergebnisse sich
hauptsächlich auf Aktivierungsverfahren von (in der Praxis nicht vorhandenem) hydratisiertem
Zementstein oder jeweils eine einzelne Art industrieller Betonbrechsande konzentrieren, wer-
den in einem umfassenden Forschungsprogramm das Verhalten von 12 im Labor hergestellten,
künstlichen Betonbrechsanden mit gezielt variierter Zusammensetzung der Bindemittel und der
Gesteinskörnung sowie des Gehalts letzterer untersucht. Ergänzt wird dies durch 25 verschiedene
industriell hergestellte Betonbrechsande.

Der erste Teil des experimentellen Programms bewertet das Verhalten dieser Betonbrech-
sande nach einer thermischen Behandlung bei Temperaturen zwischen 100 ◦C und 800 ◦C im
Hinblick auf ihr Hydrationsverhalten und ihren Druckfestigkeitsbeitrag. Unabhängig von ihrer
Zusammensetzung zeigen thermisch aktivierte Betonbrechsande eine schnelle Rehydration, was
sich durch eine beschleunigte Hydrationswärmeentwicklung bemerkbar macht. Die Wärmeab-
gabe hängt jedoch vom Gesteinskörnungsgehalt ab. Umfangreiche Mörteldruckfestigkeitsprü-
fungen zeigen eine gute Korrelation zwischen dem Massenverlust während der thermischen
Aktivierung und dem Druckfestigkeitsbeitrag – unabhängig von der Zusammensetzung und
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Herkunft der Betonbrechsande. Die chemische und mineralogische Zusammensetzung der im
Labor hergestellten Betonbrechsande beeinflusst die Druckfestigkeit stark. Industrielle Beton-
brechsande weisen hier eine weniger stark ausgeprägte Beeinflussung auf. Aus diesen Ergebnissen
wird ein Modell auf Basis des k-Wert-Ansatzes nach EN 206:2013 abgeleitet.

Im zweiten Teil der experimentellen Arbeit wird eine Auswahl sowohl künstlicher als auch
industrieller Betonbrechsande zur Betonherstellung verwendet. Im Gegensatz zur Literatur
wird der Einfluss der Zementsubstitution auf die Druckfestigkeit durch Anwendung des oben
genannten Modells kompensiert. Die anschließende Analyse der mechanischen Eigenschaften
zeigt eine gute Übereinstimmung mit etablierten Betonzusatzstoffen und bestehenden Bemes-
sungskonzepten. Die Substitution von Zement durch thermisch aktivierte Betonbrechsande
beeinträchtigt jedoch den Widerstand gegen Carbonatisierung und Chlorideindringung aufgrund
eines verminderten Bindungsvermögens. Darüber hinaus zeigt die Elution umweltgefährdender
Stoffe die Notwendigkeit weiterer Forschung zur Bindung von Schwermetallen auf.

Die Ergebnisse dieser Arbeit erweitern die bisherigen Erkenntnisse maßgeblich, indem sie
eine neue Methode zur Vorhersage der Druckfestigkeit auf Basis der Eigenschaften von Beton-
brechsanden bieten und individuelle Übereinstimmungen sowie Abweichungen mit bestehenden
Bemessungsvorgaben aufzeigen. Die Wiederverwertung von Betonbrechsanden als Zementersatz
ermöglicht zudem die Umsetzung neuer Verfahren zur Trennung von natürlicher Gesteinskörnung
und Zementstein (HCP) als zwei separate Materialströme, um so einem vollständig kreislauf-
fähigen Betonbau näherzukommen.
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Chapter 1

Introduction

Concrete is – quite literally – one of the foundations of modern societies. Concrete is required
for providing infrastructure and housing. In recent decades, worldwide concrete production has
increased many times over, thereby creating a unique set of problems. Figure 1.1 illustrates the
global cement production and CO2 emissions over the past century.

Concrete is a composite of different raw materials – mainly aggregates, cement, and water.
Firstly, the sourcing of aggregates is a local process that faces various challenges, including
shortages. Secondly, cement production contributes to up to 8 % of global CO2 emissions,
which are hard to abate due to chemical processes and processing requirements [183]. Thirdly,
concrete is also one of the most prevalent types of waste [231]. Modern concrete structures are
rarely built for eternity, and an increasing number of those are being demolished. Recycling of
these wastes may mitigate all three problems. Waste processing reduces the need for landfill
disposal. The production of recycled aggregates reduces the demand for natural aggregates, and
the substitution of cement lowers CO2 emissions of concrete production.

While recycled aggregates are increasingly common and well researched, cement recycling is
an emerging, albeit highly active, research field with few industrial applications. Therefore, this
thesis aims to provide new insights into the thermal activation of concrete waste as a method
for cement recycling.
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Fig. 1.1: Worldwide production of cement and CO2 emissions. Data from [8, 168].
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Chapter 1. Introduction

The main body of this thesis is subdivided into three parts. The first part gives an overview of
standard procedures for concrete recycling. The second part presents experimental results on the
development of compressive strength in mortar containing thermally activated concrete waste
as a supplementary cementitious material. The long-term performance of concrete following
cement substitution with these processed waste materials is analyzed in the third part.

This thesis is a cumulation of six individual research publications. Strength development
(P1 and P2) and long-term behavior (P3 and P4) are each covered in distinctive works. While
P1 and P4 use different types of industrially processed concrete waste as precursors, P2 and P3
assess waste composition through laboratory-made artificial precursors. The appendix includes
reprints of these publications with additional supplementary data. Two additional publications
detail preliminary work, which lays the groundwork for the present thesis (A1), and gives an
outlook into applying the findings beyond concrete production (A2)∗.

∗For licensing reasons, publications A1 and A2 are not reprinted within this thesis. Therefore, and owing to
the preliminary nature of these works, the detailed analysis within this thesis concentrates on P1–P4.
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Chapter 2

Context

The recycling of concrete waste poses a significant obstacle for circular concrete construction.
The following sections outline the advantages of activating concrete waste within the broader
context of concrete production and recycling. The first section describes the production of
concrete and its raw materials, followed by a depiction of mineral construction and building
waste and its application as recycled aggregates. The chapter concludes with a presentation of
different recycling pathways for concrete binders.

The contents of this chapter have previously been published in a report [91], which was
altered and updated to meet the requirements for this thesis.

2.1 Cement and Concrete Technology

Concrete is a multi-component material that consists of coarse and fine aggregates, cement,
water, supplementary cementitious materials, and admixtures. While aggregates comprise the
bulk of the material, the cement paste composition, with the water-cement ratio (w/c) as the
key parameter, defines the predominant properties of concrete. Supplementary cementitious
materials (SCMs) may partially replace cement, and relatively small quantities of admixtures
affect individual concrete properties, such as workability and air content.

2.1.1 Cement

Cement denotes a diverse group of finely ground hydraulic binders, which react with water to
form a solid matrix, the so-called hardened cement paste (HCP). Cement, which is standardized
in several parts of EN 197∗, consists of main constituents and minor additional constituents.
The former comprise cement clinker and optional supplementary cementitious materials. Minor
additional constituents, which are limited to a content of 5 wt% of the total cement weight,
cover a wide range of materials used for improving the physical properties of cement. Most
importantly, calcium sulfate is used for regulating the setting behavior [141].

∗This thesis uses the European and German standardization. Regionally, other standards with differing content
may apply. Furthermore, other types of cement, such as very low heat special cements, use different standards,
which are not relevant to the scope of this thesis.
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Chapter 2. Context

Clinker

The most important constituent of Portland cement is Portland cement clinker (short: clinker),
which is produced by burning clinker raw meal – a mixture of limestone, clay, marl, quartz
sand, and iron ore – at 1450◦C. The required compositional ratios of the raw meal depend on the
chemical profile of the individual components [248]. Table 2.1 presents the typical compositional
ranges for the raw meal mixture.

Tab. 2.1: Mineral oxide composition of clinker raw meal. CCN: Cement chemist notation. [56, 252]

Oxide notation CCN Proportion [wt%]

CaO C 60 – 69
SiO2 S 20 – 25

Al2O3 A 4 – 7
Fe2O3 F 0.2 – 5

Due to the burning of fossile fuels, which are required for achieving high processing temper-
atures, and the release of chemically bound CO2 from raw meal components, the production
of 1 t clinker is associated with the emission of ca. 800 kg–900 kg CO2 [192]. Less than half of
these can be abated through the switch to renewable fuels, while the remainder would require a
switch to alternative raw materials, which do not contain chemically bound CO2 [10, 59, 248].

Through the incineration process, the key clinker phases form [20, 252]:

• Tricalcium silicate (3 CaO · SiO2; C3S, Alite), 45 wt%–80 wt%,

• Dicalcium silicate (2 CaO · SiO2; C2S, Belite), 0 wt%–32 wt%.

• Tricalcium aluminate (3 CaO · Al2O3; C3A), 7 wt%–15 wt%, and

• Calcium aluminferrite (4 CaO · Al2O3 · Fe2O3; C4AF), 4 wt%–14 wt%.

The raw meal composition requires careful adjustment to achieve the desired uniform clinker
properties.

The hydration of clinker phases produces distinct hydraulic phases that serve different func-
tions in fresh and hardened paste. In short, alite reacts to calcium silicate hydrates (C-S-H),
which form an interconnected matrix for strength bearing, and calcium hydroxide (Ca(OH)2,
CH, also: portlandite), which provides carbonation resistance in reinforced concrete. The belite
reaction is slower than the alite reaction and yields similar hydration products, but with a lower
share of Ca(OH)2. Aluminous and ferrous clinker phases serve as flux in the clinkering process,
and hydration products provide a resistance against chloride or sulfate ingress. Furthermore,
in the presence of calcium sulfate (CaSO4), calcium aluminate forms calcium aluminosulfate
hydrates (AFm and AFt), which give cement paste a thixotropic behavior for a limited time and
therefore allow workability [20, 141].

Supplementary Cementitious Materials

Supplementary cementitious materials (SCMs) may be used either as cement main constituents,
or as concrete additives [17, 47, 73, 115, 208]. The definitions distinguish between SCMs added
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during cement batching and those added during concrete mixing. Individualized standardized
requirements apply, affecting the concrete design process. However, for the more relevant con-
crete parameters, this differentiation is insignificant.

SCMs are classified by their reactivity. Inert SCMs exhibit no chemical reactivity with other
concrete components. Aside from a mere dilution of the reactive phases, inert SCM particles
may act as nuclei for the hydration of cement clinker [176, 202]. The dilution effect can be
partially negated through a higher fineness of the cement clinker, but ultimately limits the
applicability of inert SCMs. Pozzolanic SCMs contain high amounts of amorphous siliceous or
aluminous phases, which react with calcium hydroxide to form strength-developing hydrates
[119, 224, 260]. Because concrete durability requires high alkalinity in the pore solution, the
consumption of calcium hydroxide effectively limits the technically feasible substitution rates
[80]. Higher substitution rates are possible for SCMs with elevated calcium content, where
calcium hydroxide is increasingly required as reaction catalyst rather than as reactant [82, 173,
175]. These so-called latent-hydraulic SCMs generally exhibit calcium oxide (C) to silicon dioxide
(S) molar ratios C/S > 0.5. For C/S > 1.5, binders may show hydraulic behavior, with cement
clinker ranging between 2.0 ≤ C/S ≤ 3.0 [17, 90]. Subsequently, reaction products from SCMs
exhibit a significant bandwidth, depending on their chemical compositions.

The impact of SCMs on concrete performance is either considered implicitly through the
categorization of blended cements or explicitly when used as an additive in the concrete mixing
process. The latter often relies on the k-value concept described in CEN/TR 16639:2014. Here,
the contribution of SCMs to concrete parameters – usually, compressive strength – is considered
through an equivalent water-cement ratio w/ceq, at which the concrete performance is identical
to a concrete of the same water-cement ratio without additives.

w

ceq
= w

c + k · a
with w: water content, c: cement content, a: additive content (2.1)

Standardized k-values may reach as high as k = 2.0 for silica fume, but are generally smaller
than 1.0, which indicates a degradation of concrete strength and durability following the sub-
stitution of cement. EN 206:2013 and DIN 1045-2:2023-08 define k = 0.4 for pozzolanic fly
ash and latent-hydraulic ground granulated blast-furnace slag (and, for limited applications,
k = 0.6 for the latter). For inert SCMs, k = 0.0 applies. However, researchers have found less
conservative k-values, such as k = 0.6 for fly ash or k = 0.15 for inert limestone powder [88, 89,
290]. In EN 206:2013, equivalent water-cement ratios are also used to assess durability require-
ments through exposure classes. Additionally, additives may partially contribute to fulfilling
requirements for the minimum cement content.

The use of SCMs predates the invention of Portland cement, and various pozzolans, primarily
derived from volcanic ash, have been used extensively [156, 191]. In recent years, the demand
for SCMs has increased, as exemplified through fig. 2.1. However, due to a decreasing use of coal
for producing electricity or raw iron, the availability of fly ash or blast-furnace slag is locally
constricted, with a bleak perspective [161, 248, 249, 252]. Ongoing research seeks to identify
and establish additional types of SCMs, such as calcined clays and various types of incineration
ashes [17, 70, 101, 224, 249].
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Fig. 2.1: Production of cement and clinker (left) and domestic shipping of different types of blended
cements (right) in Germany [250, 251, 253–256]. Cement types according to EN 197-1:2011 and
EN 197-5:2021.

2.1.2 Aggregates

Aggregates constitute the largest share of a unit volume of concrete and serve as the granular
base material, which is surrounded by the hardening cement paste matrix. As long as they are
chemically stable and do not interact with the cement paste, requirements, i.e., in EN 12620:2008,
focus on physical and geometrical properties, such as water absorption, density, hardness, grain
shape, and particle size distribution [230].

Aggregates are usually locally sourced and processed. Therefore, the chemical and mineralog-
ical composition exhibits regional variations, which subsequently affect the chemical composition
of concrete.

The overall consumption of sand and gravel surpasses the demand for concrete aggregates.
Civil engineering and building construction require approximately half of these resources (see
fig. 2.2). However, the former uses mainly loose aggregates, and only approximately 26 wt%
serve as aggregates in concrete. Building construction requires approximately 77 wt% of sand
and gravel as concrete aggregates. In sum, approximately 50 wt% of sand and gravel are used
in concrete production†.

†Data from [32]. The detailed timeline illustrated in fig. 2.2 ends with the year 2020. More recent iterations
are limited to the total production of sand and gravel.
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Fig. 2.2: Total consumption of sand and gravel in Germany [18, 19, 25, 30–32, 54].

2.2 Mineral Construction and Demolition Waste

At the end of its service life, a concrete structure can be demolished, and its components may
serve as recycled building materials. Figure 2.3 details the recorded construction and demolition
(C+D) waste in Germany, which amounts to roughly half of all waste streams (by weight) in
Germany. The largest share constitutes soil, stones, and dredging soils, which can often be reused
or recycled without further processing [231]. Mineral waste (concrete, bricks, tiles, ceramics)
generally requires processing before further application [164].

Processing comprises the separation of different material components – steel, concrete, bricks,
timber, insulation etc. – and, as a second step, fragmentation. The extent of the latter depends
on the aspired recycling use case. Most commonly, processed concrete waste substitutes crushed
natural aggregates in unbound layers in road construction [162, 164]. The application as recycled
concrete aggregates poses stricter requirements for physical and mechanical material parameters.
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Fig. 2.3: Construction and Demolition (C+D) waste generated (left) and processed (right) in Germany
[231].
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2.3 Recycled Concrete Aggregates

Recycled aggregates obtained from concrete waste processing consist of hardened cement paste
and natural aggregates used for the production of the parent concrete. Compared with natural
aggregates, hardened cement paste may adversely affect the physical properties of recycled
aggregates and, subsequently, the performance of concrete.

2.3.1 Properties of Recycled Concrete Aggregates

Recycled concrete aggregate properties exhibit high variations. This is due to several overlapping
influences, such as the composition of the parent concrete, defined through the types of aggre-
gates and cement and the water-binder ratio, and processing techniques. Furthermore, because
hardened cement paste has a lower crushing value than natural aggregates, processing may yield
coarse aggregates with low cement paste content, whereas the latter concentrates with increasing
particle fineness [57, 121, 125]. Concrete waste usually consists of 70 wt%–80 wt% aggregates.
The aggregate content in fine recycled aggregates mostly ranges between 40 wt%–60 wt% and
may even go as low as 20 wt% [104]. This requires expensive crushing, fractioning, and sorting
procedures [39, 67]. Subsequently, variations in cement paste content also affect the chemical,
physical, and mechanical properties of recycled aggregates, and the impact is greater for finer
recycled aggregate fractions.

For concrete production, the most important physical aggregate properties are their density
and water absorption. Compared with natural aggregates, the increased hardened cement paste
content results in a lower particle density and a higher water absorption. A review of fine recy-
cled aggregates and their natural counterparts in [169] yielded a decreasing particle density‡ from
ρSSD = 2.63(4) kg/dm3 to ρSSD = 2.28(18) kg/dm3. For the same aggregates, water absorption§

increased from WA24 h = 1.1(9) wt% to WA24 h = 8.5(22) wt%. In a different review in [218], fine
recycled aggregates exhibited ρSSD = 2.30(10) kg/dm3 and WA24 h = 9.5(26) wt%. For coarse
aggregates, the lower hardened cement paste content has a less pronounced effect on physical ag-
gregate properties. Results in [218] yielded ρSSD = 2.44(8) kg/dm3 and WA24 h = 4.9(17) wt%.
Figure 2.4 presents different empirical relationships between the two codependent material pa-
rameters¶.

2.3.2 Impact of Recycled Aggregates on Concrete Properties

The replacement of natural dense aggregates with recycled aggregates generally has an adverse
effect on the performance of the resulting concretes.

In fresh concrete, the high proportion of crushed aggregate surfaces reduces workability
due to increased specific surface area and lower packing density [45, 53, 122, 240]. In addition,
adhering mortar absorbs mixing water from the fresh concrete, causing a further, time-dependent
loss of workability [104]. In construction practice, two principal approaches are applied to

‡ρSSD: particle density at saturated surface dry condition
§W A24 h: Water absoption during submersion for 24 h
¶Silva.2014 [218] and Omary.2016 [172] specify density in oven dry condition, while Verian.2018 [257] does

not indicate the moisture state. The empirical parameters specified in [218] contain a rounding error. The
corresponding author kindly provided the correct data.
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Fig. 2.4: Empirical relationship between water absorption (24 h) and particle density (oven dry) of recy-
cled concrete aggregates from different reviews [172, 218, 257].

compensate for the increased water absorption of recycled aggregates [216]. The use of specially
tailored retarding superplasticizers improves workability and enhances retention of consistency
over time. However, a more economical solution is to add additional water, either by pre-wetting
the recycled aggregates or by increasing the mixing water content to compensate for aggregate
water absorption. In practice, the required amount is commonly estimated based on the water
absorption of the aggregates within 10 min [164, 196]. The applicability of this approach is
limited by the maximum permissible water-cement ratios specified for the exposure classes in
accordance with EN 206:2013.

In hardened concrete, replacing natural dense aggregates with recycled aggregates generally
reduces compressive strength. This behavior can be attributed to the fracture mechanics of con-
crete: cracks typically initiate in the interfacial transition zones (ITZs) between the cement paste
matrix and the aggregates [201]. In these regions, stress concentrations arise due to differences in
material stiffness. Moreover, the ITZs are characterized by a locally increased water-cement ra-
tio, resulting in higher porosity and reduced cohesion caused by one-sided growth of hydration
products. With progressive cracking, microcracks within the ITZs coalesce into macrocracks
that propagate through the cement paste matrix. In normal-strength concrete, dense natural
aggregates impede crack propagation. By contrast, concretes incorporating recycled aggregates
exhibit an increased volume-related ITZ area. This increase results from both the higher spe-
cific surface area of the crushed aggregates and from the presence of ITZs within the recycled
aggregate particles originating from the parent concrete [64, 148, 279]. In addition, recycled
aggregates are pre-damaged by microcracks induced during the crushing process of concrete
demolition waste [148].

The properties of the ITZs between cement paste and recycled aggregates are affected by
the moisture condition of the aggregates. Water-absorbing aggregates generally promote denser
ITZs, whereas fully water-saturated aggregates may locally increase the water-cement ratio in
the ITZs by releasing water into the cement paste [132, 309]. Because of their cement paste
content, recycled aggregates are also less effective at inhibiting crack propagation than natural
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aggregates and may even promote cracking when concrete with a strength higher than that of
the parent concrete is produced [148].

In addition to reduced compressive strength, concretes with recycled aggregates generally
exhibit inferior deformation-related and durability-related properties. Table 2.2 summarizes the
effects of a complete replacement (100 %) of coarse and fine aggregates by recycled aggregates on
selected hardened concrete properties. The specified ranges indicate the 95 % and 5 % confidence
intervals and assume a linear relationship between concrete properties and the substitution rate.
The higher porosity of recycled aggregates facilitates the ingress of aggressive media into the
concrete, particularly when the quality of the recycled parent concrete is poor, or when the water
absorption of the aggregates is compensated for by an increased mixing water dosage [159, 261,
272, 305]. In contrast, the higher cement paste content in recycled aggregates may increase the
binding capacity of harmful substances, such as chlorides [247]. However, the increased cement
paste content associated with recycled aggregates generally results in a reduced modulus of
elasticity, an increased creep coefficient, and increased shrinkage [63, 272, 284].

Tab. 2.2: Relative hardened concrete properties at 100 % aggregate replacement by recycled aggregates
(RA). Reported values of the 95 % and 5 % confidence intervals, i.e., a complete substitution of
coarse aggregates yields a compressive strength range, where 95 % of the results exceed 56 % of
the reference strength, and 5 % exceed 117 % of the reference strength.

coarse RA fine RA
Compressive strength [220] 56 – 117 55 – 107
Splitting tensile strength [219] 40 – 114 54 – 87
Modulus of elasticity [222] 44 – 96 55 – 98
Creep coefficient [215] 100 – 180
Shrinkage [217] < 180
Carbonation depth [221] 82 – 247 148 – 870
Chloride diffusion [223] 90 – 165 40 – 295

Table 2.2 exemplifies that coarse and fine recycled aggregates have a similar impact on
mechanical concrete properties. The ingress of chlorides and CO2, however, may be significantly
increased when fine recycled aggregates are used. This is due to the concentration of hardened
cement paste in these fines, in addition to an increased specific surface area [29, 62].

As shown in table 2.2, it is feasible to produce concrete with an unaltered compressive
strength even when coarse and fine recycled aggregates replace the entire aggregate fraction.
However, it must be emphasized that the empirical relationships between hardened concrete
properties that underlie structural design standards (e.g., EN 1992) may no longer be valid
under such conditions. This limitation arises from the differing effects of aggregate replacement
on compressive strength and on other hardened concrete properties. Therefore, concrete design
standards, such as EN 206:2013, restrict the substitution of natural with recycled aggregates.

2.3.3 Advanced Processing of Recycled Concrete Aggregates

To eliminate discrepancies between natural and recycled aggregates and the concrete produced
from them, advanced processing methods focus on improving the performance of recycled aggre-
gates. These can be divided into two categories. On the one hand, predominantly mechanical,
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thermal, and chemical methods focus on optimizing the separation of cement paste from natural
aggregates. On the other hand, chemical or physical treatments can be used to strengthen and
densify the hardened cement paste adhering to the natural aggregate particles.

Methods for removing the hardened cement paste from the original aggregates aim at achiev-
ing a complete recovery of natural coarse and fine aggregates that can be used for the production
of new concretes without or with only minor restrictions.

The fundamental process for this purpose is the optimized crushing or grinding of the recycled
aggregates. After demolition, concrete waste is generally not available in a usable particle size
distribution. In a subsequent comminution step, useful particle size gradations are generated.
By applying optimized processes, the particle shape can be improved toward more cubic or
spherical grains. This is associated with increased abrasion of the cement paste. Predominantly,
rotating mills are used for this purpose, whereas conventional crushers do not lead to improved
particle shapes. These processes exploit the different strengths of the cement paste and the
natural aggregates and are therefore particularly effective for low-strength concrete precursors
[164].

Due to the different thermal behavior of hardened cement paste and aggregates, thermal
processing can be used for enhancing the separation of paste and aggregates [74, 195]. In ad-
dition, differences in thermal expansion coefficients generate internal stresses between cement
paste and aggregate, resulting in cracking within the interfacial transition zones. Temperatures
in the range of 250 ◦C–500 ◦C have proven sufficient. Optimum processing temperatures for re-
claiming aggregates with low paste content range from 500 ◦C to 1000 ◦C [74, 83, 180]. However,
high temperatures may trigger chemical processes within the natural aggregates, but increase
the decomposition of the cement paste. Heat treatment can be carried out in conventional fur-
naces. Microwave treatment has also proven effective, as it exploits the increased porosity of
the interfacial transition zones to generate temperature gradients and internal stresses at these
locations [158].

Alternatively, the cement paste matrix can be weakened by acid treatment. Both inorganic
acids (hydrochloric acid, HCl; sulfuric acid, H2SO4; nitric acid, HNO3; phosphoric acid, H3PO4;
carbonic acid, H2CO3) and organic acids (acetic acid, C2H4O2; tannic acid, C76H52O46) are
suitable for this purpose. In this process, the hydrate phases of the cement paste are dissolved
in order to achieve separation. Care must be taken to ensure compatibility between the acid used
and the natural aggregates of the concrete waste being processed, in order to avoid dissolution
of the latter [55, 99, 107, 109, 211].

Following the weakening of the cement paste, it must be separated from the primary natural
aggregates. Due to the reduced cohesion, crushing or grinding is generally not required for this
step. Instead, sieving or air classification is often sufficient [39, 74].

Methods aimed at strengthening and densifying the cement paste fraction of recycled con-
crete aggregates focus on sealing the pore structure and closing microcracks. Research in this
area is predominantly directed toward optimizing recycled aggregates across the entire range of
commonly used particle sizes.

One option for the pretreatment is mixing recycled aggregates with a binder suspension
upstream of the actual concrete production process. In this approach, the individual particles
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are first coated with an additional binder layer, thereby improving particle shape and the bond
between the treated aggregate particle and the subsequently formed cement paste. If sufficiently
fine binders are used, they can penetrate pores and microcracks and thus seal them. Suit-
able materials include high-strength cements or supplementary cementitious materials such as
ground granulated blast-furnace slag, fly ash, or silica fume. In particular, the latter has shown
to yield additional benefits for the strength development of the resulting concrete. However,
coating individual particles is time-, energy-, and especially material-intensive. The demand for
suspension increases with the specific surface area of the material to be treated [96, 116, 212,
266].

Instead of binder suspensions, recycled aggregates can be treated with aqueous solutions,
containing, for example, sodium silicate or organic polymers – often in combination. These
substances can deposit within the pores or render the surface of the recycled aggregates hy-
drophobic. However, the performance of these materials varies. While improving workability,
individual polymer solutions may have adverse effects on concrete strength or durability [118,
211, 229].

Such negative interactions can be avoided if the deposited materials are already established
constituents of concrete, which is the case for calcium carbonate. Two fundamental approaches
can be distinguished in this context: bioprecipitation and carbonation.

The precipitation of calcium carbonate exploits the metabolism of various microorganisms
that, among other things, emit carbon dioxide. In a calcium-rich environment, this carbon
dioxide reacts to form calcium carbonate. By locally confining this reaction to the pores and
microcracks of a recycled aggregate particle, these can be sealed and closed within a few days
[262, 301]. In addition, carbonation products can bind fine particles to larger aggregate particles
[315].

Alternatively, during carbonation, phases of the cement paste react with carbon dioxide from
the surrounding air to form calcium carbonate. The most important reaction is the carbonation
of calcium hydroxide, although other cement paste phases may also carbonate to a lesser extent.
Since calcium hydroxide is predominantly located in the pores and interfacial transition zones of
the cement paste, these regions are densified and strengthened by carbonation. The effectiveness
of carbonation depends on several parameters. Natural carbonation – which represents an
undesirable reaction in concrete structures due to the depassivation of reinforcing steel – requires
several years at a CO2 concentration of 0.4h in atmospheric air to reach relevant concrete
depths in the millimeter range. Analogous to laboratory tests used to determine the carbonation
resistance of concretes, chemical reactions can be accelerated. Increasing the CO2 concentration
leads, on the one hand, to faster carbonation of calcium hydroxide. In addition, the reactivity
of calcium silicate hydrate increases with CO2 concentration, thereby enabling further beneficial
effects. On the other hand, negative effects on the physical properties of treated aggregates
have been observed at very high CO2 concentrations. Effective concentrations are reported to
lie in the range of 20 %–50 % [182] or 40 %–60 % [134]. Furthermore, the carbonation rate can
be increased by a moderate rise in gas pressure in the range of 10 kPa–500 kPa. Typical climatic
boundary conditions (20 ◦C–30 ◦C and 40 %–70 % r.h.) have also proven to be effective. Because
carbonation progresses continuously with increasing exposure time, longer durations improve
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treatment efficiency. However, the carbonation rate decreases as carbonation progresses because
the calcium carbonate formed in the pores increasingly impedes CO2 penetration. The majority
of CO2 uptake occurs within the first hour after exposure. After one day, the reaction enters a
stable phase with very slow increases in carbonation [126, 134, 182, 239].

While all presented processing techniques have proven effective, the economic feasibility
requires additional research. A detailed comparison and assessment of the methods described
is provided in [66, 163, 171, 186, 207, 211, 267]. Ultimately, strengthening the adhering cement
paste through carbonation stands as the most promising procedure, as it uses CO2, a cost-
negative resource. Methods that improve the separation of natural aggregates and hardened
cement paste are effective but increase processing costs and produce a residual waste stream
containing concentrated cement paste or its derivatives, which cannot be used as aggregates in
concrete and require alternative recycling applications.

2.4 Recycled Concrete Binders

While concrete waste with high contents of hardened cement paste is increasingly difficult to
recycle as aggregates, especially the fines fraction has shown promising behavior as a recycled
binder. Cement recycling can be classified into three groups, where waste containing materials
are either used as a clinker raw meal component or serve as a finely ground filler. An interme-
diate approach aims to activate the hardened cement paste while leaving the inert aggregates
unaltered.

2.4.1 Concrete Waste in Clinker Production

The production of cement clinker requires a narrowly tailored raw meal composition for achieving
a sufficient amount of reactive phases (see section 2.1.1). Pure hardened cement paste can be
used almost entirely as raw meal in cement production, with at most minor additions [317].
After thermal treatment at the conventional clinker burning temperature of 1450 ◦C, the relevant
clinker phases form from the melt. In some cases, lower temperatures have also been identified
as effective [130, 139].

However, since concrete waste contains significant amounts of supplementary cementitious
materials or natural aggregates, the required calcium-to-silicon (C/S) ratio is unfavorably al-
tered. As a result, the melt derived from crushed concrete does not form sufficiently reactive
phases. The proportion of concrete waste in the raw meal must therefore be selected such that
the resulting chemical composition meets the requirements described in section 2.1.1 [48]. In
this context, the calcium content of the concrete waste is of particular relevance, as calcium
carbonates are used to offset deviating raw meal compositions caused by concrete waste [2, 48].
For quartzitic natural aggregates, the separation of hardened cement paste from aggregates is
therefore important to reduce the required calcium carbonate content in the raw meal [200].
With increasing quartz contents in concrete waste, it has also been observed that even with
optimized raw meal composition, only incomplete formation of tricalcium silicate from the melt
occurs – in favor of increased amounts of free lime and quartz. Consequently, cement strength
and the flowability of cement pastes decrease [123]. Concrete waste with calcitic natural ag-
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gregates can be used to a larger extent even without optimized separation processes. However,
irrespective of the type of primary aggregates, separation is desirable to obtain the highest pos-
sible ratio of calcium silicate hydrates to calcium carbonates in the raw meal for achieving the
most significant possible reduction in CO2 emissions in the clinker burning process [123]. In
laboratory investigations, up to 25 wt% of the raw meal has been successfully replaced with con-
crete waste, whereas in pilot-scale production, a substitution of up to 15 wt% has proven feasible
[100]. While most concrete waste samples exhibit compositions that allow for a substitution of
10 wt%–20 wt% of the raw meal, lower substitution rates around 5 wt% have proven to be more
stable and easier to control [120, 121].

Because the raw meal composition must be monitored and adapted to the concrete waste
composition, this method favors batch processes over continuous clinker production. This, in
turn, allows for novel conceptualizations. One alternative is to replace the flux material in electric
arc furnaces for steel production through clinker raw meal [58]. A different option reduces the
processing temperature through combining a raw meal with a slightly reduced calcium-to-silicon
ratio and a carbon melt in a high-pressure reactor to produce so-called belite clinker [117, 232–
234, 316]. Both procedures have been shown to allow for the partial adoption of concrete waste.

The concept of recycling concrete waste as clinker raw meal has ultimately culminated in the
concept of “Completely Recyclable Concrete” (CRC), in which the composition of all mineral
concrete constituents is selected during production to correspond to a raw meal composition.
This uses a mixture of calcitic and quartzitic aggregates, such that, after demolition, the entire
concrete can be repurposed as raw meal [140, 197, 198].

2.4.2 Ground Concrete Waste

Finely ground concrete waste can be applied as a (mostly) inert supplementary cementitious
material (SCM). The simplified interpretation as a two-phase material consisting of natural
aggregates and hardened cement paste explains individual contributions exceeding a mere filler
effect.

Natural aggregates in concrete waste may be chemically inert, such as limestone, or contain
reactive phases, which allow their use as pozzolanic supplementary cementitious materials [135].
Additionally, a high-energy grinding can mechanochemically activate siliceous mineral phases
through amorphisation [7, 69, 185, 225].

The hardened cement paste fraction in concrete waste may contain unreacted clinker or
SCMs. Upon grinding, these particles outcrop, and retain their reactivity when used as abinder
in fresh concrete [26, 67, 181, 192]. Hydrated cement phases may serve as nuclei for the reaction
of anhydrous cement clinker, as long as the particles exhibit a sufficient fineness [57]. Addition-
ally, silicon and aluminium ions may dissolve and enhance the pozzolanic reactivity when used
in blended cements [57, 69].

While the high specific surface area and porosity of ground concrete waste are beneficial
for the nucleation effect, which accelerates hydration and strength development, the subsequent
water adsorption is detrimental to fresh concrete workability [108, 110, 127–129, 138, 155, 241,
285]. The strength contribution of ground concrete waste strongly depends on phase composi-
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tions and fineness, and ranges between no negative impact and complete dilution [36, 94, 95,
125, 127, 133, 146, 155, 272, 287].

Other mechanical concrete properties are likewise affected. Concrete containing ground
concrete waste as SCM tends to exhibit lower tensile strength [35, 51, 52, 310] and elastic
moduli [11, 147]. Correspondingly, shrinkage deformations are increased [36, 113, 127].

As ground concrete particles are porous, concrete porosity increases with the incorporation
of the former as SCM [36, 81, 113, 125, 146, 272]. Conversely, sufficiently fine particles may
reduce porosity due to the nucleation effect [34, 57, 84, 125, 160]. Increasing porosity negatively
affects concrete durability, namely carbonation, chloride ingress, and freeze-thaw-resistance [36,
52, 81, 95, 145, 146, 155, 278, 287].

In conclusion, the substitution of up to 30 wt% of cement through ground concrete waste has
proven economically feasible when considering mechanical concrete properties. For durability,
a generalization is difficult, as the combination of precursor material and processing may yield
a great bandwidth of performance properties. Furthermore, the recycling of concrete waste as
supplementary cementitious material must assess the potential impact of harmful substances,
such as heavy metals or organic compounds, which may negatively affect the handling or the
environment [61, 72, 106, 177].

2.4.3 Carbonation Activated Concrete Waste

Carbonation activation of hardened cement paste extends the procedure described in sec-
tion 2.3.3. At high CO2 concentrations, not only portlandite, but also calcium silicate (alu-
minate) hydrates react to form CaCO3 [4, 107, 210, 297]. The latter leaves a silica-alumina gel,
which exhibits a pozzolanic reactivity [74, 178, 210]

The activation processes distinguish three different moisture states. Wet carbonation, where
CO2 is dissolved in water (as carbonic acid, H2CO3), provides the highest degrees of carbonation
[209, 242, 271, 294]. In contrast, dry carbonation requires a less sophisticated setup, but yields
reduced carbonation rates [174, 271]. Moist (or semi-dry) carbonation can be regarded as
a compromise between the former approaches [71, 294]. Increasing the processing temperature
from 20 ◦C up to 80 ◦C has a positive effect on the velocity of the reaction [151, 296]. Accordingly,
carbonation efficiency increases with reducing particle size [4, 65, 157].

After the indispensable comminution process, carbonation activated concrete waste may be
employed as a reactive supplementary cementitious material. Aggregates are not affected by this
procedure and may only exhibit reactivity after mechanical activation (section 2.4.2). CaCO3

formed from the carbonation process serves as a finely distributed filler and hydration nuclei
[41, 131, 210]. Due to the high specific surface area of activated cement paste, workability is
impaired, and hydration is accelerated [55, 97, 102, 152]. However, the negative impact on
fresh concrete consistency is less pronounced than for uncarbonated ground concrete waste [41,
237]. The enhanced reaction of alite in the blended cement requires the dosage of a setting
regulator [294]. In contrast to established pozzolans, such as fly ash, carbonation-activated
cement paste exhibits a fast compressive strength development [293, 295, 298]. The silica-
alumina gel reacts with portlandite from the clinker hydration and forms calcium (aluminate)
silicate hydrates (C-(A)-S-H) with a low ratio of calcium to silicon [131, 293, 298, 311, 312].
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Compared to ground concrete waste or limestone filler, concrete strength increases following
the partial cement substitution through carbonation-activated cement paste [46, 97, 131, 237,
295]. This effect is supported by a reduction of cement paste porosity [153, 237]. The decline of
compressive strength amplifies with increasing substitution rate. A substitution up to 40 wt%
of cement has proven feasible without overly compromising concrete performance [293].

Concrete durability following the partial cement substitution through carbonated concrete
waste has not yet been thoroughly investigated. A reduction of the binding capacity of CO2

is to be expected for the pozzolanic reaction of the carbonated cement paste. Furthermore, a
reduction of the binding capacity of chlorides has been experimentally observed [150].

2.4.4 Thermally Activated Concrete Waste

Thermal activation relies on the decomposition of cement hydrates at elevated temperatures.
The de- and rehydration of hardened cement paste has been intensively investigated. The
subsequent paragraphs detail the impact of cement substitution through thermally activated
cement paste on various concrete properties.

Thermal Decomposition of Hardened Cement Paste

With increasing processing temperature, the different mineral phases in hardened cement paste
disintegrate. The individual decomposition temperature ranges are still subject to various re-
search activities.

Ettringite (AFt) decomposes at temperatures below 115 ◦C, depending on partial water
vapour pressure in the ambient air [16, 313, 314]. Monosulfate (AFm) loses chemically bound wa-
ter in a temperature range up to 250 ◦C [15, 263]. Tricalcium aluminate hexahydrate (C3 A H6)
dehydrates between 260 ◦C and 400 ◦C [93]. At around 110 ◦C, calcium silicate hydrates (C-S-H)
start to decompose [13]. Due to the dissimilarity of C-S-H, the dehydration temperature ranges
up to 300 ◦C [15], 400 ◦C [13], or 500 ◦C [9]. Portlandite (CH) decomposes in the temperature
range of 400 ◦C–550 ◦C [13, 15, 300]. Between 650 ◦C and 900 ◦C, CaCO3 decomposes [114, 199].
Depending on the cristallinity of CaCO3, the calcination range may extend to 550 ◦C–1000 ◦C
[13].

While the decomposition of CaCO3 is associated with the emission of carbon dioxide (CO2),
the disintegration of hydrates releases water [5]. The mineral residue of the decomposition of
portlandite and calcium carbonate is free lime (CaO), which exhibits a uniform distribution
among the processed cement paste [15, 105, 170, 203, 204, 235]. Conversely, the mineral com-
position of dehydrated C-S-H depends on the processing temperature. At 650 ◦C, where C-S-H
is effectively depolymerized, dehydrated particles have a high porosity in combination with a
reduced density [187, 282]. With increasing temperature, particle morphology changes, resulting
in increased density and smaller particles [170, 187, 235]. The chemical composition of dehy-
drated C-S-H is similar to belite (C2S), with C/S-ratios ranging between 1.7–1.9 [5, 24, 75,
170, 190], which is sufficient for the formation of α′

LC2S [38, 170, 187, 238]. Alternatively, the
dehydration of C-S-H can yield α′

HC2S [1, 24, 206, 288]. Generally, both variants of α′C2S are
reactive [204, 235, 274]. However, increasing processing temperature promotes the formation of
βC2S with low reactivity [1, 170, 187, 204, 281]. For temperatures exceeding 800 ◦C, microstruc-
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ture continues to disintegrate [147], allowing for the formation of alite (C3S) from C2S and lime
as well as tricalcium aluminate (C3A) [317] and the subsequent melt when exceeding 1250 ◦C
[114, 199].

Rehydration and Setting Behavior

Dehydrated cement paste generally shows a high potential for rehydration at contact with water.
The hydration mechanisms and, subsequently, the workability and strength development of
dehydrated cement paste differ from those of Portland cement.

Dehydrated cement paste – both as a standalone material or as partial cement substitution
– exhibits an increased water demand for achieving standard consistency, and reduced setting
times [15, 277]. Water demand increases and setting times decrease with higher processing
temperatures [187, 213, 246, 281]. This can be attributed to two mechanisms: water ad- and
absorption in porous particles as well as rehydration of free lime.

As hydrated cement paste is porous, porosity remains after thermal processing, exemplified
through increased specific surface areas [15, 21, 38, 110]. Mixing water is rapidly absorbed into
these loose particles and is adsorbed at the intraparticle surface [292].

The lime stemming from the decomposition of portlandite or, at higher processing temper-
ature, from the calcination of calcium carbonates forms small particles, which are uniformly
distributed among the dehydrated cement paste. This results in a high reactivity, exempli-
fied through observations, where lime starts to rehydrate with ambient moisture during cooling.
Portlandite from this reaction exhibits a lower decomposition temperature than portlandite from
the hydration of Portland cement, which supports the hypothesis of small particles [9, 79, 203].
Lime quickly reacts with mixing water, thus increasing water demand [21, 204].

As both water absorption in porous particles and portlandite formation are fast, but still
time-dependent effects, findings suggest an interdependence of water demand and setting times,
as the determination of the latter uses a binder paste based on the former. When both effects
are fully compensated for through a high water demand, the effect on setting times is negated.
However, when dehydrated cement paste consumes additional water not accounted for in the
determination of the water demand, setting times are reduced. Conversely, excessive water may
result in increased setting times [92, 187].

These effects generally result in a reduced workability of fresh concrete or mortar [21, 50,
147, 264]. The influence can be countered by adding chemical admixtures, such as retarders
or superplasticizers [22, 98, 270, 299]. Alternatively, dehydrated cement paste can be doped
with mineral setting regulators. While the ettringite decomposition is reversible [16, 313], the
presence or further addition of gypsum is beneficial for reducing water demand and increasing
setting times [243]. Alternative setting regulators, such as sodium citrate or sodium gluconate,
are likewise effective, with borax showing the highest potential for reducing water demand and
increasing setting times [306, 308]. Prolonged grinding after thermal processing also has a
positive effect on workability, as it reduces intraparticle porosity and thus water absorption
potential [21].

These observations for water demand and setting times are mirrored through hydration heat
measurements. Upon contact with water, calorimetry measurements show an immediate heat
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release, which is several times higher than the corresponding heat release from Portland cement
[9, 270, 292]. The hydration heat can only partially be explained by lime reaction [9, 15, 170,
214], but also by the formation of C-S-H from the accelerated rehydration of α′C2S [9, 15,
24, 170, 214], monosulfoaluminate (AFm) [9, 15, 23, 24, 170], and ettringite (AFt) [15, 170,
214]. The following induction period is shortened, and the start of the acceleration period is
advanced [9, 23, 203, 270, 292]. The total heat release of dehydrated cement paste is therefore
higher compared to Portland cement until up to 3 d [15, 187]. Afterwards, hydration decelerates,
resulting in a lower total heat compared to Portland cement [203, 246]. Hydration heat increases
with higher processing temperatures [203, 243].

Similar to Portland cement clinker particles, dehydrated cement paste forms internal and
external hydration products. Internal hydration products are mainly C-S-H from the rehydration
of α′C2S, similar to C-S-H from Portland cement [187, 277], while external hydration products
consist of AFm [277]. This induces differences in the microstructure of hydrated Portland cement
and rehydrated cement paste. The microstructure of rehydrated cement paste is loose and
porous, especially for processing temperatures below 500 ◦C [38, 187, 214, 277]. For higher
processing temperatures, the formation of hydration products results in a densification of the
microstructure [187, 277]. After rehydration, the microstructure resembles that of the original
hydrated cement paste, which, in turn, is affected by the original water-cement ratio [277]. The
alkalinity of the pore solution from rehydrated cement paste is lower than that of the pore
solution from Portland cement or blended cements [193].

Porosity

Porosity of paste, including thermally processed cement paste, depends on processing parameters
such as temperature and grinding, as well as the substitution rate.

Thermal processing at 400 ◦C and below tends to increase cement paste porosity when used
as partial Portland cement substitution [203, 270]. Samples containing activated cement paste
processed at 600 ◦C–700 ◦C exhibit the lowest porosity. Overall, at a fixed water-binder ratio, the
Portland cement substitution through processed cement paste does not significantly affect total
porosity [23, 203, 246, 274, 281]. The quick absorption of mixing water into porous hardened
cement paste particles reduces the effective water-binder ratio, and subsequently, the porosity,
in the surrounding paste, while intraparticle porosity is increased in comparison to Portland
cement [23]. With ongoing rehydration, porosity and critical pore diameter generally decline, as
the microstructure becomes more refined [23, 246, 270, 277]. However, this effect is smaller than
in pure Portland cement paste [246]. For processing temperatures exceeding 700 ◦C, porosity
gradually increases with the higher water demand [203, 258].

For small substitution rates, porosity is not affected, but increases with higher incorporation
of processed cement paste [274]. Finely ground thermally processed cement paste particles have
a densifying effect on the microstructure, which is mitigated at high substitution rates [184].

Compressive Strength Development

The accelerated hydration of dehydrated cement paste affects the compressive strength devel-
opment through the fast formation of hydration products from lime and α′C2S, which reduces
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Fig. 2.5: Influence of processing temperature and substitution rate of hardened cement paste on com-
pressive strength (w/b: water-binder ratio, f : cement substitution rate) [9, 111, 147, 187]

the water-cement ratio in the surrounding paste [15, 23, 204]. Mortar specimens obtain similar
strength as Portland cement references at an age up to 3 d [23, 187].

At an age of 28 d and later, compressive strength of rehydrated thermally processed ce-
ment paste is reduced, compared to reference Portland cement samples [23, 111, 187, 203].
The underlying mechanism is the impeded interparticle connectivity through the less extensive
development of external hydration products [184, 213].

As a partial Portland cement substitution, in addition to the filler effect, the water uptake in
dehydrated cement paste reduces the effective water-cement ratio in the remaining paste, which
in turn results in a denser microstructure [184, 243, 270]. This counteracts the aforementioned
microstructural distortion. For substitution rates of Portland cement up to 25 wt%–40 wt%, the
effect of dehydrated cement paste on compressive strength remains negligible [22, 38, 124, 147,
184, 243, 246, 274]. At higher substitution rates, the loosening effect prevails, and compressive
strength declines [38, 203]. Additionally, the impaired workability of dehydrated cement paste
can result in poor densification [184, 203]. The use of superplasticizer instead of adjusting water
content for achieving standard consistency has a positive effect on compressive strength at high
substitution rates up to 100 wt% [37, 292].

The influence of the thermal processing temperature on compressive strength has been widely
researched, without reaching a consensus. While agreeing with the strength increase through
thermal processing compared to ground concrete waste or hardened cement paste, findings for
the processing temperature yielding the highest compressive strength range between 350 ◦C and
800 ◦C [42, 68, 86, 111, 112, 147, 170, 203, 235, 264, 274, 277, 281, 304]. Figure 2.5 demonstrates
these findings for cement paste processed at different temperatures, where the water-binder ratio
for strength testing was held constant throughout the individual series. The presented results
also show the decline of compressive strength with an increase in substitution rate f .
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Tensile Strength

As concrete or mortar tensile strength is rarely measured directly due to its elaborate and
expensive test setup, the assessment of tensile strength relies on indirect procedures, such as
flexural or splitting strength [149].

Overall, the flexural strength of mortar containing processed cement paste follows the same
dependences as compressive strength, including processing temperature and cement substitution
rate [23, 112, 147]. Pores from insufficient compacting, as a consequence of poor workability,
have a reduced effect on flexural strength, in comparison to compressive strength. However,
flexural strength is negatively impacted by an increased amount of cracks in the specimen [203].

Similar observations are made for the splitting strength [111]. In general, the empirical
relationship between tensile strength obtained from the splitting test and compressive strength
agrees with the provisions in EN 1992-1-1:2004 [189].

Elastic Modulus

Cement substitution through thermally processed concrete waste has a negative impact on the
modulus of elasticity, which can be determined either as static or dynamic modulus [60, 154].

The dynamic modulus of elasticity is reduced as a consequence of cement substitution
through thermally processed cement paste, as these particles exhibit a lower density. Increasing
processing temperatures result in higher dynamic moduli [21]. Overall, the dynamic modulus
and compressive strength follow similar influencing factors, such as pore refinement through
reactive phases, and therefore exhibit a good interdependency [78].

Overall, the modulus of elasticity decreases with lower compressive strength. Yet, in con-
trast to compressive strength, a decreasing static modulus of elasticity can be observed for low
substitution rates, due to the reduced particle stiffness [189].

Shrinkage

As the microstructural resistance to shrinkage deformation follows the same mechanisms as the
modulus of elasticity, shrinkage increases with reduced elastic moduli, i.e., through reduced
particle density and stiffness, as well as reduced compressive strength [40]. However, for low
substitution rates, this effect is mitigated by the densification effect of processed cement paste
[85, 189, 244]. Processed cement paste with high particle stiffness, through cement paste with
low water-cement ratio, or increasing processing temperatures, results in reduced shrinkage [40,
112]. Drying shrinkage is significantly affected by the amount of evaporating water [112]. Mortar
or concrete, where the increased water demand of processed cement paste is countered through
additional mixing water, exhibits increased shrinkage deformations, which are only partially
explained by decreasing compressive strength [40]. Processed cement paste has been found to
reduce early basic shrinkage up to a concrete age of 1 d [184].

Capillary Absorption

Capillary absorption is linked to the development of porosity and follows the same influencing
factors. Generally, water absorption increases with increasing Portland cement substitution
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through processed cement paste, especially when the increased water demand is compensated
for by additional mixing water [40]. At a constant water-binder ratio, the mixing water uptake
in processed cement paste particles reduces the water-binder ratio of the surrounding paste,
which mitigates overall capillary absorption [22, 37, 40, 78].

The thermal processing has a reducing effect on capillary absorption [112, 147, 244, 273,
274]. Increasing the processing temperature up to 1000 ◦C leads to gradually declining capillary
absorption coefficients [147]. However, for 1200 ◦C, capillary absorption increases again [273].

Carbonation

The partial Portland cement substitution through thermally activated cement paste has a pos-
itive effect on carbonation resistance. This is caused by the densification of the microstructure
following the water consumption by processed cement paste particles, which overcompensates
for the reduction of carbonatable phases [22, 37]. A complete substitution of Portland cement
through activated cement paste results in decreased carbonation resistance alongside a reduced
compressive strength [282].

Chloride Diffusion

Chloride ingress is affected by the open porosity and subsequently increases with increasing
Portland cement substitution through thermally processed cement paste [22, 37]. Therefore,
increasing processing temperature between 20 ◦C and 1200 ◦C gradually reduces chloride trans-
port [86, 111]. Higher substitution rates increase chloride ingress due to their higher porosity
[184]. A reduction in particle size has a mitigating effect on chloride transport [86].

Freeze-Thaw Action

Apart from the overall strength reduction, mortar or concrete including thermally processed
concrete waste shows a similar response to freeze-thaw action compared to reference systems
with Portland cement, due to their pore size distribution [3, 269]. Consequently, the relative
change in dynamic modulus of elasticity and tensile strength for mortar containing thermally
processed concrete waste is increased due to the lower base values [3, 244]. Accordingly, pore
diameters and mass loss increase for higher substitution rates [3, 269]. Thermal processing has
a mitigating effect on damage evolution, as upon rehydration, a higher amount of hydration
products is formed [269].

Other mortar or concrete properties

Thermally activated concrete waste can be used for the immobilization of radioactive waste, as
heavy metals are absorbed into the structure of the hydration products [110].

The thermal conductivity of lightweight concrete containing thermally processed fine concrete
waste is lower than a Portland cement reference [193].
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Impact of Processing Parameters

Aside from the aforementioned effect of processing temperature on the rehydration behavior of
activated cement paste, other thermal processing parameters, such as heating or cooling rates
or annealing time, may also affect the outcome. Table 2.3 provides an overview of the statistical
analysis of different processing parameters.

Tab. 2.3: Statistical analysis of processing parameters in literature
R+: heating ramp, PT: processing temperature, PD: time at processing temperature, PSD:
maximum particle size, R-: cooling ramp

Fixed selection Varying selection
Parameter R+ PT PD PSD PT PD R- PSD
Unit K/min ◦C min µm ◦C min K/min µm

Arith. mean 9 632 174 143 680 94 260 133
Standard dev. 4 90 162 72 252 73 518 87

No. of papers 48 30 59 47 46 4 2 6

Among the reviewed publications, the influence of processing temperature has been inves-
tigated the most. The influence of different processing temperatures is discussed among the
aforementioned paragraphs for the individual material properties.

While many publications report the duration of the thermal processing, there is a great
variation between individual works. However, the direct influence of processing duration has
been examined in only three publications. While C-S-H dehydrates within 60 min after reaching
the target temperature, increasing the holding time has no beneficial effect [79, 259]. However,
increasing the duration of thermal processing can lead to greater mass loss at a fixed temperature
and, subsequently, result in higher mortar strength [75].

Reducing the heating rate promotes the decomposition of mineral phases, e.g., portlandite,
at lower temperatures [300]. However, the influence of the heating rate on rehydration has
not been investigated. The cooling rate is most often left undefined, and published results are
inconclusive [56, 206].

Grinding has a beneficial overall effect on the performance of thermally processed cement
paste and concrete waste. Finer particles result in a better rehydration due to a more uniform
distribution, in addition to a filler and nucleation effect. Subsequently, compressive strength
increases with smaller particle sizes [13, 21, 23, 124, 205, 277, 303, 304]. Similar to Portland
cement, a higher fineness results in a higher water demand due to the increased specific surface
area [40]. However, when grinding follows thermal processing, two advantageous effects can be
observed: first, grinding is facilitated [79]. Secondly, extended grinding may result in decreased
specific surface area, despite a smaller particle size [13].

In contrast to the general thermal processing procedure, other options have proven efficient:
instead of a furnace setup, hardened concrete paste can be activated through microwave power,
where similar dehydration products form [286]. Through autoclaving combined with calcium
hydroxide addition, the amount of C-S-H in recycled concrete waste can be increased, which
allows for a higher dehydration potential [143, 225].
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Influence of Concrete Waste Composition

The thermal activation of concrete waste primarily affects the hardened cement paste, leaving
the aggregates unaltered. Calcination of calcitic aggregates begins at ca. 700 ◦C [114, 199],
quartzitic aggregates exhibit a reversible microstructure change at 573 ◦C and are otherwise
stable until 1150 ◦C [74, 114, 199], and granite decomposes at a processing temperature higher
than 1215 ◦C [74]. Research on thermal activation largely focuses on laboratory-made artifi-
cial hardened cement paste as a precursor. Alternatively, when investigating more practically
applicable concrete waste, research uses the fine fraction. This is due to the concentration of
hardened cement paste with a smaller particle size. These so-called (recycled) concrete fines
(RCF), however, differ from hardened cement paste in several aspects:

• Most research projects use a single laboratory-made cement paste with a fixed water-
cement ratio, most commonly between 0.40 and 0.55. Recycled concrete fines have an
undetermined water-cement ratio, which may vary if fines originate from more than one
building element. Besides, w/c in concrete waste often exceeds 0.55, as many requirements
for durability and strength are met with higher water-cement ratios.

• Cement paste in recycled concrete fines typically consists of a Portland cement and water
mixture but may include alternative, secondary binders, such as granulated blast-furnace
slag or pozzolans (see section 2.1.1).

• Through interactions with the environment during the lifespan of a building, the cement
paste in concrete waste may be altered, i.e., through chemical processes such as carbonation
or by the ingress of diverse substances like chlorides.

• The presence of fine aggregates in recycled concrete fines is inevitable. The ratio of aggre-
gate to hardened cement paste in recycled concrete fines varies with the parent concrete
and mechanical processing parameters.

• While aggregates are generally stable for the most-used thermal activation temperature
range, aggregates with different mineral composition are known to influence hardened
concrete properties [135].

The water-cement ratio in hardened cement paste affects the performance as a binder follow-
ing thermal activation. The porosity and microstructure of thermally processed cement paste
strongly depend on the microstructure before activation, and thus, on its water-cement ratio
[23]. Subsequently, a lower water-cement ratio (w/c) in the precursor results in lower water
demand and prolonged setting times [40, 283]. However, strength development and capillary
absorption are not affected, in contrast to shrinkage, where the higher particle stiffness results
in reduced deformations [40].

Thermally activated cement paste containing supplementary cementitious materials (SCMs)
performs similarly to that of Portland cement paste. However, across different types of SCM,
individual behavior can be observed. Hydration products in binary cement pastes differ in their
chemical and mineralogical compositions. Due to the reduction of Portland cement, the amount
of portlandite decreases. In the case of latent-hydraulic or pozzolanic SCMs, additional C-S-H
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is formed. Alternatively, granulated blast-furnace slag or fly ash may contribute aluminium,
which may react to calcium aluminate silicate hydrates (C-A-S-H) [280]. These phases lead to a
higher rehydration potential. This can be followed in heat flow measurements: slag-cement-paste
exhibits an increased release of hydration heat upon rehydration for all processing temperatures,
while hydration heat development of thermally processed fly ash-cement paste is reduced [280,
281]. Compressive strength development of pure activated binary cement paste mirrors hydration
heat development, with slag-cement paste achieving the highest and fly ash-cement paste the
lowest strength [280]. Cement paste containing pozzolanic silica fume has a positive effect on
compressive strength, while inert limestone powder reduces strength development [205, 280].
However, when the processing temperature of limestone-cement paste exceeds the limestone
calcination temperature, excessive free lime is formed and adds to the rehydration potential
[280]. Overall, for all binary cement pastes, compressive strength exhibits a negative correlation
with total porosity [280].

Atmospheric carbonation may have a significant impact on the reactivation potential of
thermally processed concrete fines. Through carbonation, portlandite and ettringite are trans-
formed, and the thermal processing below the calcination temperature leaves these phases inert.
Subsequently, the rehydration reactivity of carbonated concrete fines is reduced [24, 243, 317].
In contrast, an enforced carbonation before thermal activation may increase the compressive
strength contribution [265].

Fine natural aggregates mixed with hardened cement paste have a diluting effect on rehy-
dration following thermal activation, due to their inert state [21, 37, 39]. The reduced reactivity
results in decreased compressive strength at similar processing temperatures and mix designs
[39]. Overall, the comparison of fig. 2.5 and fig. 2.6 shows a similar trend for the effect of pro-
cessing temperature on compressive strength, albeit at a much smaller magnitude, which can be
explained by the lower amount of reactivated paste. Figure 2.6 (right) shows a steeper decline of
compressive strength with increasing substitution rate when comparing processed concrete fines
to activated cement paste. Additionally, when processed concrete fines are used instead of acti-
vated cement paste, water absorption and carbonation rate increase [22, 112, 193]. Conversely,
the higher content of inert particles in recycled concrete fines has a mitigating effect on water
demand and concrete shrinkage [40, 189].

Interaction of thermally activated cement paste and secondary binders

Overall, binary binder systems consisting of thermally activated cement paste and slag or fly
ash, or ternary systems additionally incorporating Portland cement, exhibit an improved per-
formance.

Grinding dehydrated cement paste together with slag improves grinding efficiency by re-
ducing particle agglomerations triggered through agglomeration induced by the ball-mill effect
of slag [307]. The combined thermal activation of blended concrete fines and clay increases
reactivity and enhances compressive strength [136].

As fly ash and slag positively affect water demand and workability when substituting Port-
land cement, a similar influence can be observed in mixes incorporating activated cement paste
instead of Portland cement [142, 204, 264, 302]. The utilization of silica fume, fly ash, or slag also
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Fig. 2.6: Influence of processing temperature (left) and substitution rate (right) of recycled concrete fines
on compressive strength, for fixed water-binder ratios [21, 40, 42, 105, 112, 147, 235, 269, 277].
HCP: Hydrated cement paste, LCF: Laboratory concrete fines, RCF: Recycled concrete fines.

yields higher compressive strength, as free lime (CaO) in dehydrated cement paste – resulting
from the decomposition of portlandite or, at higher processing temperatures, the disintegration
of calcium carbonates – reacts with these latent-hydraulic or pozzolanic materials [142, 204, 214,
264, 289, 291]. The combination of activated cement paste and slag proves particularly effective,
as the relatively weak external hydration products of rehydrated cement paste are compensated
by reaction products from slag [307]. In a limestone calcined clay cement, dehydrated cement
paste can replace up to 20 wt% of clinker without adversely affecting compressive strength [103].

Alternatively, as with slag or fly ash, thermally activated cement paste can serve as a pre-
cursor in Portland-cement-free alkali-activated binders. Adding alkali activators to dehydrated
cement paste modifies the hydration product composition while decreasing quartz and gypsum
content, promoting the formation of C-S-H and C-A-S-H from lime and C2 S [275, 276]. Alkali-
activated dehydrated cement paste exhibits reduced porosity and enhanced chloride diffusion
resistance [137, 166, 167, 275].

Ecological impact

The processing and subsequent use of thermally activated concrete fines have ecological impacts
across several areas.

Thermal activation of concrete fines requires energy for material preparation (separation
and drying), for maintaining processing temperatures, and for grinding. Grinding requires less
electrical energy compared to clinker [226]. Processing temperatures are significantly reduced,
thereby requiring less energy. The removal of moisture from concrete fines accounts for the
highest relative energy demand in the entire processing procedure [226–228, 243]. In total,
the energy demand for wet concrete fines activation can be up to 60 % higher than that of
Portland cement production [226]. The activation of dry concrete fines requires less thermal
energy compared to Portland cement [226, 265].
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When using a similar fuel mix to provide thermal energy for concrete fines drying and activa-
tion, CO2 emissions from concrete fines activation are between 22 % and 39 % lower than those
from Portland cement production [226, 227]. These reductions stem from the avoidance of the
calcination process in clinker production [226]. Additionally, because processing temperatures
are lower than the clinker burning temperature and drying occurs at significantly lower tem-
peratures, the entire process can rely solely on electrical energy, eliminating the need for fossil
fuels [228]. Assuming a future renewable energy system, CO2 emissions from electrical energy
use will drastically decrease [188], so that the activation of concrete fines at 450 ◦C emits up to
94 % less CO2, and at 800 ◦C, up to 76 % less, compared to Portland cement clinker production
[87].

Finally, recycling concrete waste reduces the need to consume primary resources. Through
substituting Portland cement, this comprises mainly clinker raw meal components. When ther-
mal processing combines the production of an alternative concrete binder with the manufacturing
of improved fine recycled aggregates, this also impacts mining for concrete aggregates [228].

A comprehensive life-cycle analysis of thermally activated concrete fines as a Portland cement
substitution requires the consideration of the entire concrete production process, including the
need for admixtures such as superplasticizers for offsetting the negative impact of incorporating
concrete fines on concrete performance and to produce equally durable concrete structures [188,
299].
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Chapter 3

Research Scope

Hardened cement paste (HCP), which adheres to natural aggregates to form concrete, is a major
obstacle to recycling concrete waste. This challenge is most prevalent when considering the fine
fraction of crushed concrete, where HCP concentration is increased. This results in higher
porosity and, consequently, lower strength and hardness compared to natural aggregates.

The application of these waste materials as fine recycled aggregates in concrete production is
hindered by their high content of hardened cement paste, which adversely affects both fresh and
hardened concrete properties. Processing methods for optimizing the properties of fine recycled
aggregates can only mitigate this issue – especially procedures that improve the separation of
HCP and aggregates and thereby produce an even finer HCP-rich fraction.

The recycling of fine concrete waste as cement (or, more generally, as binder) may not only
offer an alleviation to the issue of material circularity, but also address the need for substituting
cement clinker to reduce CO2 emissions. Due to the lack of alternative high-quality recycling
options for concrete fines, they provide an abundantly available waste material. There are no
official statistical data regarding the amounts of fine concrete waste. A survey conducted for [91]
allowed for estimating an annual output of 5 Mt–10 Mt of fine concrete waste in Germany. This
amount is within the range of the annual consumption of supplementary cementitious materials
and therefore may serve as an alternative or addition to them.

For cement recycling, the chemical and mineralogical composition of concrete waste provides
a key challenge. Figure 3.1 illustrates the chemical composition of various batches of fine con-
crete waste found in literature. For the application as a clinker raw meal component, increasing
deviations from the optimum raw meal composition signify lower substitution rates and thus a
limitation on this recycling option. Furthermore, variations of waste compositions require exten-
sive monitoring and adjustments to the relative compositions of individual raw meal fractions,
besides concrete waste.

For the application as supplementary cementitious material, the chemical composition is of
reduced importance. However, the mineralogical composition may significantly affect concrete
performance. This includes variations in aggregate composition at individual contents and in
the hydration products of different supplementary cementitious materials within the hardened
cement paste.

Previous research on hardened cement paste has shown that thermal activation provides a
promising processing method. Regardless, despite a high publication activity in this field, various

27



Chapter 3. Research Scope

0

20

40

60

80

100

100

80

60

40

20

0

0 20 40 60 80 100

 Clinker

 RCFs

Ca
O 

+ 
Mg

O 
[w

t%
]

SiO
2  [wt%]

Al2O3 + Fe2O3 [wt%]

Fig. 3.1: Ternary illustration of the chemical composition of fine concrete waste found in literature [2,
13, 27, 41, 43, 48, 49, 51, 67, 69, 76, 81, 84, 100, 108, 112, 125, 127, 129, 130, 133, 138, 145, 155,
165, 192, 194, 210, 225, 235, 236, 241, 243, 246, 268–270, 275, 287, 289, 304, 316], and cement
clinker (table 2.1).

issues remain unclear. This thesis aims to address several key aspects of thermal activation of
concrete waste for the application as supplementary cementitious material.

The overall feasibility of this undertaking is highlighted in the first publication (A1) of this
thesis. The results show the positive effects of thermal activation on compressive strength and
durability, and demonstrate the need to compensate for strength loss as a prerequisite for further
analyses. This publication lays the groundwork for the subsequent experimental program.

A1 Jan P. Höffgen, Michael Vogel, Oliver Blask, and Frank Dehn. „Entwicklung
thermisch-mechanisch aktivierter Betonbrechsande als Betonzusatzstoff – Projektvorstel-
lung und erste Ergebnisse“. Beton- und Stahlbetonbau 118, No. 4 (2023): 239–246.
https://doi.org/10.1002/best.202200127.

While thermal activation of pure hardened cement paste may ultimately result in almost
unaltered concrete compressive strength, the application of fine concrete waste from industrial
sources reduces compressive strength. Numerous publications assess the effect of hardened ce-
ment paste, and a similar number address industrial concrete waste. However, the impact of
varying concrete compositions has yet to be systematically investigated. The literature review
has identified a limited number of publications focusing on artificial hardened cement paste con-
taining supplementary cementitious materials. Still, the influence of the content and composition
of natural aggregates in concrete waste remains unclear. Addressing this issue directly translates
into quantifying the impact of concrete waste heterogeneity. Therefore, the first experimental
and analytical part of this thesis aims to develop a model to predict the compressive strength
of thermally activated concrete waste used as a supplementary cementitious material. For this,
a set of 12 different laboratory-made artificial concrete fines and 25 different industrial fines
obtained from concrete recycling plants are used as precursors for thermal activation. Table 3.1
contains the composition of the artificial fines. Here, seven mortars vary the amount and type of
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aggregates. Based on pure CEM I-paste (CEM), siliceous river sand (RS), limestone sand (LS),
and greywacke (GW) are used to produce mortars with a cement paste content ranging between
50 v% and 75 v%. The naming scheme combines both parameters, i.e., RS50 for a mortar with
river sand and 50 v% paste. For the assessment of binder composition, ground granulated blast-
furnace slag (S) and fly ash (FA) substitute 30 wt% of CEM I in CEM (named S0 and FA0)
and RS50 (named S50 and FA50). Industrial fines are named after the processing plant (A–H)
and the precursor particle size, i.e., particles ranging from 0 mm to 2 mm obtained from plant
A1 are named A1-0/2. "F" denotes filter cake from wet processing plants. For the indication
of processing parameters, a suffix including the processing temperature is added to the name of
the precursor.

Tab. 3.1: 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 (from P2, table 2).

Binder w/b vp [v%] A
CEM 100 wt% CEM I 0.5 100 –
RS75

100 wt% CEM I 0.5
75

RSRS62 62.5
RS50 50
LS75 100 wt% CEM I 0.5 75 LSLS50 50
GW75 100 wt% CEM I 0.5 75 GWGW50 50
FA0 70 wt% CEM I 0.5 100 –
FA50 + 30 wt% FA 50 RS
S0 70 wt% CEM I 0.5 100 –
S50 + 30 wt% S 50 RS

While concrete compressive strength is the key property for structural design, other mechan-
ical and durability properties are equally important but are usually derived from compressive
strength via empirical relationships. Previous literature has shown the impact of cement sub-
stitution using thermally activated concrete waste, but this is often superimposed by reduced
compressive strength. The second experimental and analytical part of this thesis, therefore, has
the goal to assess mechanical and durability properties with a full compensation of compressive
strength alterations due to varying concrete waste compositions. Here, a subset of both artifi-
cial fines and industrial fines is selected for the detailed analyses, including a comparison with
established SCMs. Furthermore, this part aims at validating the aforementioned compressive
strength prediction model.

Figure 3.2 gives an overview of the experimental and analytical approach used for this thesis.
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Fig. 3.2: Overview of the approach used for this thesis.
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Chapter 4

Influence of Thermally Activated
Concrete Fines on Mortar
Compressive Strength

The compressive strength at the age of 28 d is the most important material parameter for
designing concrete structures. Specifications such as Eurocode 2 (EN 1992, with numerous
subdivisions) rely on compressive strength as a decisive input for subsequent structural design.
Therefore, concrete production requires a method for predicting compressive strength before
or during mixing. In addition to experienced personnel, this knowledge usually derives from
empirical relationships among raw materials, mix design, and compressive strength development.
Thus, the use of thermally activated concrete fines as a novel cementitious material requires a
new approach to predicting compressive strength.

This chapter discusses two publications that address this issue from different starting points.

P1 Jan P. Höffgen, Sebastian Bruckschlögl, Bernhard Wetz, and Frank Dehn. „Influ-
ence of Thermally Activated Industrial Concrete Fines of Different Origin on Mortar
Strength Development“. Case Studies in Construction Materials 23, October 2025: e05427.
https://doi.org/10.1016/j.cscm.2025.e05427.

P2 Jan P. Höffgen and Frank Dehn. „Influence of Thermally Activated Artificial Concrete
Fines Composition on Mortar Strength Development“. Developments in the Built Envi-
ronment 24, December 2025: 100775. https://doi.org/10.1016/j.dibe.2025.100775.

While both publications share the same foundation in reference materials, mix design, and
experimental procedures, the main difference lies in the types of concrete fines used in the
analysis.

The first publication is based on 25 different concrete fines, obtained from 10 processing
plants. Further variations include the type of precursor, temporal aspects, and different pre-
processing. The second publication uses 12 laboratory-made artificial concrete fines, whose
compositions were deliberately altered to represent a wide range of possible concrete fines.

The following sections provide recaps of key findings from both publications, including a
unifying discussion of the results and additional analyses.
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Compressive Strength

4.1 Key Findings in P1 and P2

Thermal Activation Procedure

P1 presents an experimental analysis of different processing parameters for thermal activation.
As a precursor, artificial hardened cement paste (the later CEM in P2) is used, since all relevant
chemical processes are confined to the cement paste fraction in concrete fines. One notable ex-
ception is the disintegration of carbonatic minerals, especially in calcitic aggregates. However,
as this process is mostly averted in order to avoid CO2 emissions, the possible implications of
calcitic aggregate decomposition for the thermal activation procedure were deemed less impor-
tant.

The results show that the effect of the activation at 600 ◦C is not affected by other processing
parameters, such as holding time, heating, or cooling rates. While holding time exhibits an
insignificant effect for activation at 800 ◦C, the dehydroxilation of Ca(OH)2 appears to be time
dependant. Although the activation at 400 ◦C is below the decomposition range determined
on the precursor (see P1, fig. 2), a holding time of 2 h reduces the amount of Ca(OH)2 in
the processed paste. Another temporal effect is caused by heat propagation. While small
sample sizes, such as cricibles in the thermogravimetric setup, exhibit a virtually homogeneous
temperature field, increasing sample sizes signify a longer duration until the entire sample reaches
the target temperature. Conversely, increasing sample sizes requires longer processing durations
for achieving reproducible results. Ultimately, thermal activation parameters were selected to
suit all precursors, and identical parameters were used in both publications.

The application of concrete fines as supplementary cementitious material requires grinding.
For organisational reasons, grinding of artificial and industrial concrete fines was different for
both kinds of precursors. In practice, thermal activation of coarser materials is easier to realize
in existing setups, and grinding of thermally activated, and thus weakened particles requires less
energy. Therefore, this procedure is applied to industrial fines. For artificial fines, the two steps
are reversed. Instead of grinding individual batches in a laboratory mill after thermal activa-
tion, processing relies on an industrial mill, where the entirety of the different kinds of artificial
fines is milled prior to thermal activation. This allows for an increased number of parameter
combinations, as grinding in the laboratory mill has proven to be very time-consuming. Fur-
thermore, it is ensured that all precursors have similar particle size distributions. Conversely,
ground industrial fines exhibit a coarser particle size distribution compared to artificial fines,
which may negatively affect hardened concrete properties (compare P1, table 2; P2, fig. 3).

Concrete Fines Composition

The composition of artificial fines aims to represent typical concrete fines compositions. While
P2, fig. 1 shows a good agreement between the artificial fines oxide phase composition and the fine
concrete waste compositions detailed in the literature, the chemical composition of the industrial
fines exemplified in P1, fig. 5 is less diverse. Compared with the referenced fines composition,
these industrial fines exhibit a similar, low content of Al2O3 and Fe2O3. Apparently, none of the
fines contain calcitic aggregates, indicated by the rather low ratio of CaO to SiO2. The chemical
composition lies in the range of the artificial types RS50, RS62, and RS75, which denote fines
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4.1. Key Findings in P1 and P2

with 25 v%–50 v% siliceous river sand as fine aggregates. Preprocessing fines with a smaller mesh
size generally increases the ratio of CaO to SiO2, suggesting the hypothesized concentration of
hardened cement paste in precursors with smaller particle size.

However, the chemical composition cannot be used as an indicator for the cement paste
content, as both SiO2 and CaO may be present in hardened cement paste as well as aggregates.
The results of the thermogravimetric analyses in P1, fig. 6 provide an additional insight into the
thermal decomposition of selected concrete fines. When selecting 600 ◦C as decisive temperature
for dehydration, mass loss ranges between 3.6 wt% (A1-0/2) and 12.6 wt% (D-F). The increasing
mass loss with reducing precursor particle size substantiates the hypothesis of hardened cement
paste concentration. Nevertheless, none of the industrial fines with a precursor size of 2 mm
surpass the mass loss of RS50 (6.1 wt%), and only the filter cake D-F exceeds RS75 (10.5 wt%),
despite the similar chemical composition (P2, fig. 6). However, when comparing the total mass
loss of industrial fines to RS50 and RS75, the former exhibit a lower, almost undeterminable
mass loss around 500 ◦C, and a higher mass loss around 800 ◦C. This indicates that in industrial
fines, Ca(OH)2 originating from Portland cement hydration has been converted to CaCO3 by
natural carbonation.

Hydration Heat Development

The investigation of the hydration heat of blended cement containing processed artificial con-
crete fines indicates the effects of the substitution rate, activation temperature, and binder
composition. The substitution rate of 30 wt% results in similar hydration heat flow for the
four activated paste samples in P2, fig. 7. Increasing the substitution up to 100 wt% results in
deviating behavior, with S0-600 behaving most similarly to the CEM I reference, but with an
increased hydration heat flow in the first 6 h of the test. For CEM-600, this behavior yields an
overall accelerated behavior. Since FA0-600, where the thermogravimetric analysis shows almost
no Ca(OH)2, which would have been converted to CaO during activation, and CEM-400, where
Ca(OH)2 is still present as hydroxide, exhibits a strongly deviating behavior, the influence of
CaO on the hydraulic behavior of thermally activated cement paste is evident.

For artificial fines containing aggregates of different types and contents, these effects become
less apparent. The hydration heat development in P2, fig. 5 and 6 varies slightly, but ultimately
exhibits a similar total hydration heat as the reference blend of CEM I and slag in P1, fig. 7.
The blends of CEM I and industrial fines exhibit very similar hydration heat developments,
which exceed the reference blends containing fly ash or limestone powder, and agree with results
for artificial fines containing aggregates. The only exception is the fresh concrete recycling filter
cake D-F, which exhibits increased total hydration heat, particularly within the first 6 h.

Compressive Strength Development

The increased early hydration heat flow of CEM I blended with processed concrete fines is
mirrored by the temporal compressive strength development. The ratio of compressive strength
after 2 d and 28 d is similar to the CEM I reference at corresponding strength for all types of
fines, while slag and fly ash yield a retarded strength development (P1, fig. 8; P2, fig. 8–10).
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Compressive Strength Contribution

The substitution of 30 wt% CEM I through supplementary cementitious materials results in a
reduction of compressive strength. The only exceptions are pure paste artificial fines. CEM I
paste activated at 600 ◦C exhibits no measurable effect on compressive strength. A higher
activation temperature, as well as pastes containing fly ash or slag, yield an increase in strength.
For artificial concrete fines containing aggregates, compressive strength declines, matching the
behavior of industrial concrete fines. Reducing processing temperature to 400 ◦C, or even 100 ◦C,
has a similar effect on compressive strength.

These observations lead to a model for compressive strength contribution, which gives a
linear relationship between the loss of chemically bound water and k-values (established in
EN 206 and CEN/TR:16639) as a measure for reactivity. Equation (4.1) and eq. (4.4) illustrate
the models from P1 and P2, respectively. Both approaches use the same relationship between
the water-cement ratio and compressive strength derived from 14 mortar series with CEM I.
P1 used 137 mixes with industrial concrete fines, and P2 used 171 mixes with artificial concrete
fines as individual data sets.

Industrial concrete fines (P1)

k = k′
m · ∆mT G + k0 (4.1)

k′
m = 5.30 (4.2)

k0 = 0.10 (4.3)

Artificial concrete fines (P2)

k = kh · ∆m + ka + kb (4.4)

kh = 5.70 (4.5)

ka =


0.00 for LS
0.10 for RS
0.30 for GW

(4.6)

kb =


0.15 for CEM I
0.30 for CEM I + S
0.45 for CEM I + FA

(4.7)

Both models show a good agreement of the relationship between k and mass loss ∆m up
to a processing temperature of 600 ◦C. When transforming the inclination into the chemically
bound water content of one unit-weight of CEM I, the results (0.21 g/g for artificial fines and
0.23 g/g for industrial fines) show an excellent agreement with established benchmarks [28, 144,
179]. However, the analysis of the results underscored that the mass loss of industrial fines must
be determined in a non-oxidizing atmosphere, as the mass loss is distorted by organic carbon.
Due to their origin, artificial fines have experienced no such contamination.

The two model approaches show a discordance of k-values for ground concrete fines without
thermal activation (k0 for industrial fines and ka + kb for artificial fines). The cause for these
diverging results could not be conclusively determined with the present data. Three complemen-
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tary hypotheses may serve as starting points for future investigations. In addition to differences
in particle size distributions, high-energy milling of artificial fines may have further altered the
microstructure. This effect is commonly described as mechano-chemical activation, and usually
requires prolonged grinding [6, 7, 14, 44, 245, 311, 312]. However, a marginal activation cannot
be ruled out, which affects k0 and ka. Furthermore, drying the precursor fines at 105 ◦C was a
necessary compromise to enable grinding of artificial fines in an industrial mill, but may have
induced a different error: as decomposition of cement paste phases begins at lower temperatures
(compare section 2.4.4), these dehydration mass changes do not appear in ∆m, but increase
k0 and kb. This becomes more relevant as paste content increases. Finally, despite the pro-
longed storage duration of bulk artificial fines, some residual unhydrated cement particles may
be present, and increase reactivity.

4.2 Additional Analyses to P1 and P2

4.2.1 Impact of the Thermal Activation Procedure

P1 describes the analysis of different activation parameters on the dehydration of hardened
cement paste (artificial fines type "CEM"). The procedure followed a two-step approach, where
first, CEM is activated in a thermogravimetric setup at different heating and cooling rates, as
well as activation temperatures and holding times. Secondly, for the activation temperature of
600 ◦C, combinations of holding times and sample sizes are assessed. For spatial reasons, the
evaluation in P1 has been limited to thermogravimetric measurements. Hereinafter, additional
results for mineralogical, calorimetric, and mortar strength measurements are presented.

In addition to the thermogravimetric analyses on the artificial fines CEM presented in P1,
fig. 3, the samples obtained from the processing in the thermogravimetric setup were charac-
terized through X-ray diffraction (XRD) measurements. While the results presented in P1 only
exhibit a significant effect of the holding time at the target temperature of 400 ◦C, the results
presented in fig. 4.1 and fig. 4.2 give a more detailed view.

The XRD measurements underscore the partial decomposition of portlandite with increasing
holding time at 400 ◦C through a reduced intensity of the portlandite peaks and an increased
intensity of the lime peaks. A similar, albeit less pronounced trend can be observed for the target
temperatures 600 ◦C and 800 ◦C, which was not apparent in the thermogravimetric results. Here,
the calcite peaks exhibit a decreasing intensity, while lime marginally increases.

This behavior also becomes apparent when assessing the heating rate at a target temperature
of 600 ◦C. For 1 K/min, where the overall duration is significantly increased, the lime peak shows
an increasing intensity in favor of the calcite peak. Furthermore, at 1 K/min, the cristallinity of
the belite (C2S) peak is altered. The cooling rate, however, shows no impact.

The batch size of 5 g in the thermogravimetric setup allowed for hydration heat measurements
within the experimental framework of P1 (duplicate determination, 1.75 g CEM I, 0.75 g acti-
vated CEM-100, 1.5 g water, 20 ◦C). The key results of the heat flow calorimetry measurements
are shown in table 4.1.

The results correspond to the findings from the thermogravimetric evaluation, where neither
the heating nor the cooling rate has a measurable influence on the activation outcome (P1,
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Fig. 4.1: XRD analysis of CEM-100 before thermal processing (top) and after activation in the ther-
mogravimetric setup with different heating rates (mid) and cooling rates (bottom). Notation:
heating rate [K/min]–target temperature [◦C]–holding time [h]–cooling rate [K/min] (P1, fig. 3).

fig. 3). Due to the small sample size, it is also apparent that dehydration is already complete
upon reaching the target temperature (except for the processing temperature of 400 ◦C, which
is only limitedly reflected in the heat flow calorimetry measurements). An additional holding
time has no effect. An accelerated heat of hydration development is observed with increasing
processing temperature. While the heat development of the samples prepared at 400 ◦C most
closely resembles the reference measurement with pure CEM I, the heat release in the first 30 min
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Fig. 4.2: XRD analysis of CEM at different target temperatures. Notation: heating rate [K/min]–target
temperature [◦C]–holding time [h]–cooling rate [K/min] (P1, fig. 3).

after contact with water increases significantly for the samples treated at 600 ◦C and 800 ◦C.
These results mirror the increased amount of lime indicated in the XRD measurements in fig. 4.2.
At 800 ◦C, a shift of the local heat flow maximum to earlier times is also apparent. This behavior
mirrors the results for activated CEM, as illustrated in P2, fig. 5. The only difference is the higher
initial heat flow during the first hours of measurement, which increases the overall hydration
heat for thermogravimetrically activated CEM relative to the larger samples.
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Tab. 4.1: Hydration heat of blended cements consisting of 70 wt% CEM I and 30 wt% artificial fines
"CEM" following activation in a thermogravimetric setup with different parameters.
Notation: CEM-heating rate [K/min]–target temperature [◦C]–holding time [min]–cooling rate
[K/min]
Qt: cumulative heat at duration t, Wt: heat flow at duration t, tb: duration at local heat flow
minimum, tp: duration at local heat flow maximum.

Q0.5 h tb Wtb
Qtb

tp Wtp Qtp Q5 d
J/g h mW/g J/g h mW/g J/g J/g

CEM I 18.8 2.4 0.4 23.2 11.4 2.8 72.5 296.8
CEM-5K-400C-0h-10K 19.5 2.3 0.7 26.0 11.1 2.0 74.5 280.6
CEM-5K-400C-2h-10K 25.0 2.4 0.7 31.8 11.5 2.1 82.9 289.8
CEM-1K-600C-0h-10K 46.2 2.9 0.7 56.2 12.0 2.5 109.5 312.8
CEM-5K-600C-0h-5K 51.7 3.0 0.6 60.9 12.0 2.4 111.2 310.4
CEM-5K-600C-0h-10K 51.0 3.0 0.6 60.3 11.9 2.4 110.7 313.8
CEM-5K-600C-0h-20K 50.9 3.1 0.5 59.6 12.2 2.4 109.7 311.5
CEM-5K-600C-2h-10K 52.1 3.0 0.6 62.0 12.0 2.3 111.8 305.0
CEM-10K-600C-0h-10K 43.1 2.6 0.6 51.1 11.8 2.3 99.8 293.1
CEM-10K-600C-2h-10K 40.3 2.8 0.8 52.6 11.4 2.2 100.6 287.8
CEM-5K-800C-0h-10K 79.5 2.3 0.8 86.8 9.5 1.7 120.1 295.8
CEM-5K-800C-2h-10K 82.1 2.0 0.7 88.0 9.0 1.5 117.1 276.7

Tab. 4.2: Mortar compressive strength fc at 2 d and 28 d and corresponding mass loss ∆m for artificial
fines "CEM" activated at 600 ◦C with different durations and sample sizes.

Parameters f w/b w/bF M ∆m fc,2 d fc,28 d
– – – – MPa MPa

CEM-600 3 h - 150 g 0.3 0.5 0.51 0.161 28.4(5) 47.5(11)
CEM-600 3 h - 750 g 0.3 0.5 0.51 0.149 29.0(6) 51.0(15)
CEM-600 3 h - 1 kg 0.3 0.5 0.51 0.143 32.1(6) 48.4(8)
CEM-600 6 h - 150 g 0.3 0.5 0.51 0.165 31.1(7) 51.4(23)
CEM-600 6 h - 750 g 0.3 0.5 0.51 0.163 28.7(8) 49.3(19)
CEM-600 6 h - 1 kg 0.3 0.5 0.51 0.161 30.3(6) 49.8(27)
CEM-600 6 h - 1.5 kg 0.3 0.5 0.51 0.157 26.8(5) 49.4(14)
CEM-600 0 h - RF 0.3 0.5 0.51 0.139 28.0(7) 48.3(12)
CEM-600 1 h - RF 0.3 0.5 0.50 0.131 25.4(5) 44.0(26)

The activated fines from larger samples have been used for the production and subsequent
testing of mortar bars with 30 wt% substitution of CEM I at a water-binder ratio of w/b = 0.5.
Production and test execution were performed according to the descriptions in P1. Results are
given in table 4.2. The description of the parameter combinations corresponds to P1, fig. 4.

Ultimately, the results show that with the increased mass loss in P1, fig. 4, strength increases.
The discrepancies, however, are minor and within the standard deviations of the individual tests.
The results for the rotary furnace indicate reduced strength, which may be attributed to the
altered processing. Postprocessing of samples from the rotary furnace could not replicate the
crucible handling in the stationary furnace, owing to a slower cooling protocol. This exemplifies
reduced mass loss, which did not align with the results from subsequent thermogravimetric
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measurements in P1. However, mortar strength is significantly reduced for the sample with an
activation duration of 1 h. The thermogravimetric analysis of this sample shows increased mass
loss at low temperatures, indicating unintended exposure to moisture.

4.2.2 Alternative Model Approaches

P1 and P2 use a linear model for the prediction of k-values, as reiterated in section 4.1. P2
also mentions two additional, and ultimately discarded, models, which are presented hereinafter.
Computation follows the same boundaries as described in P2.

The first alternative model approach, according to eq. (4.8), neglects effects from the type
of binder or the type of aggregate. k-values are calculated as the product of the mass loss from
thermal activation (∆m) with a parameter kh0. The least-squares method yields kh0 = 8.80.
The sum of the squared errors is ∆2 = 20.4.

k = kh0 · ∆m (4.8)

Figure 4.3 shows both the results of the computation for k according to eq. (4.8) (modeled k

versus measured k) and the corresponding calculated mortar compressive strengths fc versus the
measured fc,28 d. For this purpose, in addition to the 98 results used for the regression analysis
of kmodeled, all series with different binder contents are evaluated (coefficient of determination
R2 = 0.40). It is noteworthy that low k-values for artificial fines that have not been thermally
activated are underestimated by this model approach.

The second alternative model investigates a more detailed consideration of the artificial fines
composition. For this purpose, it is assumed that the additive contributions of the aggregate and
the binder type are proportional to the content of aggregate, or hydrated binder, in the processed
artificial fines. To achieve this, in addition to the proportion of dehydrated cement paste (mpdh

according to eq. (4.13)), the proportion of aggregate ma and the proportion of hydrated binder
mph in the (partially) dehydrated artificial fines must be calculated. The mass fraction of the
binder mpr in the solids during artificial fine production serves as the input quantity.
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Fig. 4.3: Modeled k-values for a CEM I substitution rate through processed RCFs of f = 0.3 over k-values
obtained from measurements (left), and modeled compressive strength over measured compres-
sive strength (right). Top row: Model according to eq. (4.8), bottom row: model according to
eq. (4.9). Marker shape indicates mix design, and color indicates activation temperature.

k = kh0 · mpdh + ka0 · ma + kb0 · mph (4.9)

ma = 1 − mp100
1 − ∆m

(4.10)

mph = (mp100 − mpdh · (1 − ∆m) − ∆m) · 1
1 − ∆m

≤ 1 (4.11)

mp100 = mpr · (1 + mh0)
mpr · (1 + mh0) + 1 − mpr

(4.12)

mpdh = ∆m ·
(

1 + 1
mh0

)
(4.13)

mh0 = 0.23 (4.14)

kh0 = 1.35 (4.15)

ka0 =


0.05 for LS
0.25 for RS
0.60 for GW

(4.16)

kb0 =


0.30 for CEM I
0.30 for CEM I + S
1.10 for CEM I + FA

(4.17)
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Despite the significantly more complex structure, the model adaptation only slightly increases
the sum of the squared errors to ∆2 = 14.9. The coefficient of determination for the compressive
strength decreases insignificantly (R2 = 0.73). The results are illustrated in fig. 4.3 (bottom
row).

4.2.3 Impact of the Substitution Rate

While the models in P1 and P2 have been calibrated with a CEM I substitution rate of f = 0.3,
the results indicate an impact of f on the obtained results: P1 discusses the superposition of
material scatter and deviations of the reference series from the idealized relationship between
the water-cement ratio and compressive strength. P2 extends the model for strength prediction
by factoring in the substitution rate f .

P1, eq. (9) illustrates that the proportion of supplementary cementitious materials in the
binder (f) enters the calculation of k in a hyperbolic manner. However, the experimental data,
which the water-binder ratio to strength relationship is based on, exhibit scatter – both within
each series and, to a greater extent, between different series produced on different occasions
(see P1, fig. 10). Deviations of the results for the individual results from the linear trend
range between −3.7 MPa and 4.0 MPa. The procedure for calculating k of an individual mortar
mix assumes that the computational relationship represents the concrete behavior perfectly.
Ultimately, due to the calculation, all scatter – whether from the supplementary material or the
other base concrete components – is projected onto the resulting k-values.

For CEM I, by definition, k = 1.0 applies. This can be verified through back-calculation
using P1, eq. (9) by setting f = 1.0. The individual k-values are then calculated as the ratio of
w/b to w/ceq, yielding values in the range of 0.93 to 1.09, with a mean value of 1.00.

The influence of the substitution rate can then be illustrated by interpreting P1, eq. (9) as
a function of f . The CEM I used is virtually split into a binder with a known k-value (1.0) at
a proportion of (1 − f), and a binder at proportion f whose k-value is to be determined. This
effect is illustrated in fig. 4.4. For f = 0.5, the resulting range of k is 0.86 ≤ k(f = 0.5) ≤ 1.18,
while maintaining a mean value of k = 1.00. As the substitution rate decreases, this range
widens to 0.77 ≤ k(f = 0.3) ≤ 1.30 and 0.30 ≤ k(f = 0.1) ≤ 1.89. These effects are inherent
to the model and must be accounted for when interpreting subsequent experimental results for
mortar containing thermally activated concrete fines.

When CEM I is partially substituted through a different material with primarly unknown
behavior, scatter of k is expected to increase. To assess model accuracy, the analysis requires
eliminating the aforementioned deviations. The scatter reduces when comparing compressive
strength, as the influence of SCMs is mitigated by the substitution rate. P1, table 4 presents a
rudimentary statistical analysis of the model residuals ∆fc = fc,measured −fc,modeled for the mor-
tar mixes with pure CEM I, established SCMs, and processed industrial fines. The cumulative
distributions of residuals ∆fc for selected parameter combinations are visualized in fig. 4.5.

All results for the CEM I base mixes lie within a range of ±4 MPa, which agrees with the
conformity criterion in EN 206:2013. Overall, the substitution of 30 wt% of CEM I through
established SCMs (slag, S, fly ash, FA, or limestone powder, L) results in an underestimation
of compressive strength by the application of k-values prescribed in EN 206:2013, which un-
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Fig. 4.5: Cumulative distribution of measured and modeled compressive strength for reference mixes and
mortar with concrete fines processed at different temperatures for a substitution rate of f = 0.3
(left: industrial fines, right: artificial fines).

derlines the conservative approach in standardization. However, the present results also imply
the additional potential of a performance-based concept, including the determination of indi-
vidual material parameters for established SCMs. In addition to underestimating compressive
strength, the CEM I substitution with S, FA, and L also marginally increases the scatter of
measured compressive strength, expressed through an increased standard deviation.

Figure 4.5 also provides a visualization of the cumulative distribution of residuals ∆fc for
different processing temperatures of industrial and artificial concrete fines. The increased scatter
of mortar containing processed industrial fines is mostly caused by mixes with fines processed at
100 ◦C, where only 63 % of residuals are within the range of ±4 MPa. The deviation reduces for
fines activated at higher temperatures. At 600 ◦C, 78 % of compressive strength results deviate
less than ±4 MPa from the modeled values, and at 400 ◦C, no residuals exceed ±4 MPa, albeit
at a small sample size. The evaluation of residuals for processed artificial fines shows a different
behavior. For 600 ◦C, 69 % of the residuals are within the range of ±4 MPa, and for 400 ◦C,
this value increases to 73 %. For 100 ◦C, the distribution of the residuals exhibits a pronounced
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Fig. 4.6: Visualization of the impact of the substitution rate on k-values (left) and strength activity
indices (SAI, right) based on P2.

shift, which indicates an underestimation of measured strength by the model. Still, 58 % of the
results lie within the desired range.

P2, eq. (14) entails a model adaptation, where the impact of the substitution rate on the
k-values is considered through an additional factor (see eq. (4.18)). In P2, kref corresponds to
k-values determined for the substitution rate fref = 0.3.

k = kref ·
(

fref

f

)0.5
(4.18)

Figure 4.6 plots eq. (4.18) for different kref . For f → 0, k increases infinetely. However,
when calculating strength, this effect is countered by the multiplication with f , so that the
resulting strength is always finite. This is exemplified in fig. 4.6 for the present relationship
between w/b and fc at a set w/b = 0.5. For simplification, the diagram uses the reference
strength of fc,ref = 52 MPa to obtain strength activity indices (SAI). Especially for high k-
values, the increase at low substitution rates results in a slight increase in compressive strength.
For increasing f , the model predicts an accelerating decline in strength regardless of kref .

While this model adaptation has been calibrated for a small dataset in P2, these findings
also match results for industrial fines in P1: here, the overall average results for f = 0.3 and
w/b = 0.5 are k = 0.30. From this, eq. (4.18) predicts k = 0.52 for f = 0.1. Measured results
yield k = 0.51 on average. In literature, a negligible impact of cement substitution up to 25 wt%–
40 wt% with activated cement paste has been reported [22, 38, 124, 147, 184, 243, 246, 274].
This matches the area in fig. 4.6 (right), where SAI exceeds 1.0 for kref > 0.9. For processed
industrial concrete fines, the literature reports a nonlinear decrease in strength, similar to fig. 4.6
[12, 37, 77, 112, 270, 302].

43





Chapter 5

Influence of Thermally Activated
Concrete Fines on Concrete
Long-Term Behavior

During their service life, concrete structures are exposed to individual mechanical loads as well as
varying moisture and temperature conditions, or contamination by harmful substances. These
types of exposure result in alterations of the structural behavior and may ultimately lead to
structural failure. To prevent this, design specifications like Eurocode 2 and EN 206 require
concrete compositions whose mechanical and durability behavior is empirically ensured, i.e.,
through lower thresholds for compressive strength and cement content, and upper limits for the
water-cement ratio. Empirical relationships for the mechanical behavior are generally derived
from compressive strength.

For novel binders, which substitute Portland cement, the applicability of existing provisions
must be verified in order to ensure concrete material behavior within the service life of a struc-
ture. For this purpose, the model for compressive strength prediction described in chapter 4
is applied to produce concrete with different types of concrete fines with different target com-
pressive strengths. This enables the assessment of the effect of activated concrete fines as a
supplementary cementitious material on various concrete properties, both with and without
strength compensation.

The following sections elaborate on two manuscripts, one which have been submitted for
publication, and the other awaits the acceptance of the former.

P3 Jan P. Höffgen, Marius Schmitt, and Frank Dehn. „Influence of Thermally Activated Arti-
ficial Concrete Fines Composition on Concrete Long-Term Behavior“. Journal of Building
Engineering 122, March 2026: 115767. https://doi.org/10.1016/j.jobe.2026.115767.

P4 Jan P. Höffgen, Lukas Reichert, Bernd Susset, Annegret Walz, Peter Grathwohl, and Frank
Dehn. „Influence of Thermally Activated Industrial Concrete Fines of Different Origin on
Concrete Long-Term Behavior“. Developments in the Built Environment 26, April 2026:
100948. https://doi.org/10.1016/j.dibe.2026.100948.
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Tab. 5.1: Identification of industrial fines labels in P4 with abbreviations used in P1.

P4 R1 R2 R3 R4 R5 R6
P1 A2-0/2 F-0/2 A2-0/0.25 B1-0/0.25 D-F G-F

Analogous to P1 and P2 in chapter 4, P3 and P4 employ a similar setup, but use distinct
precursor materials. The binders used in these analyses constitute a subset of the fines used
for building the strength prediction model. P3 combines seven different artificial fines, three
processing temperatures, and three substitution rates. P4 compares six different industrial fines
at a single activation temperature to three established supplementary cementitious materials.
Table 5.1 lists the corresponding fines abbreviations used in P1 and P4.

The following sections comprise a comparison of the key findings of both publications and
selected additional analyses.

5.1 Key Findings in P3 and P4

Chemical Composition

Processed concrete fines contain reactive calcium oxide (CaO) and silicon dioxide (SiO2). P3
shows that in hydrated cement paste, the amounts of both phases are reduced due to the higher
water content. (Partially) dehydrated cement paste exhibits increasing amounts of reactive
phases, although reactive CaO is reduced compared to the precursor CEM I. This can be at-
tributed to partial carbonation, which shows in an increased carbon content. A significant
share of CaO is present as "free" calcium oxide, which denotes lime (CaO) or calcium hydroxide
(Ca(OH)2) from the hydration of CEM I. The partial substitution of CEM I through fly ash or
slag at the production of artificial concrete fines reduces both free and reactive CaO in favor of
SiO2. Aggregates reduce the amount of reactive phases, depending on their mineralogical com-
position. Siliceous aggregates, especially greywacke with a high amorphous content, increase
the amount of reactive SiO2. Noteworthy is also the complete reduction of free CaO following
the thermal activation of RS50 at 600 ◦C, which suggests a phase transformation in conjunction
with SiO2 (P3, table 2).

Despite the overall similar chemical composition in terms of total CaO and SiO2 content,
industrial fines exhibit a reduced amount of reactive phases, compared to artificial fines. Espe-
cially, free CaO exists only in marginal quantities, possibly due to carbonation. The findings
also show an increase in reactive phases with reduced precursor particle size. This corroborates
the hypothesis of a hardened cement paste concentration in these fines (P4, table 1, compare
section 2.3)).

Porosity

As hardened cement paste is porous, so are processed concrete fines. Based on the results for
CEM I, nitrogen adsorption yields increased specific surface areas through the BET-method
(Brunauer, Emmett and Teller), and increased porosity through the BJH-method (Barrett,
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Joyner and Halenda). When using established supplementary cementitious materials as a bench-
mark, porosity still increases. However, specific surface areas, particularly for industrial fines
with a high proportion of inert phases, are comparable to those of fly ash or limestone pow-
der (P4, table 1). Artificial fines containing aggregates yield similar results as industrial fines,
while porosity and specific surface areas increase with a reduction of the aggregate content (P3,
table 1).

The partial substitution of CEM I through processed concrete fines has no conclusive effect on
total porosity through mercury intrusion, as the introduction of porous dehydrated cement paste
and dense aggregate particles counteract each other (P3, fig. 8; P4, fig. 1, fig. 3). However, when
assessing the cumulative volume of (harmful) pores with a radius rp > 25 nm, the substitution
in all cases increases, especially for fines with low paste contents or low processing temperatures
(P3, fig. 9).

Strength Development

The concrete design in P3 and P4 uses two different concrete compositions for each supplemen-
tary cementitious material. The first approach substitutes CEM I without compensating for
strength alteration (suffix "-1"). The second approach uses the model defined in P1 and P2 to
adjust the water-binder ratio to produce concrete with similar compressive strength (suffix "-
2"). Thus, P3 and P4 serve as validation for the model with different concrete compositions. By
applying the model developed in P1, the results show a good agreement for industrial concrete
fines. In contrast, artificial fines yield lower-than-expected compressive strength (P3, fig. 2; P4,
fig. 4). This – ultimately unresolved issue – could be caused by ageing of the precursors dur-
ing their multi-year storage. However, the discrepancies are sufficiently small to permit further
analysis of the data.

The assessment of the individual mix designs of concrete containing processed concrete fines
yields a high demand for superplasticizer for achieving the target workability (P3, table A.5;
P4, table A.2). The demand increases for fines with a high content of dehydrated phases, as
exemplified by the "-1"-series with a constant water-binder ratio. However, when targeting a
compressive strength ("-2"-series), superplasticizer dosage converges since these fines exhibit a
higher compressive strength contribution and, therefore, only require a moderate reduction of
the water-binder ratio.

The partial substitution of CEM I through processed concrete fines has an accelerating effect
on compressive strength development. Conversely, the use of fly ash or slag results in lower early
strength. This is consistent with the slightly slower strength development of concrete containing
fines with greywacke. However, especially concrete with fines processed at 100 ◦C, or increasing
substitution rates, exhibit relatively high early strength (P3, fig. 2; P4, fig. 4).

Beyond alterations of compressive strength, the flexural strength at 28 d is not affected by
CEM I substitution. Concrete containing slag, fly ash, or limestone powder follows the same
relationship between these material parameters as concrete with artificial or industrial fines.

In conclusion, these findings suggest a good applicability of established design specifications.
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Deformation Behavior

P3 and P4 analyze the deformation behavior through the dynamic modulus of elasticity and
shrinkage.

Almost all concrete mixes containing supplementary cementitious materials, including ar-
tificial and industrial concrete fines, follow the relationship between compressive strength and
dynamic modulus, established by CEM I reference mixes. The only unresolved deviation from
this behavior is the two series with the filter cake R5, in which the dynamic moduli are lower
than those of other concrete mixes with comparable strength (see P3, fig. 3; P4, fig. 6).

Shrinkage of concrete containing processed fines correlates better with the dynamic modulus
of elasticity in comparison with compressive strength. Shrinkage deformations of concrete mixes
with blended cements, however, are increased compared to CEM I reference mixes. Only artificial
fines processed at 100 ◦C exhibit a deviating behavior, where the shrinkage deformations are
delayed. This may be attributed to these fines having undergone microstructural shrinkage
deformations prior to their use as supplementary cementitious materials (see P3, fig. 6; P4,
fig. 8).

Durability

The durability analyses in P3 and P4 cover capillary absorption, chloride penetration, carbon-
ation, and freeze-thaw resistance.

The capillary water absorption coefficient of concrete containing processed concrete fines or
limestone powder increases following the substitution. This effect, however, can be compensated
for by adjusting the water-binder ratio (P3, fig. 7; P4, fig. 9). A similar relationship can be
observed between water absorption and pore volume (P3, fig. 9). The resistance to freeze-thaw-
cycles, which was investigated for a reduced set of concrete mixes, shows a good agreement with
the capillary water absorption coefficient (P3, fig. 13).

Chloride penetration depth of concrete containing processed fines is increased compared to
mixes with pure CEM I, slag, or fly ash (P3, fig. 7; P4, fig. 9). Artificial fines appear to exhibit
a higher chloride penetration. The reason for this remains unresolved, but since the double
determinations of the reference mixes with pure CEM I (and fly ash) show a similar offset, a
variation in the raw materials cannot be ruled out. The first production of the CEM I reference
and the mixes with fly ash took place alongside the casting of the series with industrial fines, and
the repetition was produced alongside the series with artificial fines. Nonetheless, the results
show that processed concrete fines cannot compete with slag or fly ash, which are known for
their chloride-binding hydration products, but exhibit a performance similar to that of limestone
powder.

The partial substitution of CEM I results in a reduction of the carbonation resistance (P3,
fig. 7; P4, fig. 9). Porosity and CO2 binding are key parameters for affecting carbonation depth.
The use of fines, which leads to low pore volume within the cement paste, result in reduced
carbonation depths. CO2 binding is affected by the content of Ca(OH)2. For processed concrete
fines, this can be directly determined from the content of free CaO. However, for fines containing
an increased amount of reactive SiO2, higher carbonation depths are prevalent. This is caused
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by the pozzolanic reaction of these compounds with Ca(OH)2, reducing the amount of SiO2 that
is available for carbonation (P3, fig. 11).

In conclusion, the results show that all investigated durability parameters can be adjusted by
adapting the water-binder ratio. However, compensation for compressive strength alone is often
insufficient, as additional factors, such as increased pore volume or reduced binding capacity,
further affect durability. In conclusion, the durability of concrete containing processed concrete
fines ranges between that of concrete with pure CEM I and that of concrete with limestone
powder as an established supplementary cementitious material.

Leaching

Concrete fines may contain harmful substances, such as heavy metals or organic carbohydrates.
In contact with water, these may be eluted and thus pose an environmental threat. In addition
to quantifying solid phase fractions, elution tests on dried and thermally activated industrial
fines, as well as concrete containing the latter as supplementary cementitious materials, exhibit
a diverse behavior (P4, fig. 10, table 2–5). The thermal activation at 600 ◦C effectively reduces
the total organic content (TOC) and especially polycyclic aromatic hydrocarbons (PAH). The
effect of activation on different anions is inconclusive, but concentrations are generally at levels
that do not raise concern. Heavy metals, which may be chemically or physically bound within
cement hydrate phases, are individually affected by thermal activation and may limit specific
applications. The copper concentration decreases after thermal activation and remains low in
the concrete eluate. Conversely, the elution of chromium increases after thermal activation but
decreases again in concrete.

5.2 Additional Analyses to P3 and P4

5.2.1 Chemical Composition

The model presented in chapter 4 uses the temperature-dependent mass loss as a major material
property for predicting the strength contribution of processed concrete fines. The approaches
for industrial and artificial fines, however, differ in their constant parameters, reflecting different
contributions from binder and aggregate compositions. The determination of reactive CaO
and SiO2 gives better insight into these observations. Figure 5.1 illustrates the relationship
between the total content of both reactive components in the blended binders and compressive
strength of concrete mixtures with a constant water-binder ratio of w/b = 0.5. For both types
of fines, compressive strength increases with a higher amount of reactive phases. The reduced
k-values, and, accordingly, compressive strength of concrete containing activated industrial fines
correspond to a reduced amount of reactive phases. Similarly, increasing amounts of reactive
SiO2 in artificial fines containing greywacke or reaction products from slag or fly ash result in
high compressive strength.

While fig. 5.1 details the influence of both reactive CaO and SiO2, the effect cannot be
assessed with an isolated approach. Calcium silicate hydrate, as the most important cement
hydration product for matrix strength, exhibits a CaO/SiO2 molar ratio between 1.7 and 1.90
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Fig. 5.1: Effect of reactive CaO (top) and SiO2 (bottom) on compressive strength of concrete containing
artificial (left) or industrial (right) concrete fines as SCM at a fixed water-binder ratio of w/b =
0.5.

[5, 24, 38, 75, 170, 187, 190, 206, 238]. By simplifying this to a weight ratio of 2, the weighted
amount of reactive components (rC) is calculated with eq. (5.1).

rC = 1
3 · rCaO + 2

3 · rSiO2 (5.1)

The relationship between rC and compressive strength in fig. 5.2 shows a good agreement be-
tween concrete containing artificial or industrial fines, and with the CEM I base mix. Figure 5.2
also partially explains the reduction of compressive strength with increasing substitution rates,
indicating that this effect cannot be entirely ascribed to the loosening effect on microstructure
hypothesized in [38, 203].

Figure 5.1 and fig. 5.2 also highlight a shortcoming of this setup: the experimental procedure
for the determination of reactive phases fails to distinguish hydrated and dehydrated phases, as
exemplified by CEM-100 and CEM-600.
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Fig. 5.2: Relationship between weighted reactive components rC (eq. (5.1)) and compressive strength of
concrete containing artificial (left) or industrial (right) concrete fines as SCM at a fixed water-
binder ratio of w/b = 0.5.

5.2.2 Porosity

P3 and P4 discuss two different kinds of material porosity: fines porosity and paste porosity,
determined through N2-adsorption with the Barrett-Joyner-Halenda (BJH), and, respectively,
mercury intrusion porosimetry (MIP). The experimental analyses were more extensive than the
results presented in P3 and P4. The following section presents additional results on processed
fines used as binders and blended cement paste.

The evaluation of mercury intrusion porosimetry requires the postprocessing of the raw data,
which offers two options: either the calibration through a "blank measurement" or postprocessing
via an inherent "formula". The samples in P3 all used a blank measurement. To measure the
samples used in P4, a different device with identical configuration had to be used. Since no blank
measurement was available for this alternative device, the P4 results were processed using the
formula method. For comparison, fig. 5.3 illustrated results for samples CEM I-1 and CEM I-2,
which were used for both publications and therefore applied both postprocessing methods. For
reducing pore size, the blank method delivers lower porosity than the formula method, which
ultimately reflects in a reduced total porosity. However, for a pore radius rp > 25 nm, which
was determined as most relevant in P3, the deviations are negligible.

For the artificial fines CEM-600 and RS50-600, as well as CEM I paste, MIP was performed
on samples, where the hydration was stopped at different ages of 2 d and 56 d, in addition to
28 d used for all other samples. Figure 5.4 illustrates the resulting pore size distributions. The
temporal effect is similar for all the binders. With higher sample age, specimens exhibit a smaller
pore size. Compared to CEM I, paste containing either type of artificial fines exhibits a coarser
pore structure at 2 d, while porosity does not evolve much at later ages.

In addition to MIP, paste samples CEM I-2, CEM-600-2, and RS50-600-2 were assessed
through N2-adsorption. Results in fig. 5.5 detail a higher porosity of artificial fines for pore
diameters dp < 13 nm, and lower porosity for dp > 13 nm compared to the paste containing pure
CEM I.
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Fig. 5.3: Effect of the analysis procedure (blank or formula) on mercury intrusion pore size distribution.
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Fig. 5.4: Temporal development of the pore size distribution (MIP) of selected (blended) cement pastes.

While P3 and P4 provide tabulated results for binder porosity (P3, table 3; P4, table 1),
results from the BJH method enable a more detailed assessment of binder composition.

Compared to CEM I, fly ash and limestone powder exhibit an increased incremental pore
volume, with slag having the opposite effect (see fig. 5.6). Industrial concrete fines, which contain
dehydrated cement paste in addition to finely milled aggregate particles, exhibit an even higher
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porosity across the entire pore-size range. This effect increases with higher precursor fineness
and, hypothetically, with increased cement paste content.
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Fig. 5.6: Pore diameter distribution (N2-BJH) of established supplementary cementitious materials (S,
FA, L, top), processed industrial fines (bottom), and CEM I. Note the individual scaling of the
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The investigation of artificial fines in fig. 5.7 corroborates these findings: fines containing
aggregates exhibit a significantly reduced pore volume, which is similar to industrial fines. The
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substitution of CEM I through slag of fly ash results in a reduced porosity, where the reaction
of fly ash or slag particles with Ca(OH)2 densifies the paste. Contrarily, when greywacke is used
as aggregates instead of limestone or river sand, porosity increases. This can be attributed to
the partial incorporation of amorphous SiO2 in greywacke into paste hydration products, while
limestone and river sand remain inert.
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Fig. 5.7: Pore diameter distribution (N2-BJH) of processed artificial fines and CEM I. Note the individual
scaling of the vertical axes.

5.2.3 Freeze-Thaw-Resistance

Due to a device malfunction, freeze-thaw tests for P4 had to be abolished. Only series R5-600-2
and R6-600-2, in addition to CEM I-2 and FA 2, were carried out successfully up to 28 freeze-
thaw-cycles (FTC). Figure 5.8 illustrates the evolution of the mass loss of the four series. The
results for 28 FTC fall within the range of concrete containing artificial fines (P3, fig. 13),
although a more thorough analysis requires a longer test duration.

5.2.4 Leaching

P4 analyzes the elution of harmful substances and concludes that the practical applicability
requires the individual consideration of local regulations. In Germany, the Ersatzbaustoffverord-
nung [33] regulates application limits and individual threshold values for different material cat-
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Fig. 5.8: Development of the cumulative mass loss after increasing freeze-thaw-cycles of concrete mixes
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egories and use cases. Figure 5.9 compares selected results from the six processed concrete fines
(R1–R6) in P4 to these thresholds.
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Fig. 5.9: Comparison of selected results of harmful substances (total content and eluate fractions).
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material categories according to Ersatzbaustoffverordnung [33].
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Except for total chromium content, thermally activated concrete fines consistently meet the
requirements for RC-1, thereby allowing a broad range of applications. A classification in the
harsher category BM-0* fails for heavy metals. For chromium, even a classification as fly ash is
not possible for all samples.

However, for all eluate fractions, the question remains whether the decisive criterion is the
concrete fines composition or the eluate from the concrete produced with such concrete fines.
The analysis of PAH exemplifies this: while PAH in thermally activated concrete fines is in-
significant or below the detection limit, PAH in the corresponding concrete mixes may exceed
the threshold for BM-0*. Inversely, the total chromium concentration, which increases during
thermal activation, decreases to low levels when concrete fines are used as a binder.

5.2.5 Concrete Design Proposal

The design of concrete structures according to Eurocode 2 assumes concrete of the same strength
to exhibit similar mechanical properties. Concrete design further considers durability require-
ments by defining upper thresholds for the water-cement ratio and lower thresholds of the cement
content and compressive strength. While P3 and P4 have shown that mechanical properties are
consistent with standardized empirical relationships, partial cement substitution affects concrete
durability beyond compressive strength. Subsequently, the application of the k-value concept to
achieve a target compressive strength does not fully compensate for alterations of the resistance
to chloride ingress or carbonation.

As both properties are significantly affected by concrete mix design and compressive strength,
the magnitude of the impact of cement substitution may be assessed through comparing k-values
for individual concrete properties. Applying the procedure for the calculation of k detailed in
P1 on the individual results for concrete given in P3 and P4 yields k-values for compressive
strength (kS), chloride penetration (kC), and carbonation (kK). Results must be interpreted
with caution, as the procedure uses a very small dataset. Four concrete mixes at two water-binder
ratios deliver the reference curve, and k-values are calculated as the average of two concrete mixes
at two water-binder ratios. For mixes with a 10 wt% substitution rate, only a single mix was
produced. Fly ash (FA), however, yields two distinct k-values per parameter, as these series
were repeated throughout the experimental program. The determination of kC deviates from
this protocol, as the reference curves were split into two, based on the assumption that a change
in the raw material properties may have triggered the deviating chloride penetration depth
between the two sets for CEM I. The subsequent conformity of the two kC for FA substantiates
this procedure.

Figure 5.10 details the results for kC and kK over kS . The diverging composition of artificial
fines causes a wide variation of k-values for both durability properties (see P3 for a discussion
of the effect of individual artificial fines compositions).

The comparison of k-values for thermally activated industrial fines with established SCMs
shows that the former perform better than limestone powder. Therefore, a conservative concrete
design approach may adopt the model only for compressive strength contribution, as detailed in
P1 (and validated in P4). To satisfy the requirements for exposure (resistance) classes, in terms
of an upper threshold for the water-cement ratio or the minimum cement content, processed

56



5.2. Additional Analyses to P3 and P4

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Compressive strength kS [-]

0.9

0.6

0.3

0.0

0.3

0.6

Ch
lo

rid
e 

pe
ne

tra
tio

n 
k C

 [-
]

100 °C
400 °C
600 °C

f = 0.1
f = 0.3
f = 0.5

CEM
RS75
RS50
LS50
GW50
S0
FA0

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Compressive strength kS [-]

0.0

0.2

0.4

0.6

0.8

1.0

Ca
rb

on
at

io
n 

k K
 [-

]

100 °C
400 °C
600 °C

f = 0.1
f = 0.3
f = 0.5

CEM
RS75
RS50
LS50
GW50
S0
FA0

0.0 0.2 0.4 0.6 0.8 1.0
Compressive strength kS [-]

0.8

0.4

0.0

0.4

0.8

1.2

Ch
lo

rid
e 

pe
ne

tra
tio

n 
k C

 [-
]

600 °C f = 0.3

S
FA
L
R1
R2
R3
R4
R5
R6

0.0 0.2 0.4 0.6 0.8 1.0
Compressive strength kS [-]

0.00

0.12

0.24

0.36

0.48

0.60

Ca
rb

on
at

io
n 

k K
 [-

]

600 °C f = 0.3

S
FA
L
R1
R2
R3
R4
R5
R6

Fig. 5.10: Comparison of k-values for chloride penetration (kC , left) and carbonation (kK , right) with
k-values for strength (kS) for artificial fines (top) as well as industrial fines and reference SCMs
(bottom). Note the individual axes scaling.

concrete fines can be regarded as inert (k = 0). A less conservative approach may instead
use an adjusted k-value which considers only the mass loss from dehydration and forgoes all
composition-dependent constant parameters. However, elaborating this concept requires further
analyses.
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Chapter 6

Conclusions and Outlook

6.1 Conclusions

This thesis investigates and discusses the impact of thermally activated concrete waste as sup-
plementary cementitious materials.

The literature indicates that the activation of hardened cement paste is a promising approach
for recycling waste fractions with increased paste content. However, the practical implementa-
tion has been lacking a method for predicting the concrete performance of waste with unknown
composition. To address this issue, this thesis focuses on assessing the impact of concrete waste
composition and thereby compares 12 artificial concrete fines with known compositions to 25
industrial concrete fines procured from waste-processing plants.

After the extensive literature review, the first experimental and analytical part of the thesis
focuses on the activation procedure, the rehydration, and the compressive strength contribution
of these materials as supplementary cementitious materials. The starting point for all investiga-
tions are ground and dried precursors. Thermal activation relied on a processing temperature of
600 ◦C, where hardened cement paste dehydration is nearly complete. Additionally, an interme-
diary temperature of 400 ◦C was selected to provide results for a partial dehydration. Compared
to the hydration of CEM I, rehydration is a rapid process, exemplified by increased initial hy-
dration heat flow and high early strength. The strength contribution of ground concrete waste
of different origins exhibits substantial scatter. Thermal activation of these precursors reduces
variability by establishing a linear relationship between the strength contribution and mass loss
during the dehydration of hardened cement paste. Constants take different contributions of
supplementary cementitious materials or amorphous aggregates into account. The slope of the
relationship corresponds to the long-established amount of chemically bound water in hydrated
cement, and is almost identical for artificial and industrial fines. The substitution of 30 wt% of
cement through thermally activated artificial cement paste has no adverse effect on compressive
strength. Compressive strength declines as the activation temperature decreases, or the aggre-
gate content increases, in both artificial and industrial fines. Still, a replacement of up to 50 wt%
of cement delivers sufficient compressive strength for structural design.

In the second experimental and analytical part of the thesis, a selection of artificial and
industrial fines is used for assessing concrete durability and mechanical properties besides com-
pressive strength. In contrast to previous findings, concrete compositions apply the model for
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strength prediction to compensate for the effect of activated concrete waste on compressive
strength. Results show that flexural strength, elastic moduli, or shrinkage generally change
alongside compressive strength, and applying the newly developed model also compensates for
alterations to other mechanical concrete properties. Thus, empirical design specifications can be
applied. Durability, on the other hand, is affected beyond compressive strength. In particular,
carbonation and chloride ingress increase, which can be attributed to a reduced binding capacity
of rehydrated cement paste.

6.2 Outlook

The presented model provides a simplified method for predicting the strength contribution of
processed concrete waste as supplementary cementitious materials. While the impact of the
discharge of chemically bound water is consistent with the established literature, particularly
the introduced constants for aggregates and binder composition, it may benefit from further
refinement through additional research. This includes a detailed consideration of microscopic and
thermodynamic processes of the de- and rehydration processes that may explain the currently
identified macroscopic effects on rehydration, strength development, and durability.

Furthermore, the proposed model may benefit from expanding the database by incorporat-
ing additional concrete compositions and cement substitution rates. Here, concrete durability
requires additional research beyond the microscopic investigation of the binding capacity of hy-
drated phases. The results within this thesis have shown an insufficient applicability of the
model for carbonation and chloride ingress. Therefore, the definition of individual upper limits
for the substitution rate and the (equivalent) water-cement ratio, and lower limits for the (ef-
fective) cement content remains paramount for a future application. However, the equivalent
concrete performance concept offers a more straightforward approach than the k-value concept,
which is the foundation of the presently proposed model. Nonetheless, the latter provides a
simple method for screening and selecting concrete waste of varying compositions for potential
use as a thermally activated supplementary cementitious material.

As EN 197-6:2023 only regulates mechanically processed concrete waste as a cement main
constituent, the broad application of thermally activated concrete waste in the cement or con-
crete industry requires additional certification and a technical approval. The material perfor-
mance reported in the literature and in this thesis is promising for a broad range of applications.
Accelerated development of compressive strength is particularly advantageous for the precast
concrete industry. Furthermore, activated concrete waste can be used as a supplementary ce-
mentitious material in non-concrete applications, such as ground improvement. Here, the sub-
stitution of up to 50 wt% has proven effective for achieving a sufficiently high material stiffness
(A2).

A2 Jan P. Höffgen, Lukas Knittel, Manuel Bauer, Hans Henning Stutz, and Frank
Dehn. „Baugrundverbesserung mit thermisch-mechanisch aufbereitetem Betonbrechsand“.
Bautechnik 102, No. 9 (2025): 515–522. https://doi.org/10.1002/bate.202400038.

In a broader context, the activation of hardened cement paste enables more advanced pro-
cessing methods for concrete waste. Techniques that focus on a more thorough separation of
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hardened cement paste from natural aggregates are economically inefficient for producing recy-
cled aggregates. However, by implementing a second processing output in the form of a (more
valuable) supplementary cementitious material, these procedures may become economically fea-
sible and subsequently improve the production of recycled aggregates. Here, both thermal and
carbonation activation are promising procedures, and a comprehensive comparison of these ap-
proaches across technical, ecological, and economic dimensions is required to highlight their
respective advantages in achieving the goal of a veritable material circularity in concrete pro-
duction.
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 A B S T R A C T

Thermal activation of recycled concrete fines (RCFs) has gained traction as a promising method 
for mineral waste recycling and the substitution of Portland cement, thereby reducing CO2 emis-
sions. However, as the composition of concrete fines varies, their performance as supplementary 
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 CO2-
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 (C2S), 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 (𝑓 ) from various exemplary 
references.
LCF: fines from laboratory-made concrete, RCF: fines from concrete recycling plants.
Marker shapes: ⬠: [73], ▵, ▿: [58], ⊳: [74], ◦: [49], ×: [75], □: [76], ⋄: [54], ⎔: [77], +: [66], ⋆: [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 CO2. Dehydrated cement paste (DCP) is a 
reactive SCM: dehydrated C-S-H forms different variations of 𝛼′C2S with 𝐶∕𝑆-ratio between 1.73 and 1.90 [4,40–47]. C-S-H from 
the rehydration of 𝛼′C2S 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 𝛼′C2S 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 𝛼′C2S 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. 𝑆𝐴𝐼𝑡 is defined through Eq. (1) as the relative compressive strength 𝑓𝑐 of a reference mortar (or concrete) 
with OPC and a SCM-mortar with partial OPC substitution at a given age 𝑡. Requirements for mix composition and 𝑆𝐴𝐼-thresholds 
depend on individual SCM standards: European standard EN 15167-1:2006 requires 𝑆𝐴𝐼7 d ≥ 0.45 and 𝑆𝐴𝐼28 d ≥ 0.70 for standard 
mortar containing 50wt% GGBS, and EN 450-1:2012 defines thresholds of 𝑆𝐴𝐼28 d ≥ 0.75 and 𝑆𝐴𝐼90 d ≥ 0.85 for a substitution rate 
of 25wt% through fly ash. 

𝑆𝐴𝐼𝑡 =
𝑓𝑐,𝑆𝐶𝑀,𝑡

𝑓𝑐,𝑟𝑒𝑓 ,𝑡
(1)

𝑆𝐴𝐼28 d 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.

Case Studies in Construction Materials 23 (2025) e05427 

2 



J.P. Höffgen et al.

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 
 

□ RCF 0/2 mm A1-

0/0.125 s × ×  
 0/0.25 s ×  
 0/0.25 × ×  
 0/0.5 × ×  
 0/1 × ×  
 0/2 × ×  
 
⋄ RCF 0/2 mm A2- 0/0.25 ×  

 0/2 ×  
 
▵ RCF 0/2 mm B1-

0/0.25 × × ×  
 0/0.5 × ×  
 0/1 × ×  
 0/2 × × ×  
 
▿ RCA 0/45 mm B2- 0/0.25 × ×  

 0/2 × ×  
 
⊳ RCA 0/45 mm C- 0/0.25 × ×  

 0/2 × ×  
 
◦

RCA 0/16 mm D-
0/0.25 × ×  

 0/2 × × ×  
 FCR F F × × ×  
 × RCF 0/2 mm E- 0/0.25 × ×  
 0/2 × ×  
 + RCF 0/3 mm F- 0/0.25 × ×  
 0/2 × × ×  
 ⬠ RCF F G- F × × ×  
 ⎔ FCR F H- F × ×  

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 2mm, 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 μm, rather than the typical 2mm 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 μm, 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 160mg and a heating rate of 10K∕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 (1K∕min, 5K∕min
and 10K∕min) and sample sizes of 5 g. The test at 10K∕min was repeated in a different setup with a sample size of 60mg, which 
included a mass spectrometer for measuring ion currents (IC) of H2O and CO2. 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 50 v% quartzitic river sand (0mm-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 = 0.5 at 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 1 d, and, following demolding, stored under water at 20 ◦C. 
Strength testing used three prisms ((20 × 20 × 80)mm3) at 2 d 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 ((40×40×160)mm3), to reduce 
the amount of binder required for each mix. First, flexural strength 𝑓𝑓  was determined with a span of 50mm at a loading rate of 
̇𝑓𝑓 = 10N∕s. Compressive strength (𝑓𝑐) testing used six prism halves at a loading rate of ̇𝑓𝑐 = 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 (𝛥m) 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 50K. This offset is interrelated with sample size, as with larger sizes, thermal conduction impedes 
a uniform temperature within the sample. Accordingly, 𝛥m in the thermogravimetric measurement coupled with mass spectroscopy, 
which used a sample size of 60mg and a heating rate of 10K∕min, is closest to 𝛥m at 1K∕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 H2O, while CO2 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 0 h, and an initial cooling rate of 10K∕min. Parameter 
variations combine heating rates of 1K∕min, 5K∕min and 10K∕min, holding times of 0 h and 2 h and initial cooling rates of 
5K∕min, 10K∕min and 20K∕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 5 g), b: additional ion current 
measurements at a heating rate of 10K∕min (sample size 60mg).

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 (0 h and 2 h) was evaluated 
at a heating rate of 5K∕min and a cooling rate of 10K∕min.

From these samples, subsamples were taken and initially characterized in a repeated thermogravimetric investigation. For this 
purpose, sample masses of 160mg 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 3 h or 6 h 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 0 h
and 1 h. 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 3 h as the samples in Fig.  3, larger samples (examined were 0.75 kg and 1.0 kg) 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 1.5 kg. 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 (0 h), subsequently showed the lowest mass loss below 600 ◦C. Extending the preparation by 1 h
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 6 h in a static furnace at the target temperature following a heating 
ramp at 5K∕min was elected for the main analyses.

3.2. Precursors characterization

Fig.  5 presents the chemical compositions of RCFs (sieved to 2mm and 0.25mm) 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 Al2O3 and Fe2O3. In contrast, RCFs contain high amounts of SiO2, 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 CaCO3 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 30wt% 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: 3 h, b: 6 h) and a 
rotary furnace ‘‘RF’’ (c).

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 160mg, heating rate 10K∕min).

Table 2
Relevant characteristics (average and standard deviation at 
10 v%, 50 v%, 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. 𝑑10 [μm] 𝑑50 [μm] 𝑑90 [μm]
CEM I 1 1.7 12.1 32.9
S 1 2.1 12.3 30.0
FA 1 2.9 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 2 d- to 28 d-

strength (𝑟2). Fig.  8 shows results for the strength ratio 𝑟2 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 2 d. 𝑟2 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 𝑟2 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 70wt% CEM I and 30wt% reference SCMs, or RCFs processed at 
600 ◦C.

mixtures with pure CEM I, show strength-dependent values of 𝑟2 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 𝑟2 values to the pure CEM I 
mixtures, with even higher 𝑟2 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 (𝑆𝐴𝐼28 d) for processed concrete fines replacing 30wt% of CEM I were calculated based on the average 

𝑓𝑐,𝑟𝑒𝑓 ,28 d = 53.3MPa. Results indicate a temperature dependence, with average 𝑆𝐴𝐼28 d(100 ◦C) = 0.64(7) and 𝑆𝐴𝐼28 d(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 𝑆𝐴𝐼28 d(𝑆) = 0.91 for slag, 𝑆𝐴𝐼28 d(𝐹𝐴) = 0.78 for fly ash, and 𝑆𝐴𝐼28 d(𝐿) = 0.66 for limestone powder. 
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Fig. 8. Mortar compressive strength 𝑓𝑐 at an age of 2 d over 28 d for different mix designs and CEM I substitution through reference SCMs (a) 
or processed concrete fines (b).

Fig. 9. Strength activity indices (𝑆𝐴𝐼28 d) 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.

𝑆𝐴𝐼 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 𝑆𝐴𝐼-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 𝑆𝐴𝐼0 = 0.59, 𝑆𝐴𝐼1 = 5 ⋅ 10−4, and 𝑆𝐴𝐼2 = −4 ⋅ 10−7, albeit with a mediocre coefficient of variation 
(𝑅2 = 0.44) 

𝑆𝐴𝐼 = 𝑆𝐴𝐼0 + 𝑆𝐴𝐼1 ⋅ 𝑇 + 𝑆𝐴𝐼2 ⋅ 𝑇
2 with 𝑆𝐴𝐼1,2,3: fit parameters (2)

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 𝑆𝐴𝐼𝑛 = 0.64 and 𝑆𝐴𝐼𝑚 = 1.45, with a slightly improved coefficient of determination (𝑅2 = 0.47). 

𝑆𝐴𝐼 = 𝑆𝐴𝐼𝑛 + 𝑆𝐴𝐼𝑚 ⋅ 𝛥𝑚 with 𝑆𝐴𝐼𝑛,𝑚: 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∕𝑐eq according 
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Fig. 10. Relationship between 𝑤∕𝑐 and compressive strength 𝑓𝑐 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. 

𝑤
𝑐eq

= 𝑤
𝑐 + 𝑘 ⋅ 𝑎

with 𝑎: mass of the reactive SCM (4)

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 𝑓𝑐
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 𝑓𝑐 . 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 (𝛼𝑖, 𝛽𝑖).

𝑓𝑐,28 d = 𝛼1 − 𝛽1 ⋅
𝑤
𝑐

(5)

𝑓𝑐,28 d = 𝛼2 ⋅ exp
(
−𝛽2 ⋅

𝑤
𝑐

)
(6)

𝑓𝑐,28 d = 𝛼3 ⋅
(𝑤
𝑐

)−𝛽3
(7)

𝑓𝑐,28 d = 𝛼4 ⋅ exp
([𝑤

𝑐

]−𝛽4)
(8)

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 43.4MPa and 58.4MPa, the linear approach yields higher values for 𝑤∕𝑐 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 𝑓 ) based on the compressive 
strength at the age of 28 d. 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).

𝑘 = 1 − 𝑓
𝑓

⋅
⎛⎜⎜⎝

𝑤
𝑏
𝑤
𝑧eq

⋅
1

1 − 𝑓
− 1

⎞⎟⎟⎠
= 1 + 1

𝑓
⋅
⎛⎜⎜⎝

𝑤
𝑏
𝑤
𝑧eq

− 1
⎞⎟⎟⎠

(9)

𝑓 = 𝑎
𝑏
= 1 − 𝑐

𝑏
(10)

𝑤
𝑏

= 𝑤
𝑐 + 𝑎

(11)

𝑤
𝑐eq

=
𝛼1 − 𝑓𝑐,28 d

𝛽1
(12)

CEM I, 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 
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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 = 0.1, 𝑤∕𝑏 = 0.5 0.20 0.61 0.51
𝑓 = 0.3, 𝑤∕𝑏 = 0.5 0.17 0.36 0.39 0.30
𝑓 = 0.3, 𝑤∕𝑏 = 0.4 0.01 0.40 0.43 0.26
𝑓 = 0.3, 𝑤∕𝑏 = 0.4∕0.5 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 Eqs.  (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 𝛥𝑚 during 
thermal processing. The RCFs in Fig.  12 were provided by the same manufacturer for each of the two upper diagrams. Batches A1 
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 𝛥𝑚 was fitted to the experimental results in Fig. 
12 (Eq. (13)), excluding the variant D-F-100 as an outlier. 

𝑘 = 𝑘0 + 𝑘𝑚 ⋅ 𝛥𝑚𝑘0, 𝑘𝑚 fit parameters (13)

Fit parameters 𝑘0 and 𝑘𝑚 were obtained through the least squares method. Predictably, 𝑘0 = 0.10 roughly matches the average 
for RCFs processed at 100 ◦C (Table  3). 𝑘𝑚 = 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 0.1wt% (A2-0/2 and D-0/2) and 1.8wt%
(G-F).

Alternatively, the relevant mass loss can be obtained from thermogravimetric measurements, where the inert gas, in this 
case nitrogen (N2), prevents the oxidation of carbons. By substituting 𝛥𝑚 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 (𝛥𝑚𝑇𝐺), 𝑘𝑚 increases to 𝑘𝑚,𝑇𝐺 = 5.30. Eq. (15) provides an 
alternative interpretation of 𝑘′𝑚,𝑇𝐺. Under the assumption that 𝛥𝑚𝑇𝐺 comprises the total chemically bound water in cement hydration 
products, the parameter 𝑚ℎ illustrates the water consumption of one weight-unit of anhydrous cement. 𝑘𝑚,𝑇𝐺 = 5.30 corresponds to 
𝑚ℎ = 0.23, which agrees well with previous determinations of chemically bound water in OPC hydration products [83–85].

𝑘 = 𝑘0 + 𝑘′𝑚,𝑇𝐺 ⋅ 𝛥𝑚𝑇𝐺 (14)

= 𝑘0 +
(
1 + 1

𝑚ℎ

)
⋅ 𝛥𝑚𝑇𝐺 (15)

𝑘0, 𝑘
′
𝑚,𝑇𝐺 , 𝑚ℎ ∶ fit parameters (16)

Fig.  13 visualizes the individual comparison of the experimental results for compressive strength 𝑓𝑐 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 𝑅2 = 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 𝑅2 = 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 𝑅2 = 0.75.

Table  4 lists the analysis of the model residuals 𝛥𝑓𝑐 = 𝑓𝑐,measured−𝑓𝑐,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 4MPa, 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 CO2-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 𝛥𝑓𝑐 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 𝛥𝑓𝑐 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 2.91  

• 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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Appendix

See Fig.  A.14 and Table  A.5.

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).
 Variant Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 LOI
 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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Appendix

Supplementary Data to Paper P1

Tab. A1: Mass loss ∆m of ground concrete fines at selected temperatures in a thermogravimetric setup
(P1, fig. 6).

200 ◦C 400 ◦C 600 ◦C 800 ◦C 1000 ◦C 1200 ◦C
A1-0/0.25 0.021 0.044 0.060 0.105 0.178 0.181
A1-0/2 0.007 0.027 0.040 0.082 0.164 0.166
A2-0/0.25 0.009 0.031 0.049 0.102 0.188 0.191
A2-0/2 0.015 0.031 0.044 0.095 0.181 0.185
B1-0/0.25 0.027 0.053 0.071 0.125 0.169 0.171
B1-0/2 0.020 0.042 0.057 0.101 0.135 0.137
B2-0/0.25 0.028 0.050 0.069 0.134 0.187 0.189
B2-0/2 0.020 0.036 0.050 0.098 0.142 0.144
C-0/0.25 0.034 0.060 0.080 0.146 0.202 0.204
C-0/2 0.025 0.043 0.058 0.106 0.149 0.150
D-0/0.25 0.038 0.077 0.092 0.126 0.141 0.144
D-0/2 0.021 0.040 0.049 0.072 0.075 0.077
D-F 0.045 0.101 0.126 0.165 0.183 0.187
E-0/0.25 0.035 0.065 0.085 0.132 0.190 0.193
E-0/2 0.025 0.046 0.060 0.102 0.162 0.164
F-0/0.25 0.019 0.034 0.047 0.096 0.141 0.143
F-0/2 0.020 0.035 0.048 0.096 0.139 0.141
G-F 0.031 0.059 0.080 0.144 0.209 0.213
H-F 0.027 0.058 0.093 0.203 0.246 0.251
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Tab. A2: Particle size distributions of reference binders and processed concrete fines (P1, table 2). di:
particle size at i % passing [µm].

d10 d30 d50 d70 d90

CEM I 1.7 5.9 12.1 20.6 32.9
S 2.1 6.6 12.3 19.5 30.0
FA 2.9 9.9 21.6 43.3 83.4
L 1.9 6.8 12.5 20.7 44.4
A1-0/0.25-100 1.9 6.6 15.6 31.8 58.8
A1-0/0.25-600 1.6 5.3 13.5 30.3 60.8
A1-0/2-100 2.3 8.1 18.2 35.2 65.9
A1-0/2-600 2.3 8.9 20.8 39.2 70.4
A2-0/0.25-600 1.4 3.9 8.5 17.5 36.9
A2-0/2-600 1.5 4.2 10.1 22.4 48.1
B1-0/0.25-100 1.6 4.9 11.6 25.4 50.4
B1-0/0.25-400 1.7 5.4 12.1 24.2 47.3
B1-0/0.25-600 1.7 5.6 13.9 32.3 63.7
B1-0/2-100 1.4 4.0 9.4 20.9 43.2
B1-0/2-400 1.7 5.3 11.8 23.7 46.4
B1-0/2-600 1.6 5.1 12.4 27.1 53.5
B2-0/0.25-100 1.5 4.8 11.4 24.9 49.3
B2-0/0.25-600 2.0 6.7 15.4 32.0 61.6
B2-0/2-100 1.5 4.7 11.4 25.4 50.2
B2-0/2-600 1.5 4.9 12.8 30.1 62.6
C-0/0.25-100 1.5 4.7 11.4 24.4 48.2
C-0/0.25-600 2.1 7.0 15.9 32.1 59.8
C-0/2-100 1.5 4.6 11.1 24.1 47.8
C-0/2-600 1.5 4.6 11.3 25.2 52.4
D-0/0.25-100 2.1 6.9 15.4 30.4 57.3
D-0/0.5-600 1.7 5.1 11.7 24.9 50.5
D-0/2-100 2.0 7.0 16.4 32.9 61.6
D-0/2-400 2.2 7.5 16.9 32.4 58.8
D-0/2-600 2.1 6.8 15.6 30.8 57.5
D-F-100 2.8 7.8 14.5 29.3 57.3
D-F-400 2.9 7.1 12.5 23.0 47.2
D-F-600 2.5 6.1 10.9 19.6 40.9
E-0/0.25-100 2.3 7.6 17.0 34.1 63.3
E-0/0.25-600 2.1 6.7 15.0 29.9 56.8
E-0/2-100 1.7 4.9 11.0 24.0 50.5
E-0/2-400 1.8 5.5 12.4 25.5 51.3
E-0/2-600 1.7 5.3 12.2 25.5 51.7
F-0/0.25-100 1.6 5.3 13.2 29.7 58.9
F-0/0.25-600 1.5 4.9 12.2 26.0 51.0
F-0/2-100 1.9 6.3 14.9 30.9 59.7
F-0/2-400 1.8 5.9 13.9 28.8 56.4
F-0/2-600 1.8 5.7 13.4 27.0 51.7
G-F-100 1.8 5.4 11.2 20.7 38.8
G-F-400 1.8 5.6 11.9 22.1 40.7
G-F-600 1.8 5.1 10.9 20.9 40.3
H-F-100 1.8 4.7 9.2 18.0 38.0
H-F-600 1.9 4.6 8.6 17.5 43.6

A22



Appendix

Tab. A3: Results of hydration heat measurements on blended cement paste containing established SCMs
or processed industrial fines (P1, fig. 7). Double determinations; for CEM I: eightfold determi-
nation including standard deviation.

Q0.5 h tb Wtb
Qtb

tp Wtp Qtp Q5 d
J/g h mW/g J/g h mW/g J/g J/g

CEM I 18.8 2.4 0.4 23.2 11.4 2.8 72.5 296.8
±1.4 ±0.1 ±0.0 ±1.2 ±0.2 ±0.1 ±1.8 ±8.3

S 12.5 2.6 0.3 15.9 11.6 2.1 55.4 251.9
FA 12.7 2.8 0.3 16.3 11.9 1.9 52.4 228.1
L 11.6 2.0 0.4 14.5 10.2 2.0 51.7 228.2
A1-0/0.25-600 15.5 2.7 0.4 19.8 11.8 2.0 61.5 248.9
A1-0/2-600 14.4 2.7 0.3 18.3 11.8 2.0 57.9 239.3
A2-0/0.25-600 13.1 2.6 0.4 17.5 11.5 1.9 56.7 237.7
A2-0/2-600 12.3 2.5 0.4 16.3 11.2 2.0 56.1 239.1
B1-0/0.25-600 16.3 2.9 0.4 22.1 11.6 2.0 63.8 248.6
B1-0/2-600 16.2 2.8 0.4 21.0 11.7 2.0 62.1 247.3
B2-0/0.25-600 14.5 2.6 0.4 18.8 11.3 2.1 61.1 249.3
B2-0/2-600 14.1 2.6 0.3 17.9 11.7 2.0 58.1 242.0
C-0/0.25-600 15.4 2.8 0.5 21.2 11.2 2.1 63.0 250.8
C-0/2-600 14.8 2.7 0.4 20.0 11.3 2.0 60.2 247.2
D-F-0/0.25-600 30.3 3.7 0.8 49.4 8.2 1.5 69.2 288.3
D-K-0/0.25-600 22.4 3.2 0.5 31.4 10.8 1.9 68.9 256.4
D-K-0/2-600 16.4 3.0 0.4 22.1 11.7 1.9 61.8 244.7
G-F-0/0.25-600 15.3 2.6 0.5 20.6 10.8 2.2 63.5 259.4
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Tab. A4: Compressive strength of reference mortar mixes.

f w
b

w+F M
b fc,2 d fc,28 d

– – – MPa MPa
CEM I 0.45 0.45 33.0(9) 53.7(16)
CEM I 0.50 0.50 23.5(20) 50.9(9)
CEM I 0.55 0.55 22.3(5) 46.3(12)
CEM I 0.60 0.60 18.3(4) 38.8(18)
CEM I 0.45 0.45 35.2(8) 60.9(16)
CEM I 0.50 0.50 28.2(13) 55.9(15)
CEM I 0.55 0.55 24.5(11) 50.7(16)
CEM I 0.60 0.60 19.4(5) 44.8(13)
CEM I 0.40 0.41 44.5(8) 60.3(32)
CEM I 0.45 0.45 35.9(6) 54.2(30)
CEM I 0.50 0.50 29.6(7) 53.1(14)
CEM I 0.55 0.55 25.5(2) 47.2(11)
CEM I 0.60 0.60 18.3(5) 37.7(8)
CEM I 0.65 0.65 14.9(7) 33.2(11)
FA 0.1 0.50 0.50 26.7(9) 52.0(11)
FA 0.3 0.40 0.41 27.8(4) 60.5(20)
FA 0.3 0.40 0.41 27.4(7) 52.8(10)
FA 0.3 0.50 0.50 14.6(18) 42.9(6)
FA 0.3 0.50 0.50 18.9(6) 40.0(7)
FA 0.5 0.50 0.51 10.9(2) 30.8(10)
S 0.1 0.50 0.50 26.9(8) 54.9(26)
S 0.3 0.40 0.40 32.7(9) 66.5(28)
S 0.3 0.45 0.45 27.1(3) 63.2(22)
S 0.3 0.50 0.50 19.7(5) 49.0(32)
S 0.3 0.50 0.50 19.7(6) 48.4(17)
S 0.5 0.50 0.50 14.9(3) 48.7(15)
L 0.1 0.50 0.50 27.5(7) 51.7(34)
L 0.3 0.35 0.36 36.2(5) 56.3(14)
L 0.3 0.40 0.40 26.4(7) 43.9(28)
L 0.3 0.50 0.50 13.6(9) 35.0(8)
L 0.3 0.50 0.50 17.9(5) 35.8(19)
L 0.5 0.50 0.50 9.9(3) 21.8(6)
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Tab. A5: Compressive strength of mortar containing processed industrial fines (part 1).

Temp. f w
b

w+F M
b ∆m fc,2 d fc,28 d

◦C – – – – MPa MPa
A1-0/0.125 100 0.3 0.5 0.50 0.000 14.5(5) 28.9(6)
A1-0/0.125 100 0.3 0.4 0.51 0.000 23.0(5) 43.4(13)
A1-0/0.125 600 0.1 0.5 0.41 0.059 27.4(6) 48.5(12)
A1-0/0.125 600 0.3 0.5 0.50 0.059 20.2(5) 41.3(18)
A1-0/0.125 600 0.3 0.4 0.50 0.059 30.4(8) 53.5(10)
A1-0/0.25u 600 0.1 0.5 0.50 0.054 27.0(9) 47.6(10)
A1-0/0.25u 600 0.3 0.5 0.50 0.054 19.8(4) 39.2(7)
A1-0/0.25u 600 0.3 0.4 0.50 0.054 29.7(5) 54.6(7)
A1-0/0.25 100 0.3 0.5 0.41 0.000 18.6(3) 32.8(12)
A1-0/0.25 600 0.1 0.5 0.41 0.054 30.1(10) 54.3(32)
A1-0/0.25 600 0.3 0.5 0.50 0.054 21.9(4) 38.7(7)
A1-0/0.25 600 0.3 0.4 0.50 0.054 32.5(4) 51.5(11)
A1-0/0.5 100 0.3 0.5 0.51 0.000 17.9(12) 33.6(5)
A1-0/0.5 100 0.3 0.4 0.51 0.000 30.0(13) 48.3(20)
A1-0/0.5 600 0.1 0.5 0.51 0.065 28.9(9) 47.5(23)
A1-0/0.5 600 0.3 0.5 0.51 0.065 22.2(7) 37.8(16)
A1-0/0.5 600 0.3 0.4 0.50 0.065 34.3(7) 52.2(23)
A1-0/1 100 0.3 0.5 0.51 0.000 14.6(5) 31.1(15)
A1-0/1 100 0.3 0.4 0.51 0.000 26.0(6) 44.3(18)
A1-0/1 600 0.1 0.5 0.52 0.038 26.6(9) 49.9(9)
A1-0/1 600 0.3 0.5 0.52 0.038 19.0(6) 36.9(14)
A1-0/1 600 0.3 0.4 0.41 0.038 29.6(2) 48.5(9)
A1-0/2 100 0.3 0.5 0.41 0.000 17.1(3) 32.2(18)
A1-0/2 100 0.3 0.4 0.42 0.000 27.1(9) 47.3(10)
A1-0/2 600 0.1 0.5 0.41 0.050 26.3(7) 50.6(6)
A1-0/2 600 0.3 0.5 0.41 0.050 17.6(7) 38.0(8)
A1-0/2 600 0.3 0.4 0.50 0.050 28.7(8) 54.6(20)
A2-0/0.25 600 0.3 0.5 0.50 0.034 21.9(5) 40.8(12)
A2-0/0.25 600 0.3 0.4 0.41 0.034 30.1(6) 48.4(17)
A2-0/2 600 0.3 0.5 0.51 0.021 22.0(4) 41.7(14)
A2-0/2 600 0.3 0.4 0.41 0.021 27.7(4) 41.8(21)
G-F 100 0.3 0.5 0.50 0.000 19.9(12) 39.7(11)
G-F 100 0.3 0.4 0.50 0.000 27.3(3) 44.6(12)
G-F 400 0.1 0.5 0.40 0.065 27.6(15) 48.0(10)
G-F 400 0.3 0.5 0.41 0.065 23.1(3) 42.1(7)
G-F 400 0.3 0.4 0.50 0.065 33.1(6) 55.4(17)
G-F 600 0.1 0.5 0.50 0.088 28.3(7) 50.5(22)
G-F 600 0.3 0.5 0.41 0.088 22.7(9) 42.3(10)
G-F 600 0.3 0.4 0.50 0.088 34.4(13) 56.6(21)
H-F 100 0.3 0.5 0.50 0.000 18.2(5) 40.3(18)
H-F 100 0.3 0.4 0.41 0.000 26.8(4) 50.0(15)
H-F 600 0.1 0.5 0.50 0.118 29.5(13) 47.7(8)
H-F 600 0.3 0.5 0.50 0.118 24.6(4) 40.6(7)
H-F 600 0.3 0.4 0.40 0.118 35.0(4) 56.1(30)
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Tab. A6: Compressive strength of mortar containing processed industrial fines (part 2).

Temp. f w
b

w+F M
b ∆m fc,2 d fc,28 d

◦C – – – – MPa MPa
B1-0/0.25 100 0.3 0.5 0.50 0.000 18.3(7) 37.0(12)
B1-0/0.25 100 0.3 0.4 0.41 0.000 30.0(9) 51.9(6)
B1-0/0.25 400 0.1 0.5 0.50 0.058 27.8(11) 48.2(23)
B1-0/0.25 400 0.3 0.5 0.41 0.058 23.1(5) 40.4(10)
B1-0/0.25 400 0.3 0.4 0.50 0.058 33.7(8) 51.3(29)
B1-0/0.25 600 0.1 0.5 0.41 0.080 27.1(5) 52.1(20)
B1-0/0.25 600 0.3 0.5 0.50 0.080 23.6(7) 46.4(8)
B1-0/0.25 600 0.3 0.4 0.41 0.080 33.7(16) 56.0(18)
B1-0/0.5 100 0.3 0.5 0.50 0.000 18.6(6) 35.9(10)
B1-0/0.5 100 0.3 0.4 0.41 0.000 26.6(6) 40.6(37)
B1-0/0.5 600 0.1 0.5 0.50 0.071 27.9(6) 49.4(15)
B1-0/0.5 600 0.3 0.5 0.50 0.071 21.6(4) 41.2(9)
B1-0/0.5 600 0.3 0.4 0.40 0.071 35.1(4) 53.4(15)
B1-0/1 100 0.3 0.5 0.50 0.000 18.6(9) 34.2(15)
B1-0/1 100 0.3 0.4 0.41 0.000 27.7(18) 43.7(12)
B1-0/1 600 0.1 0.5 0.50 0.065 26.2(10) 49.5(19)
B1-0/1 600 0.3 0.5 0.50 0.065 20.1(9) 42.3(10)
B1-0/1 600 0.3 0.4 0.50 0.065 30.1(8) 51.1(12)
B1-0/2 100 0.3 0.5 0.50 0.000 21.6(9) 38.2(19)
B1-0/2 100 0.3 0.4 0.40 0.000 29.7(8) 44.8(7)
B1-0/2 400 0.1 0.5 0.41 0.041 27.4(9) 45.7(19)
B1-0/2 400 0.3 0.5 0.50 0.041 20.2(3) 37.0(10)
B1-0/2 400 0.3 0.4 0.50 0.041 29.8(3) 48.3(6)
B1-0/2 600 0.1 0.5 0.50 0.060 26.4(9) 49.6(15)
B1-0/2 600 0.3 0.5 0.50 0.060 19.6(4) 38.6(11)
B1-0/2 600 0.3 0.4 0.41 0.060 32.7(6) 52.1(27)
B2-0/0.25 100 0.3 0.5 0.41 0.000 19.0(4) 36.1(6)
B2-0/0.25 100 0.3 0.4 0.50 0.000 26.6(8) 44.9(5)
B2-0/0.25 600 0.1 0.5 0.41 0.087 29.2(9) 51.7(23)
B2-0/0.25 600 0.3 0.5 0.50 0.087 20.3(12) 38.9(12)
B2-0/0.25 600 0.3 0.4 0.50 0.087 31.9(10) 53.9(6)
B2-0/2 100 0.3 0.5 0.50 0.000 19.1(5) 36.3(17)
B2-0/2 100 0.3 0.4 0.50 0.000 28.8(18) 49.5(21)
B2-0/2 600 0.1 0.5 0.40 0.058 27.7(6) 49.4(16)
B2-0/2 600 0.3 0.5 0.41 0.058 20.0(4) 40.1(7)
B2-0/2 600 0.3 0.4 0.50 0.058 33.4(6) 54.0(32)
C-0/0.2 100 0.3 0.5 0.50 0.000 19.1(3) 37.0(10)
C-0/0.2 100 0.3 0.4 0.50 0.000 26.8(6) 44.5(16)
C-0/0.2 600 0.1 0.5 0.50 0.098 25.4(5) 47.7(16)
C-0/0.2 600 0.3 0.5 0.41 0.098 19.3(8) 36.6(10)
C-0/0.2 600 0.3 0.4 0.41 0.098 31.3(4) 49.3(33)
C-0/2 100 0.3 0.5 0.50 0.000 18.1(3) 35.7(9)
C-0/2 100 0.3 0.4 0.41 0.000 28.9(5) 48.9(15)
C-0/2 600 0.1 0.5 0.50 0.072 26.6(6) 50.9(6)
C-0/2 600 0.3 0.5 0.50 0.072 21.2(6) 43.2(20)
C-0/2 600 0.3 0.4 0.41 0.072 34.2(6) 50.0(43)
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Tab. A7: Compressive strength of mortar containing processed industrial fines (part 3).

Temp. f w
b

w+F M
b ∆m fc,2 d fc,28 d

◦C – – – – MPa MPa
D-0/0.25 100 0.3 0.5 0.50 0.000 17.1(3) 33.3(13)
D-0/0.25 100 0.3 0.4 0.50 0.000 25.3(15) 35.4(44)
D-0/0.25 600 0.1 0.5 0.41 0.087 27.9(5) 51.5(22)
D-0/0.25 600 0.3 0.5 0.50 0.087 22.2(10) 38.3(9)
D-0/0.25 600 0.3 0.4 0.41 0.087 28.1(7) 44.4(18)
D-0/2 100 0.3 0.5 0.50 0.000 17.2(4) 32.0(6)
D-0/2 100 0.3 0.4 0.50 0.000 25.5(16) 43.2(11)
D-0/2 400 0.1 0.5 0.41 0.029 24.1(11) 46.5(12)
D-0/2 400 0.3 0.5 0.50 0.029 18.4(5) 35.3(7)
D-0/2 400 0.3 0.4 0.50 0.029 29.7(3) 50.9(18)
D-0/2 600 0.1 0.5 0.41 0.039 27.0(7) 46.7(13)
D-0/2 600 0.3 0.5 0.50 0.039 18.0(6) 33.0(15)
D-0/2 600 0.3 0.4 0.50 0.039 30.6(9) 52.6(5)
D-F 100 0.3 0.5 0.40 0.000 3.2(35) 11.4(5)
D-F 100 0.3 0.4 0.50 0.000 9.0(7) 14.8(18)
D-F 400 0.1 0.5 0.50 0.102 29.1(7) 47.9(24)
D-F 400 0.3 0.5 0.50 0.102 25.2(7) 39.6(11)
D-F 400 0.3 0.4 0.50 0.102 34.9(11) 54.1(15)
D-F 600 0.1 0.5 0.50 0.118 31.8(5) 49.8(15)
D-F 600 0.3 0.5 0.40 0.118 23.8(3) 42.1(13)
D-F 600 0.3 0.4 0.40 0.118 39.0(10) 56.8(9)
E-0/0.25 100 0.3 0.5 0.50 0.000 12.8(8) 26.2(14)
E-0/0.25 100 0.3 0.4 0.50 0.000 19.8(11) 34.2(16)
E-0/0.25 600 0.1 0.5 0.50 0.080 26.7(13) 50.3(13)
E-0/0.25 600 0.3 0.5 0.50 0.080 21.0(4) 39.7(9)
E-0/0.25 600 0.3 0.4 0.50 0.080 32.9(7) 53.8(9)
E-0/2 100 0.3 0.5 0.40 0.000 15.8(3) 29.8(3)
E-0/2 100 0.3 0.4 0.40 0.000 22.0(3) 36.3(35)
E-0/2 400 0.1 0.5 0.50 0.040 27.5(8) 48.5(30)
E-0/2 600 0.1 0.5 0.50 0.055 27.8(10) 51.3(12)
E-0/2 600 0.3 0.5 0.41 0.055 19.8(3) 35.9(41)
E-0/2 600 0.3 0.4 0.50 0.055 31.4(21) 56.9(13)
F-0/0.25 100 0.3 0.5 0.50 0.000 15.4(3) 31.8(10)
F-0/0.25 100 0.3 0.4 0.40 0.000 19.4(23) 32.3(19)
F-0/0.25 600 0.1 0.5 0.50 0.063 28.1(10) 48.1(16)
F-0/0.25 600 0.3 0.5 0.50 0.063 21.1(12) 37.7(11)
F-0/0.25 600 0.3 0.4 0.50 0.063 31.8(26) 49.3(14)
F-0/2 100 0.3 0.5 0.50 0.000 14.9(4) 28.7(19)
F-0/2 100 0.3 0.4 0.50 0.000 22.2(15) 35.5(12)
F-0/2 400 0.1 0.5 0.40 0.026 25.6(2) 46.4(13)
F-0/2 400 0.3 0.5 0.40 0.026 18.1(6) 36.1(13)
F-0/2 400 0.3 0.4 0.40 0.026 28.1(6) 47.9(24)
F-0/2 600 0.1 0.5 0.50 0.042 28.9(11) 49.8(10)
F-0/2 600 0.3 0.5 0.50 0.042 21.0(12) 38.6(34)
F-0/2 600 0.3 0.4 0.50 0.042 36.1(11) 57.9(39)
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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 

∗ Corresponding author.
E-mail address: jan.hoeffgen@kit.edu (J.P. Höffgen).

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.

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 

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 

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)2 is produced in favor of calcium silicate hydrates 
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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).

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.

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 

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 

Developments in the Built Environment 24 (2025) 100775 

7 



J.P. Höffgen and F. Dehn

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 𝑓𝑐,28 d = 48.0MPa) and 

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)

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 

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

𝑓

)𝑘𝑓
(14)
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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 

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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Appendix

Supplementary Data to Paper P2

Tab. A8: Apparent density (ρa), density on oven-dry basis (ρrd), density on saturated, surface-dry basis
(ρssd), and water absorption after submersion for 24 h (WA24) of the aggregates used for the
production of artificial fines (river sand, RS, limestone sand, LS, and greywacke, GW) according
to EN 1097-7:2008.

RS LS GW
ρa g/cm3 2.66 2.73 2.75
ρrd g/cm3 2.63 2.68 2.71
ρssd g/cm3 2.64 2.69 2.72
WA24 wt% 0.38 0.67 0.48

Tab. A9: Particle density (ρp) according to EN 1097-7:2008 and specific surface area (SBET and SBlaine)
according to the BET- and Blaine-method for the reference binders CEM I 42.5 R (CEM I),
ground granulated blast-furnace slag (S), fly ash (FA), and limestone powder (L).

CEM I S FA L
ρp g/cm3 3.13 2.92 2.24 2.70
SBET m2/g 1.282 0.926 7.683 5.998
SBlaine cm2/g 4336 3406 4664 4276

Tab. A10: Hydration heat (Qh,7 d) for w/b = 0.4, water demand (wn), and setting times (tsi, tse) of
(blended) cement paste, according to EN 196-11:2019 and EN 196-6:2019. "-S" and "-FA"
indicate a 30 wt% substitution of CEM I through slag or fly ash.

CEM I CEM I-S CEM I-FA
Qh,7 d J/g 312.8 269.3 241.7
wn wt% 29.2 29.5 30.0
tsi min 240 235 265
tse min 320 295 320
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Tab. A11: Chemical composition of the raw materials used for the production of artificial fines through
WDXRF in wt% according to EN 196-2:2013 (P2, fig. 1).

Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 LOI Div.
wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%

CEM I 0.06 1.85 4.65 19.82 0.22 0.79 60.67 0.21 0.22 3.22 2.4 5.9
S 0.20 5.54 10.97 35.50 0.05 0.68 41.36 0.98 0.60 1.34 -0.3 3.1
FA 0.43 1.27 29.66 48.09 0.31 1.27 3.14 3.40 0.07 9.16 1.8 1.4
L 0.01 1.07 2.45 6.20 0.05 0.60 47.11 0.11 0.02 0.99 39.0 2.4
GW 0.78 1.89 13.29 68.77 0.12 3.15 1.11 0.89 0.07 5.36 3.8 0.7
LS 0.02 2.99 2.33 7.65 0.10 0.79 44.26 0.09 0.02 0.94 38.5 2.3
RS 1.16 0.58 5.84 80.61 0.06 1.96 4.12 0.15 0.02 1.15 3.8 0.6

Tab. A12: Chemical composition of artificial fines before milling ("-R") and of two selectef fines after
milling ("-100") through WDXRF in wt% according to EN 196-2:2013 (P2, fig. 1). LOD:
Limit of detection.

Variante Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 LOI Div.
wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%

CEM-R <LOD 1.52 3.84 16.8 0.18 0.62 50.7 0.19 0.19 2.76 18.2 5.1
FA0-R 0.12 1.46 10.64 25.0 0.21 0.80 38.2 1.01 0.16 4.39 14.5 3.5
FA50-R 0.75 0.82 7.14 61.7 0.10 1.56 14.7 0.42 0.07 2.19 7.6 3.0
GW50-R 0.49 1.73 9.91 51.3 0.13 2.24 17.2 0.66 0.11 4.47 9.2 2.5
GW75-R 0.26 1.65 7.13 35.7 0.15 1.46 32.4 0.45 0.14 3.64 14.3 2.7
LS50-R <LOD 2.39 2.91 11.1 0.13 0.77 46.9 0.14 0.09 1.62 31.2 2.8
LS75-R <LOD 2.03 3.16 13.6 0.15 0.68 47.7 0.15 0.12 1.95 26.6 3.8
RS50-R 0.74 0.93 5.21 58.0 0.10 1.53 20.7 0.17 0.08 1.77 9.0 1.8
RS62-R 0.61 1.07 4.94 50.0 0.11 1.36 26.5 0.17 0.10 1.95 10.8 2.4
RS75-R 0.41 1.17 4.55 41.1 0.13 1.14 33.3 0.18 0.13 2.12 12.8 3.1
S0-R 0.03 2.43 5.38 20.5 0.14 0.61 45.2 0.38 0.27 2.20 18.8 4.1
S50-R 0.74 1.21 5.60 58.6 0.08 1.51 18.5 0.24 0.11 1.56 9.7 2.1
LS50-100 <LOD 2.42 2.82 11.3 0.12 0.72 46.8 0.13 0.08 1.54 31.0 3.0
RS50-100 0.71 0.92 5.06 57.7 0.09 1.51 20.8 0.17 0.08 1.80 8.8 2.4

Tab. A13: Mass loss ∆m of artificial fines at selected temperatures in a thermogravimetric setup (P2,
fig. 2).

200 ◦C 400 ◦C 600 ◦C 800 ◦C 1000 ◦C 1200 ◦C
CEM 0.025 0.087 0.159 0.183 0.190 0.192
FA0 0.026 0.092 0.130 0.160 0.180 0.185
FA50 0.012 0.032 0.044 0.066 0.082 0.084
GW50 0.016 0.039 0.066 0.096 0.108 0.110
GW75 0.020 0.058 0.100 0.134 0.147 0.151
LS50 0.015 0.038 0.065 0.098 0.322 0.327
LS75 0.018 0.058 0.103 0.136 0.278 0.280
RS50 0.016 0.038 0.061 0.088 0.101 0.101
RS62 0.018 0.046 0.079 0.102 0.114 0.114
RS75 0.022 0.061 0.105 0.130 0.140 0.142
S0 0.034 0.115 0.174 0.195 0.208 0.212
S50 0.015 0.041 0.060 0.083 0.095 0.096
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Tab. A14: Results of hydration heat measurements on blended cement paste containing different artificial
fines (P2, fig. 6, fig. 7).

Q0.5 h tb Wtb
Qtb

tp Wtp Qtp Q5 d
J/g h mW/g J/g h mW/g J/g J/g

CEM I 18.8 2.4 0.4 23.2 11.4 2.8 72.5 296.8
CEM-100 18.4 2.3 0.7 24.7 12.1 1.8 72.5 260.7
CEM-400 19.2 2.0 0.7 23.8 10.9 2.0 72.0 274.2
CEM-600 27.1 2.6 0.6 35.4 11.0 2.2 80.9 269.4
CEM-600 37.3 2.5 0.6 45.0 11.0 2.2 90.2 285.9
CEM-800 73.7 2.4 0.7 84.9 9.0 1.4 111.6 270.2
FA0-100 17.6 2.7 0.6 24.0 12.3 1.9 70.0 255.0
FA0-400 17.4 2.8 0.5 22.9 12.8 2.1 73.0 276.2
FA0-600 16.7 2.9 0.4 22.6 12.8 2.2 74.6 287.2
FA50-100 13.7 2.4 0.4 17.2 12.0 2.0 59.7 243.6
FA50-400 14.4 2.2 0.3 17.6 11.7 2.0 60.6 250.1
FA50-600 14.5 2.5 0.3 18.1 12.0 2.0 59.4 244.9
GW50-400 15.0 2.6 0.4 19.1 11.6 2.0 59.9 250.4
GW50-600 15.0 2.7 0.4 19.1 12.1 2.0 60.7 247.4
GW75-400 12.8 2.5 0.4 16.7 12.1 2.2 63.7 268.1
GW75-600 14.2 2.6 0.4 18.6 12.1 2.2 64.5 271.8
GW75-600 14.6 2.7 0.4 19.1 12.7 2.1 64.6 257.1
LS50-100 15.1 2.8 0.4 20.9 13.5 1.8 65.7 245.8
LS50-400 15.5 2.3 0.4 19.7 12.1 2.0 65.8 256.4
LS50-600 15.3 2.6 0.5 20.2 12.2 2.2 67.3 257.2
LS75-100 13.4 4.0 0.4 21.5 18.5 1.7 74.6 254.4
LS75-400 16.2 3.1 0.4 21.8 15.9 1.9 77.5 269.2
LS75-600 20.0 3.0 0.5 28.2 11.7 2.1 73.0 262.0
RS50-100 15.8 2.6 0.4 20.3 12.8 1.9 65.2 250.0
RS50-400 15.6 2.2 0.4 19.1 11.4 2.0 62.8 248.9
RS50-600 14.0 2.7 0.4 18.7 12.1 2.2 63.7 253.0
RS50-800 12.9 2.6 0.3 16.5 11.5 2.0 54.4 232.4
RS62-100 15.9 2.5 0.4 20.6 12.2 2.0 65.8 255.7
RS62-400 15.4 2.8 0.5 21.1 13.1 2.1 71.6 265.2
RS62-600 15.1 3.1 0.5 22.1 12.3 2.3 69.1 261.2
RS62-800 13.7 3.3 0.4 21.0 11.7 2.0 60.0 238.6
RS75-100 15.9 2.3 0.5 20.8 12.1 1.9 65.6 254.4
RS75-400 15.7 2.5 0.5 21.4 12.4 2.1 71.2 266.7
RS75-600 19.7 3.1 0.5 27.7 11.7 2.1 69.8 250.6
RS75-800 14.8 3.7 0.5 26.8 11.2 2.0 64.7 240.6
S0-100 16.5 2.5 0.5 21.4 12.2 2.0 68.6 265.5
S0-400 17.4 2.3 0.6 22.3 11.1 2.2 70.1 273.2
S0-600 16.8 2.8 0.8 26.9 10.0 2.9 76.5 288.6
S50-100 14.6 2.4 0.4 18.7 11.8 2.0 61.5 245.6
S50-400 14.8 2.2 0.4 17.8 11.6 2.1 60.9 248.2
S50-600 14.2 2.6 0.3 17.9 11.9 2.1 59.2 248.2
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Fig. A1: Cumulative hydration heat development of blended binders with 70 wt% CEM I and 30 wt%
artificial fines activated at different temperatures (P2, fig. 5).

Tab. A15: Results of hydration heat measurements on blended cement paste containing artificial fines
with varying substitution rates (P2, fig. 7).

Q0.5 h tb Wtb
Qtb

tp Wtp Qtp Q5 d
J/g h mW/g J/g h mW/g J/g J/g

CEM-400-100 13.2 9.7 0.7 38.2 14.7 0.7 50.6 164.2
CEM-400-50 15.4 2.5 0.7 22.3 11.0 1.9 68.2 251.2
CEM-400-30 14.6 2.2 0.6 19.4 11.5 2.0 66.9 273.6
CEM-600-100 88.7 2.8 0.9 100.4 10.3 1.3 131.2 249.8
CEM-600-50 54.7 2.3 0.7 62.9 9.1 1.9 97.6 270.5
CEM-600-30 33.0 2.6 0.6 41.1 10.7 2.1 84.5 270.0
CEM-600-10 18.4 2.2 0.5 23.8 10.3 2.6 70.9 285.3
S0-600-100 18.1 2.8 0.8 28.4 15.2 2.3 97.8 289.4
S0-600-50 17.0 2.9 1.2 31.3 7.4 2.5 60.2 283.4
S0-600-30 15.2 2.8 0.8 24.8 10.2 2.7 74.4 282.1
FA0-600-100 15.1 30.3 0.0 23.6 136.1 0.4 87.6 65.7
FA0-600-50 17.8 3.2 0.5 26.3 9.7 2.0 55.9 272.6
FA0-600-30 14.9 3.0 0.4 20.7 12.6 2.2 68.4 275.6
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Fig. A2: Cumulative hydration heat development of select blends of 70 wt% CEM I and 30 wt% artificial
fines with different aggregate contents and compositions, activated at 400 ◦C and 600 ◦C (P2,
fig. 6).

Tab. A16: Mortar compressive strength of selected mixtures at 1 d, 2 d, 7 d and 28 d (P2, fig. 9).

Temp. f w
b fc,1 d fc,2 d fc,7 d fc,28 d

◦C – – MPa MPa MPa MPa
CEM I 0.45 24.5(5) 35.2(8) 54.7(12) 60.9(16)
CEM I 0.50 17.7(6) 28.2(13) 46.9(18) 55.9(15)
CEM I 0.55 14.4(7) 24.5(11) 42.4(14) 50.7(16)
CEM I 0.60 10.0(2) 19.4(5) 34.0(12) 44.8(13)
RS50 400 0.3 0.50 9.7(3) 18.6(5) 32.2(7) 40.0(20)
RS62 400 0.3 0.50 19.1(12) 33.4(15) 43.6(15) 51.3(24)
RS75 400 0.3 0.50 10.2(4) 21.7(4) 40.0(9) 49.8(19)
CEM 400 0.3 0.50 10.4(3) 22.2(7) 39.4(12) 45.8(19)
RS50 600 0.3 0.50 12.5(3) 22.8(12) 40.0(20) 46.6(16)
RS62 600 0.3 0.50 10.9(4) 24.4(8) 42.3(9) 52.0(18)
RS75 600 0.3 0.50 9.6(1) 20.6(4) 40.2(14) 49.2(56)
CEM 600 0.3 0.50 17.8(3) 30.2(4) 45.4(26) 51.1(11)
RS75 800 0.3 0.50 11.9(2) 22.9(7) 38.2(17) 50.2(18)
CEM 800 0.3 0.50 9.6(4) 25.2(8) 43.5(11) 54.9(31)
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Fig. A3: Cumulative hydration heat development of select blends of CEM I and CEM-400, CEM-600,
S0-600 or FA0-600 at different substitution rates (P2, fig. 7).
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Tab. A17: Compressive strength of mortar containing processed artificial fines (part 1).

Temp. f w
b

w+F M
b ∆m fc,2 d fc,28 d

◦C – – – – MPa MPa
CEM 100 0.1 0.5 0.50 0.000 27.2(5) 53.5(13)
CEM 100 0.3 0.5 0.51 0.000 22.0(4) 40.8(9)
CEM 100 0.3 0.4 0.41 0.000 30.5(8) 46.9(16)
CEM 400 0.1 0.5 0.50 0.094 30.2(9) 55.8(11)
CEM 400 0.1 0.5 0.50 0.094 29.4(10) 53.8(13)
CEM 400 0.3 0.5 0.50 0.094 22.2(7) 45.8(19)
CEM 400 0.3 0.5 0.50 0.094 23.3(8) 46.2(16)
CEM 400 0.5 0.5 0.50 0.094 14.3(4) 35.1(4)
CEM 400 0.3 0.4 0.41 0.094 34.3(8) 59.5(17)
CEM 400 0.3 0.4 0.41 0.094 35.0(2) 52.5(16)
CEM 600 0.1 0.5 0.50 0.161 17.2(9) 41.4(12)
CEM 600 0.1 0.5 0.50 0.162 31.0(15) 55.2(17)
CEM 600 0.3 0.5 0.51 0.161 43.2(12) 66.1(21)
CEM 600 0.3 0.5 0.51 0.162 34.0(3) 53.3(42)
CEM 600 0.3 0.5 0.51 0.162 30.2(4) 51.1(11)
CEM 600 0.3 0.5 0.51 0.157 28.9(6) 49.9(7)
CEM 600 0.3 0.5 0.50 0.131 25.4(5) 44.0(26)
CEM 600 0.3 0.5 0.51 0.139 28.0(7) 48.3(12)
CEM 600 0.5 0.5 0.51 0.161 29.6(5) 47.9(17)
CEM 600 0.5 0.5 0.52 0.131 21.8(8) 40.7(10)
CEM 600 0.5 0.5 0.52 0.139 25.7(5) 43.2(15)
CEM 600 0.3 0.4 0.41 0.161 49.6(17) 69.0(16)
CEM 600 0.3 0.4 0.41 0.162 41.5(13) 60.7(37)
CEM 600 0.3 0.4 0.42 0.157 40.0(26) 64.5(22)
CEM 600 0.3 0.4 0.41 0.131 39.2(10) 63.3(13)
CEM 600 0.3 0.4 0.41 0.139 38.9(6) 57.3(18)
CEM 800 0.1 0.5 0.50 0.180 26.1(8) 54.2(7)
CEM 800 0.3 0.5 0.50 0.180 25.2(8) 54.9(31)
CEM 800 0.3 0.4 0.41 0.180 35.2(8) 72.0(20)
FA0 100 0.3 0.5 0.51 0.000 28.6(5) 47.3(35)
FA0 100 0.3 0.4 0.41 0.000 37.8(8) 58.0(23)
FA0 400 0.3 0.5 0.50 0.103 23.7(7) 51.8(10)
FA0 400 0.3 0.4 0.41 0.103 36.7(6) 67.8(24)
FA0 600 0.3 0.5 0.50 0.131 30.1(9) 58.8(11)
FA0 600 0.3 0.4 0.41 0.131 44.1(11) 68.9(10)
S0 100 0.3 0.5 0.50 0.000 24.8(10) 44.6(11)
S0 100 0.3 0.4 0.41 0.000 31.4(8) 49.4(33)
S0 400 0.3 0.5 0.50 0.115 23.5(5) 50.7(12)
S0 400 0.3 0.4 0.41 0.115 36.7(7) 61.1(18)
S0 600 0.3 0.5 0.50 0.158 34.6(9) 61.9(27)
S0 600 0.3 0.4 0.41 0.158 49.3(9) 70.1(12)
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Tab. A18: Compressive strength of mortar containing processed artificial fines (part 2).

Temp. f w
b

w+F M
b ∆m fc,2 d fc,28 d

◦C – – – – MPa MPa
LS0 0.1 0.5 0.50 0.000 25.5(10) 49.0(24)
LS0 0.3 0.5 0.50 0.000 17.7(14) 37.1(26)
LS0 0.3 0.4 0.40 0.000 25.6(7) 43.8(18)
LS50 100 0.3 0.5 0.50 0.000 19.6(4) 37.6(7)
LS50 100 0.3 0.4 0.41 0.000 27.7(6) 42.9(23)
LS50 400 0.1 0.5 0.50 0.045 24.4(5) 47.1(11)
LS50 400 0.1 0.5 0.50 0.044 25.9(10) 48.2(24)
LS50 400 0.3 0.5 0.50 0.045 19.3(6) 40.2(14)
LS50 400 0.3 0.5 0.50 0.044 21.4(6) 44.4(9)
LS50 400 0.3 0.4 0.40 0.045 28.9(4) 48.7(27)
LS50 400 0.3 0.4 0.41 0.044 32.3(6) 52.9(21)
LS50 600 0.1 0.5 0.50 0.065 24.0(9) 45.3(11)
LS50 600 0.1 0.5 0.50 0.064 30.3(7) 55.7(15)
LS50 600 0.3 0.5 0.50 0.065 20.7(4) 41.7(16)
LS50 600 0.3 0.5 0.50 0.064 24.0(9) 46.6(15)
LS50 600 0.3 0.4 0.41 0.065 31.3(8) 42.4(55)
LS50 600 0.3 0.4 0.41 0.064 35.9(10) 57.2(28)
LS75 100 0.3 0.5 0.50 0.000 18.0(10) 36.7(13)
LS75 100 0.3 0.4 0.41 0.000 28.5(11) 46.0(25)
LS75 400 0.1 0.5 0.50 0.068 24.8(16) 51.5(12)
LS75 400 0.1 0.5 0.50 0.067 26.8(5) 51.1(17)
LS75 400 0.3 0.5 0.50 0.068 19.4(6) 43.3(12)
LS75 400 0.3 0.5 0.50 0.067 21.4(5) 44.4(12)
LS75 400 0.3 0.4 0.40 0.068 30.3(6) 52.4(8)
LS75 400 0.3 0.4 0.41 0.067 32.8(8) 56.5(17)
LS75 600 0.1 0.5 0.50 0.098 27.2(5) 51.6(14)
LS75 600 0.1 0.5 0.50 0.096 27.5(11) 52.0(6)
LS75 600 0.3 0.5 0.50 0.098 22.5(3) 43.3(10)
LS75 600 0.3 0.5 0.50 0.096 24.0(3) 45.0(14)
LS75 600 0.3 0.4 0.41 0.098 34.4(7) 54.1(26)
LS75 600 0.3 0.4 0.41 0.096 37.6(5) 61.6(18)
GW50 100 0.3 0.5 0.50 0.000 21.8(5) 44.8(6)
GW50 100 0.3 0.4 0.41 0.000 31.2(32) 54.2(64)
GW50 400 0.1 0.5 0.50 0.045 25.8(8) 47.5(44)
GW50 400 0.3 0.5 0.50 0.045 19.6(3) 40.2(13)
GW50 400 0.3 0.4 0.41 0.045 30.9(5) 56.8(31)
GW50 600 0.1 0.5 0.50 0.066 29.3(7) 55.6(12)
GW50 600 0.3 0.5 0.50 0.066 24.2(8) 52.1(4)
GW50 600 0.3 0.4 0.41 0.066 33.7(15) 62.6(17)
GW75 100 0.3 0.5 0.50 0.000 24.1(7) 46.9(19)
GW75 100 0.3 0.4 0.41 0.000 36.3(8) 58.9(17)
GW75 400 0.1 0.5 0.50 0.081 26.3(7) 53.1(10)
GW75 400 0.3 0.5 0.50 0.081 20.5(8) 40.7(21)
GW75 400 0.3 0.4 0.41 0.081 31.9(16) 57.6(33)
GW75 600 0.1 0.5 0.50 0.108 26.9(4) 49.1(7)
GW75 600 0.3 0.5 0.50 0.108 25.8(7) 49.0(15)
GW75 600 0.3 0.4 0.41 0.108 39.0(10) 62.0(31)
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Tab. A19: Compressive strength of mortar containing processed artificial fines (part 3).

Temp. f w
b

w+F M
b ∆m fc,2 d fc,28 d

◦C – – – – MPa MPa
RS62 100 0.1 0.5 0.50 0.000 17.3(4) 40.4(12)
RS62 100 0.3 0.5 0.50 0.000 21.1(6) 41.5(8)
RS62 100 0.3 0.4 0.40 0.000 31.5(4) 49.8(14)
RS62 400 0.1 0.5 0.50 0.056 31.1(6) 54.2(24)
RS62 400 0.1 0.5 0.50 0.056 26.5(9) 48.8(18)
RS62 400 0.3 0.5 0.50 0.056 33.4(15) 51.3(24)
RS62 400 0.3 0.5 0.50 0.056 20.8(6) 44.1(10)
RS62 400 0.5 0.5 0.50 0.056 18.0(6) 36.7(13)
RS62 400 0.3 0.4 0.40 0.056 31.4(12) 50.5(19)
RS62 400 0.3 0.4 0.40 0.056 34.2(5) 55.5(21)
RS62 600 0.1 0.5 0.50 0.080 26.6(11) 52.7(26)
RS62 600 0.1 0.5 0.50 0.081 28.1(7) 53.9(14)
RS62 600 0.3 0.5 0.50 0.080 24.4(8) 52.0(18)
RS62 600 0.3 0.5 0.50 0.081 24.4(6) 47.8(13)
RS62 600 0.5 0.5 0.50 0.080 20.5(7) 45.2(19)
RS62 600 0.3 0.4 0.40 0.080 38.8(6) 67.0(22)
RS62 600 0.3 0.4 0.40 0.081 37.3(10) 58.0(25)
RS62 800 0.1 0.5 0.50 0.112 28.2(7) 57.2(20)
RS62 800 0.3 0.5 0.50 0.112 21.3(4) 48.5(12)
RS62 800 0.3 0.4 0.41 0.112 34.3(9) 66.6(19)
RS75 100 0.1 0.5 0.50 0.000 26.4(7) 50.0(18)
RS75 100 0.3 0.5 0.50 0.000 22.5(4) 40.8(8)
RS75 100 0.3 0.4 0.40 0.000 34.5(12) 54.5(25)
RS75 400 0.1 0.5 0.50 0.075 26.5(4) 53.0(9)
RS75 400 0.1 0.5 0.50 0.082 28.9(14) 53.0(27)
RS75 400 0.3 0.5 0.50 0.075 21.7(4) 49.8(19)
RS75 400 0.3 0.5 0.50 0.082 28.4(9) 48.0(24)
RS75 400 0.5 0.5 0.50 0.075 16.1(3) 37.5(11)
RS75 400 0.3 0.4 0.40 0.074 37.0(14) 58.0(29)
RS75 400 0.3 0.4 0.40 0.075 33.8(14) 58.4(26)
RS75 400 0.3 0.4 0.40 0.082 34.0(11) 55.1(19)
RS75 600 0.1 0.5 0.50 0.109 26.6(6) 54.9(26)
RS75 600 0.1 0.5 0.50 0.113 29.3(10) 55.4(15)
RS75 600 0.3 0.5 0.50 0.109 20.6(4) 49.2(56)
RS75 600 0.3 0.5 0.50 0.113 25.4(6) 52.0(19)
RS75 600 0.5 0.5 0.50 0.109 15.7(3) 39.2(15)
RS75 600 0.3 0.4 0.40 0.109 38.2(28) 65.8(15)
RS75 600 0.3 0.4 0.41 0.113 38.9(6) 61.2(19)
RS75 800 0.1 0.5 0.50 0.137 27.9(6) 55.1(16)
RS75 800 0.3 0.5 0.50 0.137 22.9(7) 50.2(18)
RS75 800 0.3 0.4 0.41 0.137 35.8(6) 66.3(22)
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Tab. A20: Compressive strength of mortar containing processed artificial fines (part 4).

Temp. f w
b

w+F M
b ∆m fc,2 d fc,28 d

◦C – – – – MPa MPa
RS0 0.1 0.5 0.50 0.000 25.0(6) 44.9(10)
RS0 0.3 0.5 0.50 0.000 14.1(5) 30.1(10)
RS0 0.3 0.4 0.41 0.000 26.0(5) 47.7(12)
RS50 100 0.1 0.5 0.50 0.000 24.9(4) 51.8(14)
RS50 100 0.3 0.5 0.50 0.000 19.7(5) 38.3(9)
RS50 100 0.3 0.4 0.40 0.000 29.3(10) 51.5(13)
RS50 400 0.1 0.5 0.50 0.046 27.0(8) 53.0(17)
RS50 400 0.1 0.5 0.50 0.042 26.2(8) 48.9(24)
RS50 400 0.3 0.5 0.50 0.046 18.6(5) 40.0(20)
RS50 400 0.3 0.5 0.50 0.042 19.7(7) 41.1(37)
RS50 400 0.5 0.5 0.50 0.046 10.3(3) 30.0(6)
RS50 400 0.3 0.4 0.40 0.046 29.2(4) 53.3(28)
RS50 400 0.3 0.4 0.40 0.042 29.9(9) 50.3(26)
RS50 600 0.1 0.5 0.50 0.059 27.9(34) 53.8(8)
RS50 600 0.1 0.5 0.50 0.061 28.8(10) 51.1(25)
RS50 600 0.3 0.5 0.50 0.059 22.8(12) 46.6(16)
RS50 600 0.3 0.5 0.50 0.061 24.0(6) 44.9(31)
RS50 600 0.5 0.5 0.50 0.059 16.2(3) 36.6(11)
RS50 600 0.3 0.4 0.40 0.059 34.3(6) 61.1(23)
RS50 600 0.3 0.4 0.40 0.061 36.5(8) 54.4(33)
RS50 800 0.1 0.5 0.50 0.089 28.5(7) 57.1(13)
RS50 800 0.3 0.5 0.50 0.089 19.7(6) 44.0(13)
RS50 800 0.3 0.4 0.41 0.089 32.4(8) 63.4(19)
FA50 100 0.3 0.5 0.50 0.000 24.2(5) 43.5(5)
FA50 100 0.3 0.4 0.41 0.000 32.2(5) 51.9(19)
FA50 400 0.3 0.5 0.50 0.048 20.8(6) 44.4(11)
FA50 400 0.3 0.4 0.40 0.048 33.2(10) 60.0(15)
FA50 600 0.3 0.5 0.50 0.062 19.4(5) 41.0(13)
FA50 600 0.3 0.4 0.41 0.062 32.2(6) 58.7(13)
S50 100 0.3 0.5 0.50 0.000 22.1(8) 40.4(15)
S50 100 0.3 0.4 0.41 0.000 29.1(12) 49.9(13)
S50 400 0.3 0.5 0.50 0.056 20.9(6) 45.3(8)
S50 400 0.3 0.4 0.40 0.056 33.7(4) 57.3(11)
S50 600 0.3 0.5 0.50 0.070 21.6(6) 42.6(9)
S50 600 0.3 0.4 0.41 0.070 35.6(9) 59.8(18)
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 A B S T R A C T

Thermal activation of concrete fines is a promising method for the simultaneous reduction of 
CO2 emissions and mineral waste. Hydrated cement paste, a major component of these recycled 
materials, can be used as a reactive supplementary cementitious material after dehydration 
at elevated temperatures and grinding. This affects concrete strength, especially when fines 
contain a higher proportion of aggregates. While strength loss can be mitigated by adjusting 
the water-binder ratio, the combined effect on other mechanical properties and durability 
remains unclear. This study utilizes seven different artificial concrete fines with varying 
binder compositions, aggregate contents, and aggregate mineralogies to produce concrete with 
varying compressive strengths. These concretes are then assessed for their flexural strength, 
elastic modulus, shrinkage, water absorption, chloride diffusion, carbonation, and freeze-thaw-
resistance. Results highlight that with increasing compressive strength, mechanical properties 
and durability also improve. However, while strength development and the elastic modulus are 
similar to the reference concrete, the substitution of Portland cement through activated fines 
increases shrinkage as well as carbonation and chloride ingress, especially for fines with a high 
amount of reactive SiO2.

1. Introduction

Thermal activation of concrete fines is a promising process for mineral construction and demolition waste recycling, as well as 
reducing the carbon footprint of cement production [1–9]. The activation process relies on the dehydration of hydrated cement 
paste (HCP) within these fines. With increasing temperature, different cement hydration products gradually release chemically 
bound water. Most prominently, calcium hydroxide disintegrates to free lime in the temperature range of 400 ◦C to 550 ◦C, and 
calcium silicate hydrates decompose between 110 ◦C and 500 ◦C to form reactive 𝛼′𝐻C2S and 𝛼′𝐿C2S [10–23]. Upon re-wetting, the 
activated paste rapidly rehydrates, recreating the original cement phases [10,12,13,16,17,19,24–27]. Because both the hydrated 
and the dehydrated paste remain porous, the rehydrated product primarily occupies the existing pore network, resulting in limited 
inter-particle bonding and reduced strength [17,18,25,28–30].

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

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

Capillary absorption follows the same influencing factors as paste porosity. Higher Portland cement substitution through 
activated cement paste results in increased absorption, especially when additional mixing water is used for adjusting fresh concrete 
workability [40]. At a fixed water-binder ratio, the reduction of free water outside of activated cement paste particles lessens 
capillary absorption [31,40,43]. Compared to ground HCP, thermal activation at up to 1000 ◦C reduces absorption [33,36,41,42,44]. 
Water absorption plays an important role in freeze-thaw damage evolution. At similar strength, mortar and concrete containing 
thermally activated concrete fines exhibit a similar freeze-thaw-resistance as Portland cement reference mixes [45,46]. The diffusion 
of Cl –  and CO2 is affected by paste porosity and the binding capacity of hydration products. Subsequently, the aforementioned 
influences on porosity impact the resistance to carbonation and chloride ingress [28,29,31,43,47,48].

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

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

2. Experimental program

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

2.1. Materials

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

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

For all artificial fines, three prisms ((40 × 40 × 160)mm3) were cast, and cured alongside the bulk materials. Bulk materials were 
stored in sealed buckets with excess water, and demolded after at least nine months to exclude the influence of temporal effects 
from the subsequent analyses. Samples were dried at 105 ◦C before grinding in an industrial mill. The temperature of the grinding 
tube was monitored to not exceed 100 ◦C.
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Table 1
Composition of artificial fines with water-binder ratio 𝑤∕𝑏 = 0.5. 𝑣𝑝: 
paste volume; Agg.: aggregates; FA: fly ash; S: blast-furnace slag; RS: 
river sand; LS: limestone sand; GW: greywacke.
 Binder 𝑣𝑝[v%] Agg. 
 CEM 100wt% CEM I 100 –  
 FA0 70wt% CEM I + 30wt% FA 100 –  
 S0 70wt% CEM I + 30wt% S 100 –  
 RS75

100wt% CEM I
75 RS  

 RS50 50 RS  
 LS50 50 LS  
 GW50 50 GW  

Table 2
Mix design of the reference series CEM I-2.
 Density Share
 g∕cm3 kg∕m3

 River gravel 2/8 mm 2.56 1024 
 River sand 0/2 mm 2.63 526  
 CEM I 42.5 R 3.13 488  
 Water 1.00 244  

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

2.2. Experimental procedures

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

Concrete was designed with an aggregate content of 60 v%, split into 20 v% RS (0/2 mm) and 40 v% RG (2/8 mm), which was 
held constant for all concrete mixes. Sieve analyses yielded 𝑑10 ≈ 0.12mm, 𝑑50 ≈ 0.34mm, and 𝑑90 ≈ 0.88mm for RS, as well as 
𝑑10 ≈ 2.8mm, 𝑑50 ≈ 4.9mm, and 𝑑90 ≈ 7.0mm for RG. Limiting the maximum grain size to 8mm enabled the use of smaller specimen 
sizes. This subsequently reduced raw material consumption. While this came at the cost of potentially increased scatter, following 
the size-effect law, it reduced time-intensive thermal activation and allowed for the testing of all material properties from a single 
batch of concrete per mix. For each binder, two different water-binder ratios (𝑤∕𝑏) were adopted: Series 1 used 𝑤∕𝑏 = 0.5, without 
taking artificial fines reactivity into account. Series 2 applied the equivalent concrete performance concept defined in EN 206:2021 
and CEN/TR 16639:2014, where 𝑤∕𝑐eq = 0.5 replaces 𝑤∕𝑏 (Eq. (1)). 

𝑤
𝑐eq

= 𝑤
𝑐 + 𝑘 ⋅ 𝑎

with 𝑎: SCM-content (1)

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

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

During concrete mixing, workability was adjusted through the addition of superplasticizer. Target consistency was a spread of 
17 cm − 19 cm determined by the flow table test in EN 1015-3:2007. After being placed in steel molds, samples were kept humid 
at 20 ◦C until demolding at 1 d. Afterwards, specimens were cured depending on the conditioning plan for each concrete property. 
Unless otherwise stated, all procedures were performed at 20 ◦C. The subsequent experimental analyses required compromises to 
enable the determination of various concrete performance indicators from a single batch. The selection of specimen sizes followed 
the requirement in EN 12390-1:2011 of a minimum size of 28mm for a maximum aggregate diameter of 8mm. Fig.  A.14 gives an 
overview of the experimental setups for concrete testing.
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Strength development. Strength testing followed the provisions in European standard EN 196-1:2016 and used six prisms ((40 × 40 ×
160)mm3), which were cured underwater. Despite being a test procedure for cement mortar, this choice enabled the determination 
of two strength parameters on a single specimen. Flexural tests were performed on three prisms at concrete ages of 2 d and 28 d. 
Compressive tests used three prism halves immediately after flexural tests. The remaining halves were tested at 56 d and 98 d.
Dynamic modulus of elasticity. For the determination of the dynamic modulus of elasticity, three prisms ((40 × 40 × 160)mm3) were 
moist cured at 100% r. h. until the age of 7 d and subsequently stored at 65% r. h. until the determination of the dynamic moduli 
through ultrasonic pulse measurements at the concrete age of 28 d.

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

𝐸𝑐 = 𝑣2𝑢 ⋅ 𝜌𝑝 ⋅
(1 + 𝜈)(1 − 2 ⋅ 𝜈)

1 − 𝜈
(2)

Shrinkage. Three prisms ((40 × 40 × 160)mm3) for shrinkage were produced with cast-in pins and stored alongside specimens for 
dynamic modulus measurements. Deformation and mass loss were determined at a concrete age of 1 d, 7 d (𝑡0), 14 d, 21 d, 35 d, 63 d, 
and 98 d, followed by strength tests after the last deformation testing according to EN 196-1:2016.

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

Chloride diffusion. From each concrete mix, one cylinder (𝑑 = 100mm, ℎ = 280mm) was produced and stored underwater after 
demolding. Water curing was interrupted for cutting the cylinder into 5 slices (ℎ ≈ 45mm) and covering the lateral surfaces of 
all 5 specimens and one flat surface of three specimens with epoxy resin. At the age of 28 d, these three specimens were taken 
from the water bath and submerged in a saturated Ca(OH)2-solution for 24 h before being placed in a 16.5wt%-NaCl-solution 
for 35 d. While this conditioning follows European standard EN 12390-11:2015, a simplified representative chloride penetration 
depth was determined using silver nitrate as an indicator on cracked specimens, similar to the rapid chloride migration test in 
EN 12390-18:2021. The average penetration depth 𝑑𝑐 was obtained as the average of nine data points from each cracked surface 
per specimen.
Capillary absorption. Capillary absorption tests were performed on the two remaining cylindrical specimens, with only the lateral 
surfaces coated in epoxy resin. After water curing until the age of 28 d, the specimens were stored at 65% r.h. for at least 6months, 
until they reached a constant mass. To determine the capillary absorption coefficient 𝑊𝐴24 h, the mass change of each specimen 
after partial submersion of the bottom 5mm for 24 h was measured and normalized to the surface area.
Carbonation. The determination of the accelerated carbonation coefficient 𝐾𝐴𝐶 followed the procedure in EN 12390-12:2020. Three 
prisms ((40×40×160)mm3) were stored underwater until the age of 28 d with a subsequent dry storage at 65% r.h. for 14 d. Afterwards, 
specimens were exposed to 3 v% CO2 at 57% r.h. for another 70 d, with intermediate testing ages after 7 d and 28 d exposure. For 
each determination, a fresh surface from each prism was produced by splitting. After applying a phenolphthalein indicator, the 
mean carbonation depth 𝑑𝑘,𝑡 was determined from three measuring points per edge per specimen. 𝐾𝐴𝐶 was then calculated as the 
slope of a straight line fitted to the mean carbonation depth over the square root of the duration of the exposure 𝑡, using the least 
squares method on Eq. (3). 

𝑑𝑘 = 𝐾𝐴𝐶 ⋅
√
𝑡 (3)

Freeze-thaw-cycles. Freeze-thaw tests were based on the cube test in the technical specification CEN/TS 12390-9:2017. Two cubes 
(100mm) from mixtures with 𝑤∕𝑐𝑒𝑞 = 0.5 were stored underwater until the age of 7 d with a subsequent dry storage at 65% r.h. 
for 21 d. Afterwards, both specimens were submerged in a container filled with demineralized water and placed in the freeze-
thaw chamber. The first freeze-thaw cycle started after another 24 h, where specimens were left to absorb water. Freezing to 
−15 ◦C followed the ramp defined in CEN/TS 12390-9:2017, and for thawing, the chamber was filled with warm water. When the 
temperature in the specimen container had reached 20 ◦C, fragments were brushed off and the mass of all fragments was determined 
through oven-drying. Measurements were taken after 7, 14, and 28 freeze-thaw cycles (FTC), with some test extensions to 56 FTC.
Porosity. For the quantification of porosity through mercury-intrusion, concretes were mirrored through additional paste specimens 
with the same ratio of CEM I to SCM to water, but without aggregates. Immediately after mixing, samples were left in sealed flasks 
until demolding and crushing to a particle size of 2mm − 4mm at the age of 28 d. Following a solvent exchange through isopropyl, 
samples were dried at 60 ◦C before testing.

3. Results and discussion

3.1. Characterization of binders

The physical and chemical characterization of CEM I and the processed artificial fines highlights differences between both groups, 
as well as between artificial fines of different compositions and activation temperatures (see Tables  3 and 4). For reference, Figs. 
A.15 and A.16 illustrate the mineralogical composition of the raw materials.
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Table 3
Results of the physical analysis of CEM I and activated artificial fines. 𝜌𝑝: Particle 
density (pycnometer), 𝑆𝐵𝐸𝑇 : Specific surface area (BET-Method), 𝑝𝐵𝐽𝐻 : Pore volume 
(desorption, BJH-Method) 𝑑10, 𝑑50, 𝑑90: Particle size at 10 v%, 50 v%, and 90 v% cumula-
tively passing (laser diffraction)
 𝜌𝑝 𝑆𝐵𝐸𝑇 𝑝𝐵𝐽𝐻 𝑑10 𝑑50 𝑑90
 kg∕dm3 m2∕g cm3∕kg μm μm μm

 CEM I 3.13 1.39 7.08 1.7 12.1 32.9 
 CEM-100 2.35 18.42 102.15 2.0 14.8 51.8 
 CEM-400 2.45 14.08 90.98 2.1 16.2 60.8 
 CEM-600 2.69 14.55 94.56 1.8 14.0 51.1 
 FA0-600 2.72 11.09 66.35 2.3 23.6 76.7 
 S0-600 2.77 10.48 63.88 2.1 21.5 76.0 
 RS75-600 2.77 7.53 47.16 1.7 13.5 51.5 
 RS50-100 2.54 6.51 36.56 1.9 15.3 50.8 
 RS50-400 2.59 5.45 33.72 1.9 14.7 49.3 
 RS50-600 2.59 5.41 33.08 1.9 14.5 49.7 
 LS50-600 2.73 6.13 35.74 1.6 12.6 74.7 
 GW50-600 2.72 7.98 42.08 1.7 12.4 51.5 

Table 4
Results of the wet-chemical analysis of CEM I and activated artificial fines. Carbon (C), 
total and reactive (r-)CaO, and total and reactive (r-)SiO2, all according to EN 196-
2:2013, and free f-CaO according to EN 451-1:2017.
 C CaO f-CaO r-CaO SiO2 r-SiO2
 wt% wt% wt% wt% wt% wt%

 CEM I 0.5 61.7 0.8 57.7 20.4 19.5 
 CEM-100 1.0 51.4 12.8 45.4 16.9 16.2 
 CEM-400 1.2 54.0 11.7 46.9 18.0 17.2 
 CEM-600 1.3 58.1 7.1 50.7 19.2 18.6 
 FA0-600 0.9 43.0 0.1 38.0 29.0 26.4 
 S0-600 0.8 50.1 0.8 45.3 28.0 24.1 
 RS75-600 1.0 40.8 1.8 35.9 39.6 18.1 
 RS50-100 1.0 21.1 3.5 17.3 53.3 7.8 
 RS50-400 1.1 21.8 2.9 17.7 59.1 12.5 
 RS50-600 1.1 22.0 0.0 18.0 60.1 14.1 
 LS50-600 7.6 49.4 0.1 13.4 12.0 9.2 
 GW50-600 0.6 18.2 0.1 16.8 56.1 22.9 

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

The chemical composition of the processed artificial fines is defined through the composition of the raw materials (see Table 
A.6). Yet, the wet-chemical analysis allows for a more detailed analysis. For CEM I, the total amount of CaO and SiO2 matches the 
results from WDXRF. Table  4 shows that most of these are in a reactive form. When CEM I chemically binds water, the resulting 
artificial fines CEM-100 have a relatively lower amount of both CaO and SiO2. During hydration, cement clinker forms calcium 
hydroxide, which is subsumed in free CaO, and other hydrates, whose calcium content comprises reactive CaO. Due to the loss of 
chemically bound water during thermal activation, (reactive) CaO and (reactive) SiO2 increase for CEM-400 and CEM-600. Free CaO 
decreases, which exists as Ca(OH)2 in CEM-100 and converts to CaO with increasing temperature. However, the offset indicates the 
formation of additional phases.

Compared to CEM-600, S0-600, and FA0-600, where CEM  I was partially replaced by slag or fly ash during artificial fines 
production, exhibit a significantly higher amount of (reactive) SiO2, in favor of a reduced amount of reactive and free CaO.

Artificial fines containing quartzitic river sand (RS) as aggregates (RS50 and RS75) have a reduced amount of reactive CaO 
and SiO2 compared to CEM. However, the present results suggest an interaction between free CaO and (inert) SiO2 during thermal 
activation. Free CaO in RS50-100 is completely consumed, while the amount of reactive SiO2 almost doubles. RS75-600 shows 
similar results, which cannot solely be explained when considering these artificial fines as a blend of CEM and inert river sand. 
The analysis of artificial fines LS50-600 and GW50-600. LS50-600 with calcitic aggregates comprises a low amount of reactive 
components. GW50-600, on the other hand, contains greywacke with amorphous SiO2, which increases the amount of reactive SiO2
in the activated artificial fines.
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Fig. 1. Temporal compressive strength development of select concrete mixtures with artificial fines ‘‘CEM’’ and ‘‘RS50’’ processed at different 
temperatures and at different substitution rates. Markers and error bars represent mean values and standard deviations from three prism halves. 
Lines indicate optimized fit curves for strength development according to Eq. (4).

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

3.2. Compressive strength development

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

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

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

𝑓𝑐 (𝑡) = 𝑓𝑐𝑚,𝑟𝑒𝑓 ⋅ exp

{
𝑠𝑐 ⋅

[
1 −

(
𝑡ref
𝑡

)0.5
]}

with 𝑡𝑟𝑒𝑓 = 28 d (4)

𝑟 =
𝑓𝑐,2 d
𝑓𝑐,28 d

(5)
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Fig. 2. Temporal compressive strength development of concrete containing processed artificial fines as SCM. Marker shapes indicate different 
artificial fines, fill styles indicate substitution rates (𝑓 ), and color indicates processing temperatures.
(a): Compressive strength after 2 d over compressive strength after 28 d. Straight lines indicate strength ratio 𝑟 (see Eq. (5))
(b): Parameters 𝑓𝑐𝑚,𝑟𝑒𝑓  and 𝑠𝑐 as results from fitting Eq. (4) to experimental results after 2 d, 28 d, 56 d and 98 d.

Fig.  2 illustrates the results for both approaches. Increasing 𝑓𝑐,28 d comes with disproportionally increased 𝑓𝑐,2 d. Regardless of 
artificial fines composition (which affects compressive strength differently, as seen by the width of results for compressive strength 
in general), 𝑟 ranges from <0.4 for the lowest strength concrete to >0.6 for the highest strength concrete. Similarly, 𝑠𝑐 decreases 
from >0.3 to <0.2.

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

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

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

3.3. Dynamic modulus of elasticity

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

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

Overall, the modulus of elasticity increases with increasing compressive strength, corroborating findings in [39] for varying 
substitution rates. The results show only small deviations of concrete containing processed artificial fines as SCM from the trend 
set by the CEM I-references. Only series with thermally activated paste (CEM, S0, and FA0) as well as GW50, which contains an 
increased amount of reactive silica, exhibit a marginally smaller dynamic modulus of elasticity as compared to other series with 
similar compressive strength. These findings agree with [38], where reduced ultrasonic pulse velocity was linked to higher particle 
porosity of dehydrated paste and decreasing cement matrix stiffness.
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Fig. 3. Dynamic modulus of elasticity and compressive strength at the age of 28 d for different concrete mixes. Marker shapes indicate different 
artificial fines, fill styles indicate substitution rates (𝑓 ), and color indicates processing temperatures.

Fig. 4. Flexural and compressive strength at different ages for different concrete mixes. Marker shapes indicate different artificial fines, fill styles 
indicate substitution rates (𝑓 ), and color indicates processing temperatures. (a): wet-stored prisms at the ages of 2 d and 28 d, (b): dry-stored 
prisms at the ages of 28 d and 98 d.

3.4. Flexural strength

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

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

3.5. Shrinkage

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

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

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

database. Here, drying shrinkage development consists of a drying shrinkage coefficient, a humidity coefficient, and a time function. 
As humidity is an invariant in the present study, the model is facilitated to comprise the time function 𝛽𝑑𝑠(𝑡− 𝑡𝑠) and the shrinkage 
coefficient 𝜀𝑐𝑠0, which denotes the ultimate shrinkage deformation for 𝑡 − 𝑡𝑠 → ∞ (see Eq. (6)).

𝜀𝑐𝑑𝑠(𝑡, 𝑡𝑠) = −𝜀𝑐𝑠0 ⋅ 𝛽𝑑𝑠(𝑡 − 𝑡𝑠) (6)

𝛽𝑑𝑠(𝑡 − 𝑡𝑠) =
(

𝑡 − 𝑡𝑠
0.035 ⋅ ℎ2 + (𝑡 − 𝑡𝑠)

)0.5
(7)

Eq. (6) condenses all material-dependent properties into 𝜀𝑐𝑠0, while the time function 𝛽𝑑𝑠(𝑡 − 𝑡𝑠) is only affected by specimen 
geometry, which was not altered in the present study (ℎ = 20mm). Thus, 𝜀𝑐𝑠0 obtained from fitting Eq. (6) to the experimental 
data by means of the least-squares method allows for the assessment of cement substitution through processed artificial fines. As 
exemplified in Fig.  5, most series show a good fit. Only concrete series with artificial fines ‘‘CEM-100’’ and ‘‘RS50-100’’, which were 
processed at 100 ◦C instead of activation at higher temperatures, exhibit a systematically slower shrinkage deformation development. 
This results in a systematic underestimation of the absolute shrinkage deformations for these series by Eq. (6).

This also shows in Fig.  6, where 𝜀𝑐𝑠0 is illustrated over the reference strength 𝑓𝑐𝑚,𝑟𝑒𝑓  and the dynamic modulus of elasticity 
𝐸𝑐 . Compared to the two reference series without CEM I-substitution, shrinkage increases with the inclusion of thermally activated 
artificial fines, which is in line with findings in [38,40]. This effect is especially pronounced for paste fines (CEM, S0, FA0) and 
for GW50 with its high content of reactive silica. In other artificial fines, ground inert aggregates may serve as micro-aggregates, 
which impede shrinkage deformations due to their high stiffness. The comparison of 𝜀𝑐𝑠0 and 𝐸𝑐 instead of 𝑓𝑐𝑚,𝑟𝑒𝑓  substantiates this 
hypothesis.

3.6. Porosity

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

Results for the reference series CEM I-1 and CEM I-2 confirm the reduction of total porosity alongside increasing compressive 
strength due to a reduction of the water-cement ratio (see Fig.  7(a)).
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Fig. 6. Shrinkage coefficients 𝜀𝑐𝑠0 over reference compressive strength 𝑓𝑐𝑚,𝑟𝑒𝑓  (a), and dynamic moduli of elasticity 𝐸𝑐 (b). Marker shapes indicate 
different artificial fines, fill styles indicate substitution rates (𝑓 ), and color indicates processing temperatures.

Fig. 7. Compressive strength dependency of different concrete durability parameters: Total porosity on paste specimens (a), capillary water 
absorption (b), chloride penetration depth (c), and accelerated carbonation coefficient (d). Marker shapes indicate artificial fines type and 
substitution rate, and marker colors indicate artificial fines activation temperature for different water-binder ratios.

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

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

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

3.7. Capillary absorption

The effect of CEM I substitution through thermally activated artificial fines does not go beyond the reduction in compressive 
strength (Fig.  7(b)). When the reduction of strength is compensated for through reduced water-binder ratios, the water absorption 
coefficient 𝑊𝐴24 h also reduces, despite the increased total porosity. However, for low-strength concrete, water absorption is 
increased compared to the reference CEM I-1.

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

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

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

3.8. Chloride diffusion

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

Chloride diffusion is affected by interacting concrete properties, such as the 𝑤∕𝑏 ratio, the degree of hydration, and pore 
structure [63]. Furthermore, chlorides may be chemically bound by cement hydration products, with aluminous compounds 
providing the highest binding capacity [62,64]. Fig.  10 illustrates individual mechanisms. In Fig.  10 a, chloride penetration depths 
of concrete with constant 𝑤∕𝑏 (‘‘−1’’) are plotted over paste pore volume. The results show a weak, but noticeable correlation 
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Fig. 9. Influence of pore volume for pore radius 25 nm < 𝑟𝑝 < 1000 nm (a) and 5 nm < 𝑟𝑝 < 1000 nm (b) of reference mixes and concrete mixes 
with constant 𝑤∕𝑏 (‘‘−1’’) on the capillary water absorption coefficient 𝑊𝐴24. Marker shapes indicate artificial fines type and substitution rate, 
and marker colors indicate artificial fines activation temperature for different water-binder ratios.

Fig. 10. Influence of pore volume of reference mixes and concrete mixes with constant 𝑤∕𝑏 (‘‘−1’’) (a) and influence of Al2O3-content in processed 
artificial fines in concrete mixes with constant 𝑤∕𝑐𝑒𝑞 (‘‘−2’’) (b) on chloride penetration depth 𝑑𝑐 . Marker shapes indicate artificial fines type and 
substitution rate, and marker colors indicate artificial fines activation temperature for different water-binder ratios.

between both parameters (compare [31,48,65]). In [31], the authors report an impact of open porosity between processed fines and 
OPC-paste, similar to capillary absorption, which further explains the present results.

Similar to capillary absorption, this trend is affected by artificial fines composition, where paste fines (‘‘CEM’’, ‘‘FA0’’, ‘‘S0’’) 
exhibit lower penetration depths at similar porosity. Fig.  10 b illustrates the chloride penetration depth of concrete of the same 
target strength ("-2) over the total amount of Al2O3 in artificial fines, obtained from WDXRF-measurements (Table  A.6). While fines 
processed at 600 ◦C exhibit similar penetration depths, regardless of fines composition, Fig.  10 b highlights the influence of the 
processing temperature. Artificial fines ‘‘CEM’’ and ‘‘RS50’’ exhibit a reduced penetration depth after processing at 400 ◦C or 100 ◦C, 
which suggests microstructural changes in these fines. [25] reports that sulfo-aluminates, which are a major contributor to chloride 
binding, carbonate easily. This agrees with findings in [47], where the chloride binding capacity increases when the activation 
temperature exceeds 800 ◦C, at which carbonates are essentially disintegrated. Accordingly, the concrete mix ‘‘CEM-100-2’’ exhibits 
the lowest chloride penetration depth of all mixes containing processed artificial fines. Here, essentially, CEM-100 substitutes CEM I 
and water, so that the newly formed paste and CEM-100 have a similar composition.

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

3.9. Carbonation

Similar to chloride diffusion, concrete carbonation is enhanced by the partial replacement of CEM I, but also shows the individual 
impact of different fines composition and processing (see Fig.  7(d)).
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Fig. 11. Influence of pore volume of reference mixes and concrete mixes with constant 𝑤∕𝑏 (‘‘−1’’) (a) and influence of the chemical composition, 
represented through the difference in reactive SiO2 and free CaO, in processed artificial fines in concrete mixes with constant 𝑤∕𝑐𝑒𝑞 (‘‘−2’’) (b) 
on the accelerated carbonation coefficient 𝐾𝐴𝐶 . Marker shapes indicate artificial fines type and substitution rate, and marker colors indicate 
artificial fines activation temperature for different water-binder ratios.

The partial substitution of CEM I through processed CEM only affects carbonation alongside compressive strength reduction. 
Regardless of the processing temperature, 𝐾𝐴𝐶 follows the same relationship as the reference series CEM I-1 and CEM I-2. This 
may be caused by the binding of CO2 in Ca(OH)2. CEM-100 is essentially hydrated CEM I and therefore contains the same amount 
of Ca(OH)2. During thermal activation, the hydration partially reverses, but upon rehydration, new Ca(OH)2 forms. On the other 
hand, the amount of Ca(OH)2 is reduced by fines with a high content of reactive SiO2, which consumed the former for a pozzolanic 
reaction. Fig.  11 b exemplifies this behavior for concrete mixes with similar strength (‘‘−2’’) by plotting the accelerated carbonation 
coefficient 𝐾𝐴𝐶 over the difference between reactive SiO2 and free CaO. Subsequently, this exemplifies that even after compensating 
for compressive strength through adapting 𝑤∕𝑏, the fines composition impacts the carbonation behavior, which substantiates a 
hypothesis in [31]. Paste pore volume exhibits an additional influence on carbonation, which is similar to that of compressive 
strength. Fig.  11 a shows an increase of 𝐾𝐴𝐶 with higher pore volume. Here, concrete mixes without strength compensation (‘‘−1’’) 
containing CEM regardless of the processing temperature follow the trend line set up by the reference mixes with pure CEM I. 
Fines with a reduced CaO- or increased SiO2-content exhibit higher carbonation coefficients. These observations agree with results 
reported in [43], where the substitution of CEM I through activated cement paste has no effect on carbonation for substitution rates 
up to 30wt%, whereas activated concrete fines containing inert particles increase carbonation depth. In comparison with chloride 
penetration, carbonation is affected to a larger extent by porosity, which was found to be caused by the semi-dry conditioning, 
whereas for chloride penetration, specimens are saturated [31].

3.10. Freeze-thaw-cycles

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

Fig.  12 illustrates the development of the mass loss with increasing number of freeze-thaw-cycles (FCT). For both presented types 
of artificial fines, ‘‘CEM-600’’ and ‘‘RS50-600’’, the substitution of 10wt% CEM I has no effect on the mass loss after 56 FTC. For 
both SCMs, the substitution of 30wt% CEM I increases the mass loss, while a higher substitution (50wt%) has the adverse effect. 
This trend follows the capillary water absorption coefficient 𝑊𝐴24 h, which was only evaluated up to 28 FCT (see Fig.  13).

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

4. Conclusion

For the design of durable concrete structures, compressive strength remains the most important material parameter, on 
which design codes are based. However, when sustainability requires the substitution of Portland cement (CEM I) through 
supplementary cementitious materials (SCMs), this may affect concrete compressive strength and other mechanical parameters as 
well as durability in different magnitudes, so that the applicability of established building codes may be compromised. The present 
study, therefore, used seven thermally activated artificial fines with different compositions, including binder type, aggregate content, 
and composition, as SCMs. The assessment of mechanical properties, as well as durability, included the production of two different 
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Fig. 12. Development of the cumulative mass loss after increasing freeze-thaw-cycles of concrete mixes containing 0wt%-50wt% CEM-600 (a) or 
RS50-600 (b) as CEM I-substitute.

Fig. 13. Cumulative mass loss 𝛥𝑚28 𝐹𝐶𝑇  and capillary water absorption coefficient 𝑊𝐴24 h of different concrete mixes with similar strength 
(series ‘‘−2’’). Marker shapes indicate artificial fines type and substitution rate, and marker colors indicate artificial fines activation temperature 
for different water-binder ratios.

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

• Concrete compressive strength generally reduces when CEM I is partially substituted with processed artificial concrete fines. 
This can be compensated for by the reduction of the water-binder ratio following the 𝑘-value concept in EN 206:2021.

• Concrete containing processed fines exhibits a fast compressive strength development, which is similar to or exceeds the 
strength development of CEM I-concrete.

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

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

• While the total porosity of concrete at similar strength reduces with CEM I-replacement, the substitution negatively affects the 
resistance to chloride penetration and carbonation. This may have been caused by the reduced amount of cement hydration 
products, which can chemically bind chlorides and CO2.

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

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

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

linked to corrosive processes. The results highlight that a more thorough understanding of these processes is necessary, similar to 
more established SCMs, as presented in [67,68]. Ultimately, additional research needs to translate the present findings to recycled 
concrete fines from industrial sources and include a broader dataset to statistically secure the findings.
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Fig. A.15. Qualitative X-ray Diffraction (XRD) of binders. (a): CEM I, (b): Slag (S), (c): Fly Ash (FA).
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Fig. A.16. Qualitative X-ray Diffraction (XRD) of aggregates. (a): River Sand (RS), (b): Limestone (LS), (c): Greywacke (GW).
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Table A.5
Overview of different series. SCM: supplementary cementitious material. 𝑓 : substitution rate of CEM I through SCM. 𝑘: assumed 𝑘-value. 𝑤∕𝑏: 
selected water-binder ratio. 𝑤∕𝑐𝑒𝑞 : resulting equivalent water-cement ratio. 𝑤: water content. 𝑐: CEM I content. 𝑎: SCM content. SP: superplasticizer 
dosage for achieving target consistency. Aggregate content for all series: RS: 526 kg∕m3, RG: 1024 kg∕m3.
 Series SCM 𝑓 𝑘 𝑤∕𝑏 𝑤∕𝑐𝑒𝑞 𝑤 𝑐 𝑎 SP
 – – – – kg∕m3 kg∕m3 kg∕m3 kg∕m3

 CEM I-1 CEM I 0.0 0.60 0.60 261 435 0.0
 CEM I-2 0.50 0.50 244 488 0.0

 CEM-100-1 CEM-100 0.3 0.20 0.50 0.66 235 329 141 2.3
 CEM-100-2 0.38 0.50 208 383 164 8.2

 CEM-400-1 CEM-400 0.3 0.66 0.50 0.56 236 331 142 3.5
 CEM-400-2 0.45 0.50 226 352 151 4.3

 CEM-600-1

CEM-600

0.3 1.00 0.50 0.50 239 335 144 3.2
 CEM-600-2 0.50 0.50 239 335 144 3.6
 CEM-600-10-2 0.1 1.00 0.50 0.50 243 437 49 0.0
 CEM-600-50-1 0.5 0.80 0.50 0.56 237 237 237 7.0
 CEM-600-50-2 0.45 0.50 226 251 251 12.7

 FA0-600-1 FA0-600 0.3 1.20 0.50 0.47 240 336 144 1.6
 FA0-600-2 0.53 0.50 245 324 139 0.8

 S0-600-1 S0-600 0.3 1.20 0.50 0.47 240 337 144 1.7
 S0-600-2 0.53 0.50 246 325 139 0.6

 RS75-600-1 RS75-600 0.3 0.84 0.50 0.53 240 337 144 1.3
 RS75-600-2 0.47 0.49 234 349 150 2.1

 RS50-100-1 RS50-100 0.3 0.25 0.50 0.65 238 333 143 0.0
 RS50-100-2 0.39 0.50 213 383 164 4.0

 RS50-400-1 RS50-400 0.3 0.46 0.50 0.60 238 334 143 1.2
 RS50-400-2 0.41 0.49 219 374 160 4.7

 RS50-600-1

RS50-600

0.3 0.50 0.50 0.59 238 334 143 1.2
 RS50-600-2 0.43 0.49 224 364 156 3.4
 RS50-600-10-2 0.1 1.00 0.50 0.50 242 436 48 0.0
 RS50-600-50-1 0.5 0.40 0.50 0.71 235 235 235 3.5
 RS50-600-50-2 0.35 0.50 199 285 285 10.0

 LS50-600-1 LS50-600 0.3 0.51 0.50 0.59 240 336 144 1.2
 LS50-600-2 0.43 0.50 225 367 157 3.4

 GW50-600-1 GW50-600 0.3 0.80 0.50 0.53 240 336 144 1.2
 GW50-600-2 0.47 0.50 234 348 149 2.5

Table A.6
Chemical composition of the raw materials for concrete and artificial fines production through Wavelength Dispersive X-ray Fluorescence 
Spectroscopy (WDXRF) (EN 196-2:2013). LOI: Loss on ignition.
 Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 MnO Fe2O3 LOI
 wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%

 CEM I 0.1 1.9 4.6 19.8 0.2 0.8 60.7 0.2 0.2 3.2 2.4
 S 0.2 5.6 11.0 35.7 0.1 0.7 41.6 1.0 0.6 1.3 −1.0
 FA 0.4 1.3 29.7 48.1 0.3 1.3 3.1 3.4 0.1 9.2 1.8

 RS 1.2 0.6 5.8 80.6 0.1 2.0 4.1 0.1 0.0 1.1 3.8
 LS 0.0 3.0 2.3 7.7 0.1 0.8 44.3 0.1 0.0 0.9 38.5
 GW 0.8 1.9 13.3 68.8 0.1 3.1 1.1 0.9 0.1 5.4 3.8
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Appendix

Supplementary Data to Paper P3

Tab. A21: Particle size distributions of CEM I and processed artificial fines. di: particle size at i %
passing [µm].

d10 d30 d50 d70 d90

CEM I 1.7 5.9 12.1 20.6 32.9
CEM-100 2.0 6.2 14.8 28.5 51.8
CEM-400 2.1 6.6 16.2 32.6 60.8
CEM-600 1.8 5.6 14.0 27.6 51.1
FA0-600 2.3 8.2 23.6 43.2 76.7
S0-600 2.1 6.8 21.5 42.4 76.0
RS75-600 1.7 5.3 13.5 27.6 51.5
RS50-100 1.9 6.0 15.3 29.2 50.8
RS50-400 1.9 5.9 14.7 28.1 49.3
RS50-600 1.9 5.9 14.5 27.9 49.7
LS50-600 1.6 4.6 12.6 36.2 74.7
GW50-600 1.7 4.8 12.4 26.4 51.5
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Fig. A4: Temporal compressive strength development of select concrete mixtures with artificial fines
FA0-600, S0-600, LS50-600, GW50-600, and RS75-600 at 30 wt% CEM I-substitution, as well
as CEM-600 and RS50-600 at 10 wt% substitution (P3, fig. 1)
Results for FA0 at 98 d were not used for the calculation of fit parameters.
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Fig. A5: Shrinkate deformations of concrete containing processed artificial fines FA0-600, S0-600, LS50-
600, GW50-600, and RS75-600 at 30 wt% CEM I-substitution as well as CEM-600 and RS50-600
at 10 wt% substitution (P3, fig. 5).
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Fig. A6: Cumulative mass loss of selected concrete mixes with different processed artificial fines for in-
creasing freeze-thaw-cycles (P3, fig. 12).
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Fig. A7: Cumulative pore radius distribution (logarithmic) for reference series CEM I-1 and CEM I-2 as
well as thermally activated artificial fines from pure paste (left), and artificial fines with different
aggregate composition (right) (P3, fig. 8).
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Tab. A22: Results of strength development in P3.
fct,fl: flexural strength on wet stored prisms, fc: compressive strength on wet stored prisms,
sc: strength development coefficient.

fct,fl,2 d fct,fl,28 d fc,2 d fc,28 d fc,56 d fc,98 d fcm,ref sc

MPa MPa MPa MPa MPa MPa MPa -
CEM I-1 3.6(3) 6.2(6) 19.0(5) 43.8(16) 46.6(12) 53.8(3) 44.4 0.32
CEM I-2 5.3(2) 7.5(1) 32.7(11) 62.8(57) 66.6(11) 73.8(31) 63.6 0.25
CEM I-3 3.8(4) 7.1(2) 18.1(2) 45.9(13) 48.9(10) 53.5(4) 45.4 0.33
CEM I-4 5.9(4) 7.7(8) 33.3(4) 61.0(13) 66.5(19) 69.3(15) 61.9 0.23
CEM-100-1 4.1(1) 6.0(1) 22.3(4) 46.7(5) 50.0(12) 52.1(4) 46.3 0.26
CEM-100-2 6.0(6) 7.7(2) 38.9(16) 61.4(63) 62.3(76) 71.8(37) 62.5 0.18
RS50-100-1 4.3(2) 6.4(7) 20.6(2) 44.7(6) 47.8(6) 50.3(9) 44.3 0.28
RS50-100-2 5.8(1) 7.7(4) 37.8(2) 64.5(28) 63.6(48) 70.5(31) 63.1 0.19
CEM-400-1 4.4(0) 6.9(0) 24.1(4) 54.4(6) 57.5(10) 58.8(7) 52.8 0.28
CEM-400-2 5.0(2) 7.4(4) 32.1(2) 58.8(5) 64.0(19) 64.7(3) 59.0 0.22
RS50-400-1 4.2(2) 6.3(4) 21.2(1) 49.1(10) 51.1(12) 52.9(28) 47.3 0.28
RS50-400-2 5.0(2) 7.3(1) 31.5(12) 60.7(23) 62.7(23) 65.8(8) 59.4 0.23
CEM-600-1 5.1(3) 7.0(4) 28.5(7) 58.8(16) 60.1(21) 61.1(32) 56.2 0.24
CEM-600-2 5.2(3) 7.1(4) 29.7(1) 58.2(1) 62.1(10) 61.9(21) 57.1 0.23
RS50-600-1 4.5(3) 6.8(3) 22.8(3) 51.1(5) 54.8(3) 57.0(13) 50.4 0.29
RS50-600-2 5.3(5) 7.7(3) 32.4(4) 60.0(13) 64.9(11) 65.1(61) 59.8 0.22
GW50-600-1 4.8(1) 7.3(4) 25.6(2) 59.5(7) 59.7(37) 64.9(6) 56.9 0.28
GW50-600-2 4.8(3) 7.6(4) 26.5(3) 60.7(10) 62.4(30) 68.0(5) 59.0 0.29
LS50-600-1 4.0(3) 7.0(2) 23.0(4) 50.0(7) 55.2(8) 55.4(13) 49.8 0.28
LS50-600-2 5.2(3) 7.6(2) 33.4 61.7(4) 66.6 67.5(14) 61.6 0.22
RS75-600-1 4.2(2) 7.2(4) 21.5(4) 54.3(16) 59.2(3) 61.8(11) 53.6 0.33
RS75-600-2 4.8(1) 7.3(3) 27.5(5) 59.7(10) 65.5(17) 67.7(23) 59.8 0.28
FA0-600-1 5.3(2) 7.2(6) 31.3(5) 62.6(14) 66.4(6) 62.9(29) 60.1 0.23
FA0-600-2 5.0(4) 7.0(4) 26.5(6) 58.4(19) 63.7(14) 57.3(12) 55.7 0.25
S0-600-1 5.3(2) 7.4(5) 31.7(6) 64.0(14) 66.8(18) 69.2(30) 62.5 0.24
S0-600-2 4.6(3) 7.4(1) 26.9(6) 59.1(6) 61.8(12) 61.5(38) 56.7 0.26
CEM-600-10-2 5.3(1) 7.2(3) 30.7(5) 59.2(15) 64.9(27) 66.9(20) 59.8 0.24
CEM-600-50-1 4.9(0) 7.2(6) 31.7(3) 51.7(33) 57.4(57) 58.4(27) 53.2 0.19
CEM-600-50-2 5.6(4) 7.5(1) 35.8(2) 58.0(7) 64.1(3) 67.4(7) 60.2 0.20
RS50-600-10-2 5.3(3) 7.9(1) 28.4(3) 55.9(23) 60.5(14) 64.7(18) 56.6 0.26
RS50-600-50-1 3.2(3) 6.3(4) 15.5(2) 42.1(3) 44.7(5) 42.6(31) 39.5 0.32
RS50-600-50-2 5.4(3) 8.2(2) 35.6(7) 60.4(47) 69.3(24) 70.3(3) 63.2 0.22
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Tab. A23: Results of strength, deformation and durability tests in P3.
fct,fl: flexural strength on dry stored prisms, fc: compressive strength on dry stored prisms,
Ec,dyn: dynamic modulus of elasticity, εcs0: shrinkage coefficient, KAC : carbonation coeffi-
cient, dc: chloride penetration depth, ∆m28: mass loss after 28 freeze-thaw cycles

fct,fl,28 d fct,fl,98 d fc,28 d fc,98 d Ec,dyn,28 d εcs0 KAC dc ∆m28
MPa MPa MPa MPa GPa µm/mmm/d0,5 mm wt%

CEM I-1 6.7(5) 5.8(2) 45.1(14) 42.1(5) 31.2(5) 447 0.87 12.2
CEM I-2 7.1(7) 5.9(5) 55.9(15) 50.8(21) 32.7(7) 422 0.50 8.8
CEM I-3 6.4(3) 7.0(4) 48.0(3) 52.4(18) 32.8(3) 792 0.91 15.8
CEM I-4 8.3(2) 9.2(8) 67.5(23) 74.5(15) 37.2(3) 677 0.51 12.6 0.15
CEM-100-1 6.4(4) 6.4(1) 49.5(10) 47.8(9) 33.3(10) 450 0.92 17.9
CEM-100-2 7.7(4) 8.3(5) 68.1(5) 67.7(16) 35.9(3) 555 0.34 13.1 0.08
RS50-100-1 6.1(10) 7.2(2) 49.0(4) 49.8(10) 33.8(2) 511 1.11 18.0
RS50-100-2 8.0(4) 8.6(3) 66.5(2) 65.8(9) 37.7(3) 535 0.63 14.2 0.11
CEM-400-1 6.6(6) 7.0(6) 53.1(12) 55.1(7) 33.4(2) 937 0.86 17.1
CEM-400-2 8.0(4) 7.8(3) 62.4(6) 60.2(24) 35.2(6) 857 0.57 14.2 0.13
RS50-400-1 7.0(5) 6.9(7) 48.4(6) 51.3(2) 33.5(4) 799 1.11 20.1
RS50-400-2 8.8(4) 8.5(3) 64.3(29) 66.6(6) 36.9(4) 831 0.63 15.0 0.17
CEM-600-1 7.3(2) 7.8(7) 59.4(13) 57.7(17) 34.6(2) 786 0.72 16.6
CEM-600-2 7.1(4) 8.0(2) 56.5(11) 63.5(16) 34.1(3) 794 0.65 17.9 0.18
RS50-600-1 6.9(5) 7.7(1) 52.9(6) 49.5(39) 34.4(1) 842 1.12 18.7
RS50-600-2 8.2(11) 8.2(3) 62.2(21) 61.7(34) 35.8(4) 772 0.77 17.3 0.14
GW50-600-1 7.9(3) 7.6(6) 59.7(2) 60.0(16) 33.1(4) 915 1.01 19.1
GW50-600-2 7.9(5) 7.7(8) 61.3(5) 63.3(21) 34.4(3) 945 0.99 18.4
LS50-600-1 7.0(6) 6.4(3) 53.5(4) 50.1(3) 33.3(3) 898 1.06 22.1
LS50-600-2 7.4(3) 8.0(2) 64.1(6) 63.8(19) 36.2(5) 805 0.73 17.3 0.20
RS75-600-1 6.9(3) 6.8(3) 51.6(21) 53.5(15) 33.2(3) 831 0.81 19.3
RS75-600-2 7.1(10) 7.8(8) 58.3(10) 61.1(8) 34.8(4) 761 0.67 16.9 0.25
FA0-600-1 6.6(9) 7.0(4) 57.7(9) 55.3(13) 32.8(4) 1008 0.95 15.5
FA0-600-2 6.6(2) 6.3(6) 55.9(6) 55.1(16) 32.4(2) 952 1.17 16.5 0.19
S0-600-1 6.4(4) 6.7(2) 59.2(3) 59.9(16) 33.6(2) 941 0.76 16.4
S0-600-2 6.9(3) 7.3(7) 55.1(4) 57.8(16) 32.7(0) 960 0.94 16.6 0.17
CEM-600-10-2 7.7(8) 7.8(8) 61.0(3) 62.9(12) 34.6(4) 878 0.53 16.0 0.13
CEM-600-50-1 7.5(4) 8.4(6) 58.5(29) 61.3(12) 32.7(2) 890 0.77 18.6
CEM-600-50-2 8.2(7) 8.8(10) 60.4(31) 68.9(7) 34.6(2) 888 0.39 17.7 0.09
RS50-600-10-2 7.6(3) 8.8(4) 57.9(7) 66.0(15) 35.2(2) 872 0.64 15.2 0.17
RS50-600-50-1 6.2(3) 6.5(4) 47.1(3) 44.8(2) 31.8(5) 936 1.80 28.4
RS50-600-50-2 8.4(6) 9.3(7) 63.0(28) 71.0(11) 36.8(4) 754 0.71 17.4 0.08
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 A B S T R A C T

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

1. Introduction

The use of inorganic wastes as supplementary cementitious materi-
als (SCMs) offers an established approach to both resource efficiency 
and the reduction of CO2-intensive Portland cement use.

When, during the concrete mixing process, Portland cement is par-
tially substituted with SCMs, adjustments to the water-binder ratio 
are made to compensate for changes in compressive strength (Coffetti 
et al., 2022; Gao et al., 2013; Knight et al., 2023; Barthel et al., 2016). 
SCMs can be classified by their reactivity. Unlike Portland cement, 
most SCMs are non-hydraulic and rely on calcium hydroxide produced 
by Portland cement hydration to form calcium-silicate-hydrates. High-
silicium SCMs, so-called pozzolans with calcium oxide to silicon dioxide 
molar ratios (𝐶∕𝑆) lower than 0.5, consume calcium hydroxide (Barthel 
et al., 2016; Herrmann et al., 2018; Orozco et al., 2024). Latent-
hydraulic SCMs with 0.5 < 𝐶∕𝑆 < 1.5 require calcium hydroxide as a 
catalyst for their hydration (Amran et al., 2021; Koenders et al., 2025). 
Both types of SCMs may provide additional reaction products, based 
on their individual chemical compositions (Snellings et al., 2023). In 
contrast, inert SCMs are nonreactive and serve as nuclei for cement 
hydration or as fillers that densify the cement paste (Scrivener et al., 
2015; Panesar and Zhang, 2020).

∗ Corresponding author.
E-mail address: jan.hoeffgen@kit.edu (J.P. Höffgen).

However, the substitution also affects concrete long-term behav-
ior, which is equally significant for the design of durable structures. 
Building standards rely on established empirical relationships to predict 
mechanical properties, long-term deformations, or corrosion resistance 
based on concrete compressive strength (International Federation for 
Structural Concrete, 2023). Cement substitution through pozzolanic or 
latent-hydraulic SCMs results in a reduction of early strength with a 
higher strength gain after 28 d (Nath and Sarker, 2011; Lübeck et al., 
2012; Sakthivel et al., 2019). While the modulus of elasticity exhibits 
a similar behavior, total shrinkage is reduced, but increases for high 
substitution rates (Nath and Sarker, 2011; Darquennes et al., 2012; 
Sakthivel et al., 2019; Wang et al., 2022). Due to the reduced amount 
of Ca(OH)2, the substitution of Portland cements leads to increased 
carbonation rates (Younsi et al., 2011; Gruyaert et al., 2013a,b). Chlo-
ride ingress is reduced due to the higher binding capacity of hydration 
products and a refinement of the pore system (Güneyisi and Gesoğlu, 
2008; Nath and Sarker, 2011; Gruyaert et al., 2013a). The effect of 
inert SCMs strongly depends on their content, as the filler effect is 
only present for a low substitution rate. With increasing substitution, 
the dilution effect predominates, resulting in overall reduced concrete 
performance. However, for low substitution rates, the effect on strength 
and deformations is negligible (Wang et al., 2018).
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The search for additional SCMs has identified ground concrete fines 
as a promising precursor for Portland cement substitution
(Aquino Rocha and Toledo Filho, 2023; Carriço et al., 2020a; Friol 
Guedes de Paiva et al., 2021; Kaliyavaradhan et al., 2020; Mao et al., 
2024; Ohemeng and Ekolu, 2020; Pavlů, 2018; Rakhimova and Shi, 
2024; Xu et al., 2022; Zheng et al., 2024). Those wastes consist of 
natural aggregates and hardened cement paste. Aggregates are mostly 
inert, but may exhibit a pozzolanic reactivity if they contain amorphous 
silicates (Lipowsky and Müller, 2017). Hardened cement paste can 
be thermally activated. At processing temperatures up to 700 ◦C, the 
different cement hydration products decompose and regain hydraulic 
reactivity (Angulo et al., 2022; Baggio et al., 2024; Baldusco et al., 
2019; Baquerizo et al., 2016; Florea, 2014; Horváth et al., 1977; 
Klingsch, 2014; Schneider, 1982; Wang et al., 2019; Zelic et al., 2007; 
Zhou and Glasser, 2001; Zhou et al., 2004). Subsequently, mortar or 
concrete, where Portland cement is partially substituted by thermally 
activated concrete fines, exhibits the highest compressive strength in 
a range between 500 ◦C and 700 ◦C, with great variations between 
different publications (Bogas et al., 2019, 2022a; Chen et al., 2024; 
Kalinowska-Wichrowska et al., 2020; Sui et al., 2020; Tokareva et al., 
2023; Wei et al., 2024; Wu et al., 2021; Xi et al., 2024; Zhang et al., 
2022). Higher processing temperatures result in phase changes of dehy-
drated phases in addition to calcination of carbonatic phases (Klingsch, 
2014; Noel et al., 2025; Real et al., 2020; Serpell and Lopez, 2015; 
Xu et al., 2023). Both processes are disadvantageous to producing 
high-strength cementitious materials (Noel et al., 2025; Real et al., 
2020; Semugaza et al., 2023; Serpell and Lopez, 2015; Xu et al., 2023; 
Vyšvařil et al., 2014).

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

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

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

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

Capillary absorption strongly depends on porosity and pore struc-
ture, where increased water–cement ratios increase water uptake (Car-
riço et al., 2022). This trend is mitigated when water–cement ratios 

are held constant, allowing for a microstructural densification follow-
ing water intake in activated cement paste particles (Bogas et al., 
2022a; Carriço et al., 2022, 2021b). Increasing activation tempera-
tures up to 1000 ◦C have a decreasing effect on capillary absorp-
tion (Kim and Ubysz, 2024; Ma et al., 2022; Wu et al., 2021, 2023; 
Tokareva and Waldmann, 2025). These observations also hold for 
freeze-thaw-damage (Algourdin et al., 2021; Wei et al., 2024).

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

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

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

2. Experimental program

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

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

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

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

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

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

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

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

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

During preprocessing, all materials were dried at 105 ◦C. The ther-
mal activation used crucibles with a volume of 2.5 l, which were placed 
in a static furnace. Temperature was increased at a rate of 5K∕min until 
reaching the target temperature of 600 ◦C, which was held constant 
for 6 h. Passive cooling was performed in a container containing silica 
gel to maintain low relative humidity. Afterwards, activated concrete 
fines were stored in sealed buckets, except for the mechanical pro-
cessing, where all concrete fines were milled until passing through 
a 125 μm-mesh. The activation procedure was adopted from previous 
investigations by the authors (Höffgen et al., 2025; Höffgen and Dehn, 
2025).

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

2.2. Experimental procedures

As the first step of the analyses, Portland cement (CEM I) and 
processed concrete fines were analyzed for their physical properties and 
chemical composition. Physical properties included particle size distri-
bution (laser diffraction) and particle density (pycnometer). Nitrogen 
adsorption/desorption was used to determine both specific surface area 
(BET method) and porosity (BJH method). The chemical composition 
(in accordance with EN 196-2:2013) was determined by measuring 
the oxide phases of the main elements using wavelength-dispersive 
X-ray fluorescence (WDXRF) and the trace elements using energy-
dispersive X-ray fluorescence (EDXRF) before activation. The analysis 
of reference SCMs (S, FA, L) comprised a reduced set of parameters. 
Additionally, activated concrete fines and CEM I were analyzed for 
their total and reactive CaO and SiO2, as well as free CaO, the latter 
according to EN 451-1:2017. The chemical analyses were completed by 
the determination of sulfate (SO3), carbon (C), and total organic carbon 
(TOC) through CSA (carbon–sulfur-analysis). CSA was also repeated on 
concrete fines prior to activation, with the additional determination of 
chloride content (Cl).

For porosimetry measurements, CEM I, reference SCMs, and acti-
vated concrete fines were used as binders to produce paste specimens 
with a water-binder ratio of 𝑤∕𝑏 = 0.5. The share of SCMs of the total 

binder content was set to 𝑓 = 0.3. Pastes with pure CEM I included 
𝑤∕𝑏 = 0.6 and 𝑤∕𝑏 = 0.5, labeled CEM I-1 and CEM I-2. Pastes were 
mixed in a slurry mixer, filled in sealed plastic bottles, and placed in a 
specimen shaker to avoid segregation, before storage at 20 ◦C. At the 
age of 28 d, paste specimens were crushed with a chisel and sieved to a 
particle size between 2mm and 4mm for mercury intrusion porosimetry 
(MIP).

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

For the experimental investigation of hardened concrete properties, 
from each mix 15 prisms ((40 × 40 × 160)mm3) and one cylinder 
(𝑑 = 100mm, ℎ = 280mm) were cast. Following demolding after 1 d, all 
specimens were stored at 20 ◦C under water, unless otherwise required 
by the testing procedures. Overall, for allowing the experimental inves-
tigation of various concrete properties with overlapping test schedules, 
simplified procedures were applied.

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

Six prisms for the determination of the shrinkage development and 
the dynamic modulus of elasticity were stored in closed containers at 
100% r.h. rather than in water after demolding. Three prisms for shrink-
age had cast-in measuring pins to measure specimen length with a dial 
gauge. Deformation measurements and specimen mass were recorded 
immediately after demolding and at the age of 7 d (𝑡0). Afterwards, the 
specimens were stored in a climate chamber at 65% r.h. Subsequent 
measurements were performed at the age of 14 d, 21 d, 35 d, 63 d, 
and 98 d. Resulting deformations were normalized to the prism length, 
yielding the shrinkage strain over time (𝜀𝑐𝑠(𝑡)). Prisms for the dynamic 
modulus of elasticity (𝐸𝑐) were stored alongside shrinkage specimens 
until ultrasonic pulse measurements at the age of 28 d. Afterwards, 
these prisms were tested for their flexural and compressive strength at 
the ages of 28 d and 98 d, respectively.

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

1 CEM I-1 and CEM I-2 are identical to reference mixes in a previous study 
by the authors (Höffgen et al., 2026). All other concrete mixes, and subsequent 
results, are unique to this study.
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Table 1
Results of the physical and wet-chemical analysis of CEM I, reference SCMs (S, FA, L) and concrete fines (R1–R6) before activation (‘‘−100’’) and after activation 
at 600 °C (‘‘−600’’).
𝜌𝑝: particle density, 𝑆𝐵𝐸𝑇 : specific surface area, 𝑝𝐵𝐽𝐻 : pore volume, 𝑑10, 𝑑50, 𝑑90: particle size at 10 v%, 50 v%, and 90 v% cumulatively passing, C: Carbon, TOC: 
total organic carbon, Cl: chloride, S: sulfur, SO3: sulfate, (f/r-)CaO: total, free, and reactive calcium oxide, (r-)SiO2: total and reactive silicon dioxide.
 𝜌𝑝 𝑆𝐵𝐸𝑇 𝑝𝐵𝐽𝐻 𝑑10 𝑑50 𝑑90 C TOC Cl S SO3 CaO f-CaO r-CaO SiO2 r-SiO2
 kg

dm3
m2

g
cm3

kg
μm μm μm wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%

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

57% r.h. and 3 v% CO2. After exposure for 7 d, 28 d, and 70 d, the prisms 
were temporarily removed from the carbonation chamber and split, 
to produce a fresh surface for measuring the carbonation depth with 
the phenolphtalein indicator test on three measuring points per edge. 
The accelerated carbonation coefficient (𝐾𝐴𝐶 ) was then calculated as 
the slope of the development of the mean carbonation depth over the 
square root of exposure duration according to EN 12390-12:2020.

Water storage of the cylinder was shortly interrupted when the 
specimen was cut into five smaller slices with a height of approximately 
45mm. These were then sealed with an epoxy resin, baring both flat 
surfaces of two cylinder slices and one flat surface of each of the 
three remaining slices. All specimens then reentered water storage until 
the age of 28 d. The specimens with one unsealed flat surface were 
conditioned in a saturated Ca(OH)2-solution for 24 h before storage 
in a 16.5wt%-NaCl-solution. After 35 d, specimens were split, and the
chloride penetration depth (𝑑𝑐) was determined using the silver nitrate 
indicator test as an average of nine datapoints per specimen half. 
While this procedure is usually applied for evaluating the rapid chloride 
migration test (i.e., EN 12390-18:2021), the time-consuming determi-
nation of chloride profiles, which allows for the calculation of the 
chloride diffusion coefficient (𝐷𝑛𝑠𝑠) according to EN 12390-11:2015, 
was only performed for two additional specimens of the concrete mix 
CEM I-2.1.

The remaining two cylinder slices with sealed lateral surfaces were 
stored at 65% r.h. for at least 6months until reaching constant weight. 
The capillary absorption coefficient 𝑊𝐴24 h was determined by normal-
izing the mass change after partially (5mm) submerging the cylinders 
in water for 24 h, to the surface area.

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

3. Results and discussion

3.1. Characterization of binders

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

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

On average, activated concrete fines exhibit a similar specific sur-
face area and particle size distribution as fly ash, albeit at a higher 
particle density and higher pore volume. Individually, specific surface 
area and pore volume depend on the preprocessing procedure, with 
smaller particles prior to activation yielding higher values. This is 
not reflected in the particle size distribution. R1-600 and R3-600, 
from the same processing plant, have higher concentrations of fine 
particles than the other samples. The only exception is R6-600, which 
has a significantly lower 𝑑90, suggesting a smaller filter size than R5-
600. Since particle size and specific surface area are independent, a 
remaining explanation is the hypothesized concentration of hardened 
cement paste particles with reduced precursor particle size (Juan and 
Gutiérrez, 2009). This also corroborates the observed increase in spe-
cific surface area and porosity with smaller precursor particle size, 
since dehydrated cement paste exhibits a loose microstructure with 
high porosity (Baldusco et al., 2019; Bogas et al., 2019; Carriço et al., 
2020b; Kim et al., 2021).

Table  A.3 in the Appendix section details the chemical composition 
of CEM I, reference binders, and concrete fines before activation. CEM I 
consists of CaO, SiO2 and, to a lesser amount, Al2O3 and Fe2O3, which 
corresponds to a typical Portland cement composition (Andrade Neto 
et al., 2025). Slag and fly ash exhibit an increased share of both 
SiO2 and Al2O3, while CaO decreases. Limestone powder, on the other 
hand, almost exclusively consists of CaO (in the form of CaCO3, as 
indicated by the high loss on ignition). The chemical composition of 
concrete fines varies, with generally high amounts of SiO2 and CaO. 
In general, the comparison of results across the three preprocessing 
groups reveals that the smaller precursor particle size of R3/R4 is 
associated with a higher CaO to SiO2 ratio, and this trend becomes even 
more pronounced for R5/R6. However, because both CaO and SiO2 are 
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present in aggregates and in hydrated cement paste, WDXRF results are 
not suitable for assessing the reactivity of concrete fines. Table  1 details 
results of the wet-chemical analyses for CEM I and activated concrete 
fines. The increase of CaO and SiO2, compared to WDXRF, can be ex-
plained through the mass loss during activation. In contrast to WDXRF, 
the wet-chemical analysis enables the determination of reactive CaO 
and SiO2. In CEM I, most of CaO and SiO2 are reactive, with only minor 
inert components, presently in the form of carbonates or sulfates. In 
activated concrete fines SiO2 and, to a lesser extent, CaO are mostly 
inert. Reactive SiO2 increases with higher precursor fineness. Reactive 
CaO shows a similar trend, except for R6. Consequently, the reactive 
CaO/SiO2 molar ratio ranges between 0.6 for R6 and 1.3 for R5. The 
amount of free CaO, which includes Ca(OH)2, is particularly low for all 
activated concrete fines, which suggests an extended carbonation of all 
precursors.

3.2. Porosity

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

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

3.3. Compressive strength development

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

For concrete containing activated fines, compressive strength in-
creases with reduced precursor particle size. This confirms the applied 
𝑘-values for the individual SCMs and activated fines, except for R5-
600, where the increased compressive strength of both mixes suggests 
a higher 𝑘-value. The high strength for R5-600 aligns with the highest 
share of reactive CaO and SiO2 (see Table  1 and Fig.  3). A similar effect 
of reactive CaO is also apparent, but less pronounced. Furthermore, R5-
600 paste exhibits the lowest porosity of all pastes measured. However, 
the general relationship between porosity and compressive strength is 
relatively weak compared with CEM I and reference SCMs (see Fig.  3), 
thereby corroborating the results in Xi et al. (2024).

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

Fig. 1. Differential pore radius distribution (logarithmic) for reference series 
CEM I-1 and CEM I-2 and established SCMs S, FA, and L (a), as well as 
thermally activated concrete fines from (b and c).

FA-1) show a good reproducibility. 

𝑓𝑐 (𝑡) = 𝑓𝑐𝑚,𝑟𝑒𝑓 ⋅ exp

{
𝑠𝑐 ⋅

[
1 −

( 𝑡𝑟𝑒𝑓
𝑡

)0.5]}
(1)

The second parameter in Eq. (1), 𝑠𝑐 , describes the velocity of the 
strength development, with lower values indicating high early strength, 
and high values signifying increased strength gain after the reference 
age 𝑡𝑟𝑒𝑓 . In fib Model Code 2020 (International Federation for Structural 
Concrete, 2023), 𝑠𝑐 ranges between 0.2 for concrete with cement 
strength class CR and 35MPa < 𝑓𝑐𝑘 < 60MPa, and 0.3 for 𝑓𝑐𝑘 ≤
35MPa.2 For strength class CN, these values increase to 0.4 and 0.5, 
respectively. Presently, concrete mixes ‘‘CEM I’’ can be classified as 

2 fib Model Code 2020 (International Federation for Structural Concrete, 
2023) defines 𝑓𝑐𝑘 as the characteristic cylinder compressive strength. To enable 
a comparison with present data, 𝑓𝑐𝑚,𝑟𝑒𝑓 ≈ 𝑓𝑐𝑘 + 18MPa can be assumed. 
The offset comprises the difference between the mean and characteristic 
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Fig. 2. Temporal development of compressive strength for reference mixes (a, c, d), and concrete containing activated fines (b, d, f). Diagrams for CEM I and FA 
show results from repeated concrete mixes. Markers indicate the measured averages and standard deviations from three prisms; lines represent the corresponding 
fit curves used to determine 𝑓𝑐𝑚,𝑟𝑒𝑓  and 𝑠𝑐 (Eq. (1)).

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

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

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

strength results at 2 d and 28 d. 

𝑟 =
𝑓𝑐,2 d
𝑓𝑐,28 d

(2)

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

3.4. Flexural strength

A benefit of using prisms for strength testing, according to EN 196-
1:2016, is the ability to measure flexural strength alongside compres-
sive strength on the identical specimens. In the present study, flexural 
strength was determined on three water-cured specimens at the ages of 
2 d and 28 d and on dry-cured specimens at the ages of 28 d and 98 d. 
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Fig. 3. Relationship between concrete compressive strength 𝑓𝑐𝑚,𝑟𝑒𝑓  and total 
paste porosity (a), total reactive CaO (b) and total reactive SiO2, both as the 
weighted sum of CEM I and R1-R6.

Fig.  5 illustrates the results of flexural and compressive strength tests 
of water-cured prisms.

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

3.5. Dynamic modulus of elasticity

The dynamic modulus of elasticity was determined in this study as 
an inexpensive and rapid alternative to measuring the static modulus 
of elasticity. Nonetheless, the results obtained from ultrasonic pulse 
measurements allow for the qualitative assessment of the impact of 
activated concrete fines on the modulus of elasticity, because the 

overall concrete composition and the curing conditions were not varied 
throughout the test series (Ekin and Uyanik, 2021; Marques et al., 
2020).

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

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

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

3.6. Shrinkage

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

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

Evaluating shrinkage deformations can be challenging due to high 
data variability, particularly when measurements are taken intermit-
tently. To address this, the material model proposed in International 
Federation for Structural Concrete (2023) was employed to enhance 
the analytical framework. This model incorporates a drying shrinkage 
coefficient, a humidity coefficient, and a time function. Since humid-
ity remains constant in this study, Eq. (3) simplifies this approach 
to include only the time function and the shrinkage coefficient 𝜀𝑐𝑠0, 
representing the ultimate shrinkage deformation. 

𝜀𝑐𝑑𝑠(𝑡, 𝑡𝑠) = −𝜀𝑐𝑠0 ⋅
(

𝑡 − 𝑡𝑠
0.035 ⋅ ℎ2 + (𝑡 − 𝑡𝑠)

)0.5
(3)

For all concrete mixes, Eq. (3) was fitted to the evolution of the 
mean shrinkage deformations over time. As the parameter ℎ in Eq. (1) 
represents specimen geometry, which was identical for all specimens, 
the parameter 𝜀𝑐𝑠0, resulting from the least-squares method, describes 
the summarized influence of the cement substitution through SCMs and 
activated concrete fines.

While International Federation for Structural Concrete (2023) in-
cludes an increase in shrinkage deformation with decreasing compres-
sive strength, this effect only shows for the individual types of SCMs 
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Fig. 4. Temporal development of compressive strength. Relationship between parameters 𝑓𝑐𝑚,𝑟𝑒𝑓  and 𝑠𝑐 from fitting Eq. (1) to experimental results after 2 d, 28 d, 
56 d and 98 d (a) and relationship between experimental compressive strength at 2 d and 28 d (b).

Fig. 5. Relationship between flexural and compressive strength at 2 d and 28 d after water-storage. Reference mixes with CEM I, S, FA, and L (a), and concrete 
mixes containing activated concrete fines (b).

Fig. 6. Relationship between compressive strength and dynamic modulus of 
elasticity at the age of 28 d.

and activated concrete fines: For all mixes within this study, the ‘‘−1’’-
series with lower strength exhibits higher shrinkage deformations (see 
Fig.  8). However, the variation among these series is significantly 
greater than the effect of compressive strength. Nonetheless, it is ev-
ident that activated concrete fines, as well as slag, increase shrinkage, 
whereas fly ash and limestone powder have a decreasing effect (Nath 
and Sarker, 2011; Sakthivel et al., 2019; Darquennes et al., 2012; 
Wang et al., 2022). The scatter reduces when, instead of 𝑓𝑐𝑚,𝑟𝑒𝑓 , the 
dynamic modulus of elasticity is used as the base parameter. This 
suggests similar influencing factors, such as the mitigating effect of a 
high amount of inert particles, which hinder shrinkage due to their high 
stiffness. At the same time, a high amount of reactive phases, such as 

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

3.7. Capillary absorption

The capillary water absorption coefficient 𝑊𝐴24 h for concrete con-
taining thermally activated concrete fines increases with decreasing 
strength with minor deviations from the trendline. An identical pattern 
is observed for concrete containing limestone powder, with series L-
1 exhibiting the lowest compressive strength and the highest water 
absorption among all series in this study. However, while the compen-
sation of compressive strength loss due to partial cement replacement 
through the effective water–cement ratio also negates any measurable 
effects on water absorption, series CEM I-1 exhibits a reduced water 
absorption coefficient at a compressive strength similar to R1-600 and 
R2-600. This effect can, to a lesser extent, be observed for the cement 
substitution through slag or fly ash. Fig.  9(a) illustrates these findings.

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

3.8. Chloride diffusion

The determination of the chloride profiles from profile grinding of 
series CEM I-2.1 yielded a diffusion coefficient of 𝐷𝑛𝑠𝑠 = 296mm2∕a =
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Fig. 7. Temporal development of shrinkage deformation for reference mixes (CEM I-1.2, CEM I-2.2, FA-1.2, FA-2.2, a), and concrete containing activated fines 
(b–d). Markers indicate the measured averages and standard deviations from three prisms; lines represent the corresponding fit curves used to determine 𝜀𝑐𝑠0
(Eq. (3)).

Fig. 8. Relationship between shrinkage coefficients 𝜀𝑐𝑠0 and reference compressive strength 𝑓𝑐𝑚,𝑟𝑒𝑓  (a), or dynamic moduli of elasticity 𝐸𝑐 (b).

9.4 × 10−12m2∕s and a superficial chloride content of 𝐶𝑠 = 1.14wt%
with an initial chloride content of 𝐶𝑖 = 0.02wt%, both relative to 
the mass of concrete. The average chloride penetration depth of 𝑑𝑐 =
8.8mm, obtained from the silver nitrate indicator test on specimens 
from the same series, corresponds to a chloride content of 𝐶 = 0.28wt%
normalized to the mass of concrete.

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

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

3.9. Carbonation

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

mixtures containing fly ash, and are similar to limestone powder and 
slag. A reason for this behavior may lie in the reduced alkalinity of the 
pore solution, which stems from Ca(OH)2 forms during the hydration 
of CEM I. While limestone powder or slag reduces the Ca(OH)2-content 
through the reduction of CEM I, the pozzolanic reaction of fly ash con-
sumes Ca(OH)2 and subsequently lowers the binding capacity of CO2. 
The renewed formation of calcium-silicate-hydrates from dehydrated 
paste does not require additional Ca(OH)2. Simultaneously, results 
in Table  1 show a negligible amount of free CaO, which implies a 
similarity to the reaction of slag. These findings confirm and expand on 
previously published results (Carriço et al., 2021b; Bogas et al., 2022b).

3.10. Leaching

Fig.  10 illustrates findings for select trace metal contents and or-
ganic compounds determined through both EDXRF and selected perco-
lation tests. Tabulated results are depicted in Tables  A.3, A.4, A.5, and 
A.6 in the Appendix.

Metal content in concrete fines varies widely. While EDXRF yields 
concentrations near or below the detection limit, some metals, exempli-
fied in Fig.  10a, exhibit elevated concentrations, albeit with substantial 
differences among them. Overall, but not universally, metal concentra-
tions increase with higher precursor fineness. Among the established 
SCMs, slag and limestone exhibit metal concentrations lower than those 
of most RCFs, whereas fly ash shows the highest concentrations of all 
materials. Results agree with findings listed in Park et al. (2025).

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

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

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

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

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

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

4. Conclusion

The substitution of Portland cement with waste materials impacts 
concrete compressive strength alongside other mechanical parameters 
and durability. This study compares the impact of granulated blast-
furnace slag, fly ash, or limestone powder to six concrete fines of 
different origin and composition. For each supplementary cementitious 
material, the analysis uses a dual approach with the mitigation of 
compressive strength loss in contrast to an unaccounted substitution. 
This allows for the assessment of concrete performance at a constant 
compressive strength level.
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Fig. 10. Results of metal concentrations and total organic carbon content (TOC) and PAH16 concentrations. a: precursors through EDX and CSA, b: elutates from 
precursors (‘‘100 ◦C’’), c: thermally activated, unmilled concrete fines (‘‘600 ◦C’’), d: concrete mixes ‘‘−1’’ containing activated, milled concrete fines.

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

• Overall, flexural strength, the dynamic modulus of elasticity, and 
capillary water absorption are not affected beyond compressive 
strength reduction. A mitigation of strength loss also largely 
negates deviations in these concrete performance parameters.

• Concrete containing activated concrete fines exhibits higher
shrinkage deformations compared to concrete with established 
SCMs.

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

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

In conclusion, the present results show a sufficient agreement of 
concrete with established SCMs and concrete containing thermally 
activated concrete fines of different origins. Therefore, a cement sub-
stitution of 30wt% is feasible to obtain concrete mixtures, which agree 
with existing building standards and the underlying empirical relation-
ships between compressive strength, mechanical properties, and dura-
bility. However, the simplifications chosen for enabling the qualitative 
comparison of a broad set of concrete properties require additional re-
search. These procedures require a closer alignment with standardized 
experimental setups. Furthermore, the present results underline the 
need for investigating binding mechanisms of (re) activated cement hy-
drates and harmful substances, such as CO2, chlorides, or heavy metals. 
A scaled-up industrial application of thermally activated concrete fines 
requires the quantitative assessment of harmful substance contents in 

the eluates with regard to threshold values defined for individual use 
cases.
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Appendix

See Tables  A.2–A.6.

Data availability

Data will be made available on request.

Table A.2
Overview of different series. SCM: supplementary cementitious material. 𝑓 : substitution rate of CEM I through SCM. 𝑘: assumed 
𝑘-value. 𝑤∕𝑏: selected water-binder ratio. 𝑤∕𝑐𝑒𝑞 : resulting equivalent water–cement ratio. 𝑤: water content. 𝑐: CEM I content. 𝑎: 
SCM content. SP: superplasticizer dosage for achieving target consistency. Aggregate content for all series: RS: 526 kg∕m3, RG: 
1024 kg∕m3.
 Series SCM 𝑓 𝑘 𝑤∕𝑏 𝑤∕𝑐𝑒𝑞 𝑤 𝑐 𝑎 SP
 – – – – kg∕m3 kg∕m3 kg∕m3 kg∕m3

 CEM I-1 CEM I 0.0 0.60 0.60 261 435 0.0  
 CEM I-2 0.50 0.50 244 488 0.0  
 S-1 S 0.3 0.8 0.50 0.53 242 339 145 0.0  
 S-2 0.46 0.49 234 356 153 0.0  
 FA-1 FA 0.3 0.5 0.50 0.61 233 327 140 0.0  
 FA-2 0.43 0.51 219 356 152 2.7  
 L-1 L 0.3 0.1 0.50 0.68 240 335 144 0.0  
 L-2 0.36 0.49 207 403 173 5.8  
 R1-1 R1-600 0.3 0.4 0.50 0.61 239 335 143 0.0  
 R1-2 0.40 0.49 217 380 163 5.6  
 R2-1 R2-600 0.3 0.4 0.50 0.61 239 334 143 0.0  
 R2-2 0.40 0.49 217 380 163 5.4  
 R3-1 R3-600 0.3 0.5 0.50 0.59 239 334 143 0.0  
 R3-2 0.42 0.49 222 370 158 4.0  
 R4-1 R4-600 0.3 0.5 0.50 0.59 238 334 143 0.0  
 R4-2 0.42 0.49 221 369 158 3.3  
 R5-1 R5-600 0.3 0.6 0.50 0.57 239 334 143 3.6  
 R5-2 0.43 0.49 224 365 156 6.7  
 R6-1 R6-600 0.3 0.6 0.50 0.57 239 335 143 1.6  
 R6-2 0.43 0.49 224 365 157 5.2  

Table A.3
Chemical composition of CEM I, reference SCMs (S, FA, L) and concrete fines (R1–R6) before activation. Oxide phases of 
main elements through WDXRF, trace elements through EDXRF. Empty entries indicate results below the analytical limit of 
determination.
 CEM I S FA L R1 R2 R3 R4 R5 R6

 WDXRF [wt%]
 LOI 2.7 −0.9 1.7 39.3 15.3 8.9 21.2 15.0 18.8 17.1 
 Na2O 0.0 0.2 0.4 0.4 0.6 0.4 0.6 0.4 1.0  
 MgO 1.9 5.5 1.2 1.1 1.4 0.8 1.7 1.6 2.0 2.4  
 Al2O3 4.8 11.0 29.2 2.5 4.4 4.8 5.1 5.8 6.0 8.5  
 SiO2 20.0 34.9 47.6 6.1 51.3 66.8 43.1 49.7 40.0 44.4 
 P2O5 0.2 0.0 0.3 0.0 0.1 0.1 0.1 0.1 0.1 0.2  
 K2O 0.8 0.7 1.3 0.7 1.2 1.5 1.2 1.5 0.6 1.8  
 CaO 61.7 41.6 3.1 47.2 21.5 12.6 23.4 21.6 27.6 18.6 
 TiO2 0.2 1.0 3.4 0.1 0.2 0.2 0.2 0.2 0.3 0.4  
 MnO 0.2 0.6 0.1 0.0 0.0 0.0 0.0 0.1 0.1 0.1  
 Fe2O3 3.1 1.2 9.0 0.9 1.7 1.6 2.1 2.4 1.7 4.2  
 EDXRF [mg∕kg]

 As 30 101 3 6 10 7 9 2 28  
 Ba 520 1823 1097 99 310 289 530 322 347 377  
 Cd 0 0 1 0 1 1 1  
 Cr 29 14 258 141 169 127 130 134 261  
 Cs 13 7 32 9 9 3 5  
 Cu 116 14 235 8 21 33 25 32 130 101  
 Ga 11 8 47 10 11 11 11 11 10 14  
 Mo 4 9 1 3 5 4 4 3 7  
 Nb 6 4 126 4 7 6 7 7 7 13  
 Ni 41 8 134 20 16 18 19 20 20 46  
 Pb 22 11 71 15 25 23 30 30 30 88  
 Rb 35 23 117 26 49 63 47 56 25 93  
 Sb 21 12 6 4  
 Sn 49 40 32 22 3 9 5 6 5 5  
 Sr 703 664 571 986 341 307 355 342 371 526  
 Th 10 27 3 3  
 U 1 10 11 5 0 1 1 1 2 1  
 V 60 62 393 49 45 41 45 50 57 66  
 Y 20 51 52 4 10 10 13 17 19 22  
 Zn 278 33 283 18 53 69 78 117 156 315  
 Zr 67 200 411 45 68 70 94 99 109 136  
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Table A.4
Results from the eluate analysis on unprocessed concrete fines (‘‘−100’’). n.d.: not determined, <l.o.d.: below the limit of detection. 
Note that, for R5-100, the automatic deactivation failed, resulting in an increase in W/S.
 R1-100 R2-100 R3-100 R4-100 R5-100 R6-100

 Sample (dry) g 669 740 545 465 247 394  
 Eluate g 1339 1481 1085 914 1538 771  
 W/S – 2.00 2.00 1.99 1.97 6.22 1.96  
 pH – 12.50 12.15 12.25 12.15 12.38 10.03  
 Elect. conduct. mS/cm 6.55 2.90 3.84 3.73 3.80 2.24  
 Fluoride mg/l n.d. n.d. n.d. n.d. n.d. n.d.  
 Chloride mg/l 82.59 10.36 118.44 26.69 18.64 118.05  
 Nitrite mg/l 1.37 0.41 2.29 2.22 0.54 2.86  
 Bromide mg/l 0.18 0.20 0.23 0.23 0.52 0.82  
 Nitrate mg/l 10.82 1.67 9.35 9.58 1.01 23.20  
 Phosphate mg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d.  
 Sulfate mg/l 33.86 15.61 26.57 391.31 35.44 1233.92 
 As μg/l 0.43 0.12 0.50 1.07 0.03 6.97  
 Cd μg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d.  
 Cr μg/l 21.82 35.98 85.67 134.84 77.88 221.85  
 Co μg/l 0.43 5.54 10.91 1.92 0.76 18.66  
 Cu μg/l 12.79 19.52 79.29 43.91 23.26 404.80  
 Ni μg/l 4.26 0.65 17.46 9.13 1.63 23.44  
 Pb μg/l 5.01 2.05 2.66 2.27 2.04 <l.o.d.  
 Th μg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. 0.16 <l.o.d.  
 Zn μg/l 2.72 2.52 2.05 2.63 3.54 2.81  
 PAH16 μg/l 0.86 0.09 1.08 0.94 0.35 3.70  

Table A.5
Results from the eluate analysis on thermally activated concrete fines (‘‘−600’’). n.d.: not determined, <l.o.d.: below the limit of 
detection. 
 R1-600 R2-600 R3-600 R4-600 R5-600 R6-600

 Sample (dry) g 132 136 97 90 131 70  
 Eluate g 263 265 197 182 0 163  
 W/S – 1.99 1.95 2.03 2.02 0.00 2.32  
 pH – 12.26 12.16 12.15 12.23 12.09 10.57  
 Elect. conduct. mS/cm 3.45 1.85 2.97 3.30 2.39 2.66  
 Fluoride mg/l 0.88 0.65 0.94 1.28 0.67 n.d.  
 Chloride mg/l 73.14 13.92 116.11 26.14 22.76 n.d.  
 Nitrite mg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. n.d.  
 Bromide mg/l 0.24 0.24 0.31 0.30 0.15 n.d.  
 Nitrate mg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. n.d.  
 Phosphate mg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. n.d.  
 Sulfate mg/l 7.60 21.66 8.65 25.48 25.99 n.d.  
 As μg/l <l.o.d. <l.o.d. <l.o.d. 0.23 <l.o.d. 2.45  
 Cd μg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d.  
 Cr μg/l 223.80 838.77 165.17 856.13 416.18 1471.60 
 Co μg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d.  
 Cu μg/l <l.o.d. 0.13 <l.o.d. 0.52 88.87 0.60  
 Ni μg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. 1.26 <l.o.d.  
 Pb μg/l 1.39 <l.o.d. 0.60 1.32 0.43 <l.o.d.  
 Th μg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. 0.03  
 Zn μg/l 2.56 3.29 3.42 4.13 2.74 2.86  
 PAH16 μg/l 0.05 0.01 0.00 0.00 0.02 0.02  

Table A.6
Results from the eluate analysis on concrete containing activated fines (‘‘−1’’). n.d.: not determined, <l.o.d.: below the limit of 
detection. 
 R1-1 R2-1 R3-1 R4-1 R5-1 R6-1

 Sample (dry) g 656 683 657 650 636 700  
 Eluate g 1313 1369 1329 1300 1278 1371  
 W/S – 2.00 2.00 2.02 2.00 2.01 1.96  
 pH – 12.60 12.60 12.69 12.63 12.77 12.70 
 Elect. conduct. mS/cm 7.77 7.82 7.45 8.18 8.28 7.82  
 (continued on next page)
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Table A.6 (continued).
 R1-1 R2-1 R3-1 R4-1 R5-1 R6-1

 Fluoride mg/l n.d. n.d. n.d. n.d. n.d. n.d.  
 Chloride mg/l 45.35 28.74 38.87 32.91 38.03 29.77  
 Nitrite mg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. 0.50 0.43  
 Bromide mg/l 0.51 0.38 0.50 <l.o.d. <l.o.d. <l.o.d. 
 Nitrate mg/l 1.71 1.66 1.60 1.95 8.77 3.93  
 Phosphate mg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. 
 Sulfate mg/l 71.55 53.07 74.29 48.63 74.73 47.54  
 As μg/l <l.o.d. 0.02 <l.o.d. 0.06 0.12 0.04  
 Cd μg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. <l.o.d. 
 Cr μg/l 32.37 29.82 30.32 27.92 37.83 27.40  
 Co μg/l 36.02 37.40 37.99 48.98 53.74 46.25  
 Cu μg/l 1.44 1.36 1.87 2.69 4.58 2.32  
 Ni μg/l 0.17 0.31 0.60 0.73 1.26 0.26  
 Pb μg/l 4.91 4.63 5.62 7.16 8.13 6.95  
 Th μg/l <l.o.d. <l.o.d. <l.o.d. <l.o.d. 0.00 <l.o.d. 
 Zn μg/l 3.71 3.59 3.37 3.59 5.45 3.82  
 PAH16 μg/l 0.17 0.35 0.07 0.28 0.17 0.14  
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Appendix

Supplementary Data to Paper P4

Tab. A24: Particle size distributions of reference binders and processed concrete fines. di: particle size
at i % passing [µm].

d10 d30 d50 d70 d90

CEM I 1.7 5.9 12.1 20.6 32.9
S 2.1 6.6 12.3 19.5 30.0
FA 2.9 9.9 21.6 43.3 83.4
L 1.9 6.8 12.5 20.7 44.4
R1-600 1.9 6.4 17.9 44.2 88.4
R2-600 2.3 9.3 25.9 54.3 99.1
R3-600 1.8 5.1 14.1 39.5 81.0
R4-600 2.0 6.6 18.4 48.4 97.6
R5-600 2.0 6.7 18.8 48.0 96.2
R6-600 1.8 5.3 11.6 22.3 40.5
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Fig. A8: Cumulative pore radius distribution (logarithmic) for reference series CEM I-1 and CEM I-2
and established SCMs S, FA, and L, as well as thermally activated concrete fines (P4, fig. 1).
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Fig. A9: Temporal development of shrinkage deformation for reference mixes S and L. Markers indicate
measured averages and standard deviations from three prisms, lines represent corresponding fit
curves for the determination of εcs0 (P4, fig. 7).

Tab. A25: Results of strength development in P4.
fct,fl: flexural strength on wet stored prisms, fc: compressive strength on wet stored prisms,
sc: strength development coefficient.

fct,fl,2 d fct,fl,28 d fc,2 d fc,28 d fc,56 d fc,98 d fcm,ref sc

MPa MPa MPa MPa MPa MPa MPa -
CEM I-1 3.6(3) 6.2(6) 19.0(5) 43.8(16) 46.6(12) 53.8(3) 44.4 0.32
CEM I-2 5.3(2) 7.5(1) 32.7(11) 62.8(57) 66.6(11) 73.8(31) 63.6 0.25
CEM I-3 3.8(4) 7.1(2) 18.1(2) 45.9(13) 48.9(10) 53.5(4) 45.4 0.33
CEM I-4 5.9(4) 7.7(8) 33.3(4) 61.0(13) 66.5(19) 69.3(15) 61.9 0.23
FA-1 3.6(2) 6.7(6) 19.3(3) 48.2(4) 59.1(19) 64.3(6) 52.0 0.39
FA-2 4.6(4) 7.6(3) 27.2(2) 61.2(5) 63.2(55) 64.5(49) 58.5 0.27
FA-3 3.5(2) 7.1(2) 18.4(6) 46.7(9) 57.8(9) 61.0(23) 50.1 0.39
FA-4 4.6(4) 7.4(5) 26.3(8) 59.4(12) 71.7(10) 75.9(20) 63.5 0.34
S-1 4.2(2) 7.5(4) 21.1(6) 57.6(56) 65.4(7) 71.5(2) 58.8 0.38
S-2 4.7(5) 7.4(8) 27.1(4) 63.1(9) 69.3(51) 76.8(14) 64.3 0.32
L-1 3.8(2) 6.4(3) 19.3(5) 42.5(20) 46.4(6) 46.8(8) 42.0 0.28
L-2 5.9(1) 7.8(3) 34.5(39) 58.6(9) 67.1(12) 68.8(36) 61.5 0.22
R1-1 4.3(2) 7.0(2) 20.9(1) 47.4(10) 51.6(22) 53.9(13) 47.2 0.30
R1-2 5.2(1) 7.3(2) 30.1(19) 62.4(7) 62.5(47) 67.3(5) 60.0 0.25
R2-1 4.0(3) 6.7(2) 19.7(2) 42.6(27) 51.0(29) 52.6(13) 45.1 0.31
R2-2 5.3(5) 7.8(6) 28.5(15) 60.5(11) 61.6(7) 68.5(16) 59.3 0.27
R3-1 4.4(4) 7.0(2) 22.5(7) 48.9(6) 52.0(15) 56.2(6) 48.7 0.28
R3-2 5.2(5) 7.7(2) 31.8(6) 61.1(19) 66.3(17) 67.5(34) 61.1 0.24
R4-1 4.6(1) 7.0(5) 22.5(4) 49.6(22) 53.9(11) 56.1(20) 49.4 0.29
R4-2 5.2(4) 7.6(4) 31.4(1) 61.1(20) 65.5(14) 67.0(14) 60.7 0.24
R5-1 4.8(1) 7.0(2) 27.6(10) 55.4(14) 57.2(11) 58.9(4) 53.7 0.24
R5-2 5.6(3) 7.3(1) 38.0(3) 66.5(12) 65.9(44) 67.4(4) 63.4 0.18
R6-1 4.4(2) 7.0(5) 22.1(3) 50.2(10) 53.8(4) 55.0(8) 49.2 0.29
R6-2 4.9(6) 7.5(6) 30.3(3) 61.8(21) 66.3(23) 68.6(1) 61.4 0.26
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Appendix

Tab. A26: Results of strength, deformation and durability tests in P4.
fct,fl: flexural strength on dry stored prisms, fc: compressive strength on dry stored prisms,
Ec,dyn: dynamic modulus of elasticity, εcs0: shrinkage coefficient, KAC : carbonation coeffi-
cient, dc: chloride penetration depth, ∆m28: mass loss after 28 freeze-thaw cycles.

fct,fl,28 d fct,fl,98 d fc,28 d fc,98 d Ec,dyn,28 d εcs0 KAC dc ∆m28
MPa MPa MPa MPa GPa µm/m mm/d0,5 mm wt%

CEM I-1 6.7(5) 5.8(2) 45.1(14) 42.1(5) 31.2(5) 447 0.87 12.2
CEM I-2 7.1(7) 5.9(5) 55.9(15) 50.8(21) 32.7(7) 422 0.50 8.8
CEM I-3 6.4(3) 7.0(4) 48.0(3) 52.4(18) 32.8(3) 792 0.91 15.8
CEM I-4 8.3(2) 9.2(8) 67.5(23) 74.5(15) 37.2(3) 677 0.51 12.6 0.15
FA-1 6.1(4) 5.7(5) 41.6(31) 48.5(14) 30.7(11) 306 1.17 10.6
FA-2 6.6(6) 6.0(1) 48.5(13) 48.9(16) 32.7(2) 417 0.77 9.1
FA-3 7.3(1) 6.4(2) 50.1(10) 55.0(10) 34.5(2) 712 1.13 14.4
FA-4 8.2(4) 7.6(6) 60.7(12) 65.4(22) 36.1(4) 676 0.79 12.6 0.19
S-1 7.2(3) 7.3(5) 58.0(3) 57.3(5) 34.2(7) 813 0.85 7.9
S-2 7.8(3) 8.5(8) 61.1(7) 65.2(6) 33.7(5) 770 0.65 7.2
L-1 7.1(10) 6.5(6) 47.2(4) 47.6(10) 31.9(4) 739 1.31 25.3
L-2 8.6(1) 8.8(2) 66.7(31) 70.3(14) 38.0(1) 664 0.60 15.0
R1-1 7.0(3) 7.4(2) 49.9(10) 54.5(4) 33.2(4) 778 1.04 17.6
R1-2 7.4(4) 7.4(6) 62.3(17) 61.7(17) 36.9(4) 760 0.72 13.1
R2-1 7.3(2) 7.6(0) 49.1(7) 53.2(3) 33.9(1) 818 1.12 17.5
R2-2 7.7(4) 7.9(8) 62.3(2) 61.9(7) 36.8(6) 730 0.72 13.4
R3-1 7.1(4) 7.0(11) 53.6(7) 53.2(8) 32.9(5) 861 1.03 17.4
R3-2 7.1(13) 7.6(8) 66.4(17) 61.3(15) 35.6(8) 819 0.75 15.7
R4-1 7.1(2) 7.3(6) 51.3(28) 50.0(9) 33.0(2) 942 1.05 17.4
R4-2 7.0(4) 7.4(8) 62.6(23) 60.4(9) 33.8(5) 853 0.72 15.3
R5-1 6.7(2) 6.3(5) 52.2(12) 50.5(2) 28.6(1) 930 1.05 17.6
R5-2 7.8(2) 7.5(3) 64.3(7) 61.6(21) 30.3(2) 756 0.68 13.3 0.11
R6-1 7.1(0) 6.2(7) 51.5(15) 48.8(10) 30.9(2) 866 1.13 17.2
R6-2 8.2(9) 8.0(5) 64.0(18) 65.7(7) 33.5(6) 739 0.75 14.0 0.23
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