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RILEM, The International Union of Laboratories and Experts in Construction Materi-
als, Systems and Structures, is a non profit-making, non-governmental technical asso-
ciation whose vocation is to contribute to progress in the construction sciences, tech-
niques and industries, essentially by means of the communication it fosters between 
research and practice. RILEM’s activity therefore aims at developing the knowledge of 
properties of materials and performance of structures, at defining the means for their 
assessment in laboratory and service conditions and at unifying measurement and 
testing methods used with this objective. 
RILEM was founded in 1947, and has a membership of over 2600 in some 90 countries. It 

forms an institutional framework for co-operation by experts to: 

( optimise and harmonise test methods for measuring properties and performance of building 

and civil engineering materials and structures under laboratory and service environments, 

( prepare technical recommendations for testing methods, 

( prepare state-of-the-art reports to identify further research needs, 

( collaborate with national or international associations in realising these objectives. 

RILEM members include the leading building research and testing laboratories around the 

world, industrial research, manufacturing and contracting interests, as well as a significant num-

ber of individual members from industry and universities. RILEM’s focus is on construction 

materials and their use in building and civil engineering structures, covering all phases of the 

building process from manufacture to use and recycling of materials. 
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RILEM meets these objectives through the work of its technical committees. Symposia, work-

shops and seminars are organised to facilitate the exchange of information and dissemination 

of knowledge. RILEM’s primary output consists of technical recommendations. RILEM also 

publishes the journal Materials and Structures which provides a further avenue for reporting 

the work of its committees. Many other publications, in the form of reports, monographs, sym-

posia and workshop proceedings are produced. 
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Preface 
Recycling materials has a long tradition in human history. In the Palaeolithic, for example, the reuse of 

discarded stone artefacts was likely a common strategy for obtaining raw materials. Later, “scrap metal” 

became an important material source for remanufacturing. Recycling also played a role in the Dark 

Ages, with the collection and recycling of materials such as scrap metal, rags, clothing, paper, bones, 

and ashes being widespread. Technological progress and the initially seemingly limitless transportation 

possibilities reduce the demand for recycling with the advancements in the industrial era. However, it 

has become relevant again due to signs of a shortage of resources such as primary construction raw 

materials such as sand, gypsum, and natural rocks. Simultaneously, avoiding the landfill of valuable 

secondary resources is a must nowadays, as a strong push towards the circular economy.  

There is still significant progress to be made in building materials research to achieve balanced solutions 

in terms of performance and circularity of building materials. This conference aimed at address these 

issues by enhancing our understanding of secondary resources as challenging raw materials and by ex-

ploring their impacts when used in advanced product developments and processing technologies. Inno-

vative approaches such as energy savings and reduced CO2 emissions through new recycling solutions 

are part of these new developments. 

The V.PRE Conference is part of a series started in 2009 by the RILEM Committee TC-217 “Progress 

of Recycling in the Built Environment.” The 2023 edition was particularly significant, marking a long-

awaited gathering after the hiatus forced by the COVID-19 crisis that forced the suspension of many 

such international events, with the PRE series being no exception. THE V.PRE edition brought a re-

newed enthusiasm among participants and organizers alike. The highly appreciated face-to-face inter-

actions fostered collaboration and innovation in the field, making this edition all the more momentous.  

Throughout the conference, there were debates and discussions on recent developments in the charac-

terization, processing, and application of secondary construction materials to enhance their production, 

build confidence in their use, and consequently boost their demand. This was done also with the goal of 

increasing stakeholder participation and raising awareness about the importance of recycling construc-

tion and demolition waste as a key resource. 

These Proceedings detail the high-level scientific sessions that addressed pressing issues in recycling in 

the built environment. They intend to serve as a valuable resource for improving resource efficiency in 

the construction sector, offering insights into material reuse and recycling, low carbon products, and 

preservation of natural resources. 

This 2023 edition was hosted by the Weimar Institute of Applied Construction Research – IAB gGmbH 

and fundamentally supported by several esteemed organizations. These are RILEM: International Union 

of Laboratories and Experts in Construction Materials, Systems and Structures, LNEC: Laboratório 

Nacional de Engenharia Civil (Portugal), VITO: The Flemish Institute for Technological Research (Bel-

gium), USP: University of São Paulo (Brazil), and the European Demolition Association. We deeply 

appreciate their contributions, which were essential for the event to achieve its objectives. 

The V.PRE featured contributions on • New and enhanced processing techniques for CDW; • Innovative 

solutions for products based on CDW; • Performance and durability of products with/from recycled 

material; • Contributions of CDW recycling against the shortage of raw materials; • Contributions of 

recycling against CO2 emission; • Quality and confidence, and • Case studies. These diverse topics fos-

tered comprehensive discussions among participants. We thank all contributors to V.PRE for their val-

uable participation. 

The debate was notably enhanced by insights from Keynote Speakers: Prof. Takafumi Noguchi, Dr. 

Maciej Zajac, Prof. Luc Courard, and Prof. Anette Müller. Their varied backgrounds provided a rich 

perspective on the theme of the event, offering the audience fresh perspectives. Special thanks also go 

to the Honorary Chairs of this Event: Prof. Enric Vázquez, a pioneer in the research and application of 

construction and demolition waste, and Dr.-Ing. Ulrich Palzer, who facilitated structural support from 

IAB. 

We believe these Proceedings are a valuable resource for those interested in secondary resources in the 

built environment, including the recycling of construction and demolition waste.  
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Progresses and Challenges in Recycling of Construction and Demolition Waste  

Anette Müller(1) 

(1) Weimar Institute of Applied Construction Research, Germany 

 

Abstract 

The need to establish material cycles in the building industry is undisputed. Knowledge on this 

topic is available in many places. In this paper the state of the arte of processing and develop-

ments for the sorting of Construction and Demolition Waste (CDW) are described. The main 

fields of application of the processed material are road construction and increasingly the pro-

duction of concrete. For the latter, the development of the applicable standards is discussed. 

Examples of applications are presented. Certain types of construction waste must be excluded 

from the above-mentioned areas of application due to their chemical components or physical 

characteristics. Heterogeneity can be a further exclusion criterion. Special technologies that are 

available or under development for these materials are introduced. 

 

1 Raw material consumption and waste generation of the construction industry in 

the European Union 

The EU's material footprint amounted to 13.7 tons per capita in 2020. The largest share of 

around 7.1 tons per capita is accounted by non-metallic minerals, which are mainly used in the 

construction industry. Since 2012, there is no significant trend toward a decrease. The total 

amount of waste generated is 4.8 tons per capita. The largest amount is caused by the construc-

tion industry with 1.8 tons per capita respectively 37.5 % (Figure 1). Mining and quarrying 

waste that can also be a source for building material manufacture occurs in an amount of 1.1 

tons per capita respectively 23.4 %. 

Figure 1: Waste generation (percent) in the 

European Union 2020 [1] 

The quantities of construction and demoli-

tion waste without stones, soil and dredged 

spoil generated in the different EU mem-

ber states range between 0.02 and 2 t/cap-

ita*year (Figure 2). This wide range is 

caused, on the one hand, by the different 

quality of the data collection and by differ-

ences in the data assessment methods. On 

the other hand, technical aspects such as 

the regionally preferred types of materials 

and constructions or the age and the con-

dition of the existing building stock play a 

role.  
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Figure 2: Per capita amount of construction waste excluding excavated soil in European coun-

tries for 2004 resp. as average for 2010 to 2016 [2]  

 

In addition, there are influences from the respective economic situation in the construction in-

dustry. The realization of large-scale projects in the period under consideration, which required 

the demolition of residential, commercial and industrial buildings, can also have an influence. 

The temporal fluctuations may be due to all of these factors. 

 

2 State of the art of processing 

A simplified scheme of the processing of demolished concrete and masonry is shown in Figure 

3. The process steps crushing - classification - sorting are passed through (Table 1).  

 

 

 

 

 

 

Figure 3: Processing scheme 

for concrete and masonry 

rubble 
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Table 1: Basic operations of CDW processing   

Basic operation  Objectives  

Pre-screening ─ Separation of soil and/or oversized boulders 

Crushing:  

Using mechanical forces to split 

up a solid body  

─ Reduction of the largest particle size 

─ Production of polydisperse particle mixtures   

─ Disintegration of "adhesions", i.e. exposure of the 

individual components of composites 

Classification by screening: 

Separation of processed polydis-

perse mixtures according to geo-

metrical dimensions into differ-

ent particle size fractions  

 

─ Limitation of the upper particle size 

─ Generation of certain particle size distributions for 

subsequent recycling 

─ Separation of coarse materials to protect down-

stream crusher from damages and overloading 

─ Separation of fine particles to relieve the load on 

crushing equipment, to secure against wear and to 

prevent blockages 

─ Preparation for sorting if this is only possible for a 

narrow range of particle size Sorting the material if 

specific substances are enriched in certain particle 

size fractions 

Sorting:  

Separating a mixture of materials 

according to substance types us-

ing physical characteristics  

─ Removal of pollutants and impurities 

─ Separating mixed construction waste into its min-

eral components 

The most important step to produce recyclates with a defined composition is sorting. “State of 

the arte” feature for the sorting of non-metallic components of CDW is the particle density. It 

ranges from 30 kg/m³ for insulating materials up to 3,000 kg/m³ for certain natural rocks. With 

dry sorting methods, lightweight materials such as paper, plastic foils and insulation fragments 

can be separated. Wood is also usually discharged, if it is not present as a very compact frag-

ment. With wet sorting methods, low-density contaminants can be removed. It is not possible 

to separate mineral building material by their type with exception of aerated concrete and other 

low-density building materials. The sorting of mixtures of brick, sand-lime brick, concrete or 

natural stone is usually done by hand. As an advanced technology, sensor-based sorting ma-

chines began to be used in waste management about 30 years ago and have since become es-

tablished in the sorting of end-of-life plastics, waste paper or waste glass. In the sorting of 

construction waste they have been used only very sporadically up to now (Figure 4, left).  

The newest development is sorting by "heavy pickers" (Figure 4, right). The entire sorting de-

vice consists of a conveyor belt, one or more sensors, the process computer, the actual pickers, 

to each of which 4 drop boxes are assigned. The components of the building rubble, as deliv-

ered, are transported on the flat conveyor belt and pass the sensors individually. Impurities or 

recyclables and their position on the belt are detected. This information is transmitted to the 

sorting gripper, which picks up the materials and drops them into the box provided for the 
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respective type of material. This sorting method offers advantages because only a few "hand 

movements" are required to separate the coarse fragments. However, the basic principle of pro-

cessing technology is not taken into account, namely that a breakdown/separation of the com-

posites must take place before sorting in order to keep "valuable material losses" low. However, 

this aspect is less important when sorting CDW. 

 

 

Figure 4: Sensor-based 

sorting device for the 

separation of brick and 

concrete in action in a re-

cycling plant left [3] and 

heavy picker for sorting 

construction and demoli-

tion waste right [4] 

 

3 State of the art of reuse of processed CDW 

3.1 Reuse for earthwork and road construction 

Industrially produced recycled building materials from demolished concrete or masonry consist 

mainly of concrete, natural aggregates, bricks and mortar. The sum of these components ranges 

between 90 and 100 mass-%. They have a comparatively wide range of applications between 

“Using (only) the volume” of the recycled materials for filling cavities etc. and “Using their 

mechanical properties” for layers in road construction or as aggregates in concrete.  

In earthworks and road construction (Figure 5, left), the possible fields of application depend 

on the components of the recycled aggregates. If the recycled building material consists of the 

material groups concrete, natural stone, sand and gravel, there are no restrictions on use in ge-

otechnical applications, provided that the environmental parameters fulfil the requirements. In 

road construction (Figure 5, right), requirements on particle size distribution, material compo-

sition, particle strength and frost resistance exist, which can be met in most cases.  

 

Figure 5: Examples for the use of recycled aggregates in geotechnical applications (left) and in 

in road construction (right) [2] 
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The content of gypsum is strictly limited to < 0.5 mass-% in the fraction > 4 mm resp. < 300 

SO4
2-mg/l in the fraction < 4 mm, because gypsum can cause liftings etc. Roads with frost 

protection layers made of recycled materials, which were built in the 1980s, are still functional 

today without any complaints. 

 

3.2 Reuse for the production of concrete  

Decades of basic and applied research have been carried out on the properties of concrete recy-

clates and the effects of their use for the renewed production of concrete. The crucial fact that 

concrete is a composite of coarse aggregates and mortar was already pointed out by Hansen in 

his 1985 report [5]. The more accurate definition that concrete is a composite of fine and coarse 

aggregates on the one hand and cement paste on the other has still not been fully accepted. 

Consequences of the composite character are, among others:  

 The composition of the aggregates can vary from grain to grain. 

 Additional (old) cement paste is introduced into the second-generation concrete by the 

recycled aggregates.  

Due to the additional entry of hardened cement paste, the effects on the strength and the mod-

ulus of elasticity are unavoidable. The simplified model consideration of "multiple recycling" 

and the investigations carried out on this topic illustrate the increase in the cement paste content 

(Figure 6). 

 

Figure 6: Systematic changes of density and cement paste content as result of “multiple recy-

cling” of concrete [2] 

The lengthy process of knowledge generation is also reflected in the timing of the standardiza-

tion process. In Germany, the first specification for the use of recycled aggregates in the re-

newed production of concrete was available as early as 1998 [6]. The largest addition of 35 

vol.-% concrete chippings > 2 mm plus 7 vol.-% crushed concrete sand ≤ 2 mm was possible 

for interior walls up to strength class B 25. In concretes that shall be used outdoors and therefore 

exposed to higher stresses were allowed to contain a maximum of 20 vol.-% of recycled aggre-

gates > 2 mm. Based on this the apartment house “Waldspirale” designed by Friedensreich 

Hundertwasser was built. The (for the time being) final standard was published in 2023 [7]. 

According to this, a maximum of 45 vol.-% of the coarse aggregates may be replaced by con-

crete recyclates > 2 mm. Concrete sands from the same production as the coarse aggregates 
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may be used in a quantity of < 20 vol.-%. In the meantime, a number of less spectacular build-

ings have been constructed using R-concrete. First visible advantages in the properties of con-

cretes with recycled aggregates are emerging. The absorption behaviour of the recycled material 

noticeably reduces the number of blowholes and water runs on the surface of concrete compo-

nents. This makes R-concrete suitable for use as exposed concrete. Another possibility is to 

make the aggregates contained in the R-concrete visible by sandblasting the surface. Especially 

when using aggregates containing bricks, this results in an attractive appearance. 

 

4 Progress in recycling technologies for certain components of CDW 

4.1 Gypsum cardboard 

Gypsum is a building material increasingly used because of its favourable properties. If this 

building material is not demounted during deconstruction or separated during processing, the 

recycled building materials produced cannot be used because they do not meet the environmen-

tal and construction requirements. At the same time, there are signs of an increasing shortage 

of raw materials for the production of gypsum, because flue gas desulfurization gypsum (FGD) 

will no longer be available in the future as a result of changes in energy production. Therefore, 

the development, construction and commissioning of gypsum processing plants started about 

10 years ago in Germany. 

The first step of processing is a visual inspection of the incoming waste after the unloading of 

the transport truck. A second batch-wise quality control follows before the material is fed in the 

recycling device. The processing starts with the coarse crushing. Subsequently, the metallic 

components and other impurities are sorted out. This is followed by a multiple secondary crush-

ing that allows selective comminution of the components gypsum and cardboard, based on the 

fact that the comminution behaviour of these two materials is different. Gypsum can be crushed 

by pressure or impact loads. Shear stresses are suitable for disintegration, i.e. the physical sep-

aration of the cardboard from the plaster body. The cardboard itself can be comminuted by 

cutting stress. Crushing is followed by screening. The cardboard, which is present in coarse 

flakes, is separated. The screen passing consists of gypsum particles up to a size of about 10 

mm (Figure 7).  The secondary gypsum has to fulfil certain quality parameters. Among others, 

the gypsum content must be above 85 mass-% [8]. These and the other requirements can be 

met. So the recycled gypsum can be used for the renewed production of plasterboard, for ex-

ample. 

 

Figure 7: Products of the processing of gypsum plasterboard:  Gypsum grains left, cardboard 

flakes right 
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4.2 Tar containing asphalt  

Increasing efforts are made to eliminate asphalts containing tar pitch from the material cycle 

completely. Therefore, since 2018, tar contaminated road construction material may no longer 

be reused in road construction in Germany. One option of waste management of this material 

is to deposit it in a landfill. Apart from the fact that this approach runs counter to the idea of 

recycling, the high-quality aggregates contained in the asphalt granulate are lost too. Thermal 

recycling, in which the tar pitch is burned and the aggregates are recovered, is a suitable alter-

native [9]. This is done, first time, in two plants in the port of Rotterdam. The feed material is 

heated up to temperatures of 850 to 950 °C in a gas-fired rotary kiln. The tar pitch is combusted. 

The hot aggregates leaving the rotary kiln serve to preheat the combustion air. The dusts are 

separated in a multi-stage flue gas cleaning and desulfurization system. The products are coarse 

and fine aggregates, filler and flue gas desulphurization gypsum (FDG). In addition, the energy 

of flue gas is used for the production of electricity. Following the first plant, which was started 

up in 2006, a second plant with higher throughput and significantly improved energy efficiency 

was commissioned in 2020 (Figure 8). 

 

Figure 8: Thermal plants for the treatment of asphalt containing tar [9]  

 

4.3  Masonry rubble  

The permissible proportion of clay bricks in recycled aggregates for concrete production is 

limited according to the above-mentioned regulation. Contrary to this, the production of pre-

fabricated elements is technically possible even with higher proportions of clay bricks, but re-

quires approval by the building authorities. This approval was granted for the first time in Ger-

many for the so-called "Büscher wall", which is used in modular housing construction. The 

concrete for this wall consists of 100 mass-% recycled aggregates, which can contain up to 50 

mass-% brick [10]. The contents of asphalt, glass, non-floating components and floating com-

ponents are limited, as is the sulfate content. The strength class C20/25 must be achieved as a 

minimum. Since the approval was granted, a large number of precast elements have been pro-

duced (Figure 9) and installed in residential buildings. 
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Figure 9: Prefabricated concrete elements “Büscher 

wall” from masonry rubble [11] 

 

4.4 Non-recyclable masonry rubble 

In the acceptance and price lists of recycling and disposal companies, construction waste mix-

tures of lightweight concrete, pumice, aerated autoclaved concrete, bricks and gypsum are often 

described as "non-recyclable". However, they represent not only a useful but even a favourable 

starting material for the production of lightweight aggregates. These new lightweight aggre-

gates are on a par with commercial aggregates made from clay or fly ash, such as Leca, Fibo-

Exclay, Liapor, Argex. 

The production of the lightweight aggregates from mixed rubble begins with the treatment of 

input materials, similar to the process used in the recycling industry. The resulting material with 

a maximum particle size < 45 mm is the input material for the production of the lightweight 

aggregates [12]. The production process of the aggregates themselves starts with grinding under 

addition of an expanding agent. Then the powdered masonry rubble is pelletized. Thermal sta-

bilization and expanding in a rotary kiln follow. The main characteristic of the lightweight ag-

gregates produced in an pilot plant is their density of 600 g/cm³ on average. They were already 

used to produce light concrete blocks on a technical scale.  

   

Figure 10: Lightweight aggregates from mixed rubble and the production of lightweight con-

crete blocks in a production facility 

In terms of consumption of resources, the in this way manufactured lightweight aggregates from 

masonry rubble represent a nearly ‘‘primary raw material free’’ product. Only the expanding 
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agent SiC, which undergoes oxidation at temperatures of around 1100 °C, releasing the neces-

sary bloating gas and a considerable amount of heat, needs to be added. A second decisive 

advantage of the developed process is that gypsum-containing material can be processed. The 

gypsum decomposes at the necessary burning temperature and can be recovered from the flue 

gas as FGD gypsum. 

 

5  Summary  

After a long period of stagnation in the recycling of construction and demolition waste, various 

developments have recently begun to emerge. In processing, the focus is on sorting methods 

based on sensor technology and machine learning.  In recycling, concrete production from re-

cycled aggregates is increasingly finding its way into construction practice. Special processes 

have been developed for types of construction waste that previously could not be recycled or 

could only be recycled at the lowest level. A promising process that has been successfully tested 

at a pilot plant is the production of lightweight aggregates using non-recyclable CDW including 

gypsum as raw material. The products generated are lightweight aggregates and FGD gypsum.   
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Abstract 

Efficient sorting and recycling of construction and demolition waste (CDW) are vital to 

sustainable development and a circular economy in the construction industry. Building on our 

previous study that achieved up to 92.3% accuracy using RGB camera data, we propose an 

improved data set acquisition and feature extraction approach to improving classification 

performance. We introduce a customized measurement line with industrial RGB cameras, force 

transducers for volume and mass estimation, and acoustic transducers for ultrasound 

frequencies. By integrating these additional data sources and exploring various feature 

extraction techniques, such as shape indices, texture entropy, and mean intensity gradients, our 

approach aims to enrich the set of features for machine learning algorithms and increase 

classification accuracy. This research addresses the challenge of improper sorting in CDW 

recycling, which limits the value of recycled aggregates in high-quality applications. 

1. Introduction 

Construction and demolition waste (CDW, Figure 1) constitutes a significant proportion of 

the total waste generated worldwide. CDW is a complex mixture of different materials, some 

of which can be recycled, and it is important to improve the efficiency and effectiveness of 

CDW sorting and recycling [1]. Traditional methods of sorting CDW are time-consuming, 

labor-intensive, and can be potentially hazardous for workers, particularly when dealing with 

contaminated materials. Automating the sorting process using machine learning techniques 

provides a promising avenue for improving both safety and efficiency. 

In recent years, machine-learning algorithms have been successfully employed for object 

recognition tasks, demonstrating high accuracy and reliability. With the rise of deep learning, 

especially convolutional neural networks, applications for image classification and object 

detection have expanded rapidly. There are several studies employing these techniques in the 

context of CDW classification, yielding promising results [2, 3]. 
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Figure 1: Mixed CDW being landfilled. 

However, one of the limitations of these approaches is that they primarily rely on visual data 

captured by RGB cameras. Despite their capability of recognizing and classifying different 

waste materials, these models face challenges when dealing with materials that are visually 

similar or when fragments are covered with dust or other residues. This issue highlights the 

need for more comprehensive data acquisition techniques to enhance the performance of 

machine-learning models in CDW classification. 

To overcome these limitations, we put forward a specialized measurement line that 

synergizes multiple sensors, namely, an RGB camera, an acoustic sensor, and a weight-

measuring device, integrated with a conveyor belt system for efficient CDW transportation. 

This setup aspires to generate a more comprehensive dataset for machine-learning models, 

encompassing visual, acoustic, and weight attributes of CDW fragments. The overarching goal 

is to devise a robust, high-accuracy classification system capable of differentiating between 

various CDW types, thereby streamlining the recycling and reusing processes of CDW. 

This paper presents the development of this comprehensive measurement line, 

demonstrating its potential for improving CDW sorting and recycling.  

2. Development of the Multimodal Data Acquisition System 

The central component of our system is a conveyor belt mechanism, selected for its 

efficiency in transporting a steady stream of CDW fragments (Figure 2). The conveyor belt 

ensures a consistent presentation of the material to the sensors, maintaining a regular distance 

and orientation, which is crucial for obtaining reliable and reproducible data. Furthermore, the 

speed of the conveyor can be adjusted to match the requirements of the data acquisition process. 

Above the conveyor belt, an RGB camera is placed to capture high-resolution images of the 

CDW fragments. The frame is equipped with an adjustable light source to control illumination 

conditions, ensuring consistent lighting across different imaging sessions.  

Beyond visual data (Figure 3), our system integrates an acoustic sensor and a weight-

measuring device to expand the spectrum of collected data. The weight-measuring device 

operates based on the force exerted onto the rollers that guide the conveyor belt, providing 

insightful data about the weight characteristics of different CDW fragments. 
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Figure 2: Prototype of the developed multimodal acquisition system; the colored components 

(right) represent: (i) a frame (light turquoise), (ii) a motor (teal), (iii) a conveyor belt (purple), 

(iv) cameras (red), (v) acoustic unit (pink), and (vi) lights (green); the computational unit and 

weight measuring transducers are not visible in these images. 

 

The classification is based on the detection of ultrasonic waves reflected by the surface of 

the material under the test (Figure 4). HC-SR04 ultrasonic sensors were employed for the 

measurements, with the transducers positioned to maximize the radiation characteristics 

towards the target sample. These sensors are operated using an Arduino UNO microcontroller 

connected to a PC. Additionally, a 1/8" Brüel & Kjær measurement microphone is affixed to 

the mount to capture the signal reflected from the sample's surface. The obtained signal is 

further processed using a Brüel & Kjær Nexus measurement amplifier, with a conversion setting 

of 100 mV/Pa. Subsequently, the amplified signal is displayed on a Rigol MSO5074 digital 

oscilloscope. 

The measured signals exhibit a short, narrowband signal at approximately 40 kHz. The 

dataset comprises 8 sets of 20 measurement instances. Initially, the signals were normalized by 

subtracting their mean value. Although this normalization procedure eliminates potential 

information regarding the acoustic absorption of the material, it is deemed acceptable given the 

intended robustness of the classification method under uncalibrated field conditions. Notably, 

all signals demonstrate a prominent amplitude peak followed by a smaller peak, often preceded 

by minor activity. To facilitate a more comprehensive analysis, two-time windows were 

selected. 

Figure 5 illustrates the first (green) window, which encompasses the period preceding the 

large peak to ensure the inclusion of the smaller peak whenever present. The second (red) 

window is a narrowed-down interval surrounding the two larger peaks. Examining the peak 

ratio within the second window proved instrumental in segregating the data into three clusters, 

with one cluster exclusively containing one specific material. Furthermore, the variance 

observed in the first window facilitated the division of one of the remaining clusters into two 
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distinct materials, while the other cluster was split into two as well. The outcome of this analysis 

is presented in Figure 6. 

 

Figure 3: Correlation of features extracted from RGB images [4]. 

           

Figure 4: Variability of reflected signals measured for different materials. 
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Figure 5: Windows to extract features from the retrieved ultrasound signal. 

 

 

Figure 6: Clustering of materials in the space of extracted features from the measurements of 

reflected ultrasound signal. 

3. Fusion of Data from Different Sensors 

Effective use of multimodal data in a classification task requires not just the collection of 

data from different sensors, but also the strategic fusion of these data. The process of data fusion 

combines the information from each sensor, exploiting the unique strengths of each data type 

to improve the overall classification performance. In the context of CDW classification, this 
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means integrating the information derived from RGB images and acoustic sensor measurements 

to better differentiate between different types of CDW fragments. 

The first step in this process is the independent feature extraction from each sensor's data. 

For the visual data, we continue to use the methodology described in our previous work [4], 

which includes the extraction of various textural features from high-resolution images. 

Meanwhile, for the acoustic data, we apply standard signal processing techniques to extract 

spectral and temporal features, such as presented in Section 2. 

Once the feature sets from all sensors have been extracted, the next step is their fusion. There 

exist several strategies for data fusion, commonly categorized into three levels: early (or data 

level) fusion, intermediate (or feature level) fusion, and late (or decision level) fusion. 

In early fusion, the raw data from each sensor is combined before any processing or feature 

extraction takes place. However, due to the disparate nature of visual and acoustic data, early 

fusion is not feasible in our case. 

In intermediate fusion, the feature sets from each sensor are combined into a single, high-

dimensional feature vector, which is then fed into the classification model. This approach 

allows the classifier to make decisions based on all available information, but it also increases 

the dimensionality of the input data, which may lead to challenges associated with the so-called 

"curse of dimensionality." 

Lastly, in late fusion, each sensor's feature set is independently fed into separate classifiers, 

and the final decision is made based on the combination of these separate decisions. This 

approach exploits the strength of each sensor in recognizing certain types of CDW fragments 

but relies heavily on a robust strategy for decision-making. 

In this study, we opt for the intermediate fusion approach, mainly due to its capability to 

leverage the complementary nature of visual and acoustic features. The fused high-dimensional 

feature vector will then be fed to machine learning classifiers, including gradient-boosting 

decision trees (GB) and multi-layer perceptron (MLP), which have demonstrated promising 

results in our previous work. 

4. Training Machine Learning Models for CDW Classification 

The first step in the training process is to split the entire dataset into two subsets: a training 

set and a validation set. The training set is used for teaching the model, while the validation set 

is utilized for testing the model's accuracy on unseen data and tuning the hyperparameters. The 

standard practice is to use around 70-80% of the dataset for training, and the remaining 20-30% 

for validation. 

The training process involves adjusting the model's parameters so that the model's 

predictions on the training data are as accurate as possible. This is done by defining a loss 

function that quantifies the discrepancy between the model's predictions and the actual labels. 

The model's parameters are then iteratively updated using optimization algorithms, such as 

gradient descent, in a way that minimizes this loss. 

For both GB and MLP models, the training process involves several rounds of iterative 

learning. In the case of GB, a series of weak learners (decision trees) are trained, where each 

successive learner tries to correct the mistakes of the previous one. For MLP, a different 

approach is used, where the model learns to map the input (features) to the output (labels) using 
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several layers of artificial neurons (or perceptrons), and the weights of these neurons are 

adjusted during the training process. 

Once the training is complete, the model's performance is evaluated on the validation set. 

This step is crucial to ensure the model's ability to generalize well to unseen data and avoid 

overfitting, a scenario where the model performs well on the training data but poorly on new, 

unseen data. 

Finally, once the models are well-trained and have demonstrated satisfactory performance on 

the validation set, they can be deployed for the real-time classification of CDW fragments in 

the sorting and recycling plants. 

5. Transition to Industrial-Scale CDW Sorting 

An industrial-scale sorting line would first and foremost require the development of a robust 

conveyor system able to accommodate high volumes of CDW. The system described in our 

study, while effective for research-scale analysis, would need to be significantly upscaled in 

terms of both size and speed. Notably, this would involve careful design considerations to 

maintain the precision of data capture while increasing the throughput of the system. 

The sensor network we have developed, comprised of acoustic, weight, and RGB camera 

sensors, could also be effectively scaled to meet the demands of an industrial environment. 

Large-scale applications would require a comprehensive setup of sensors at multiple points 

along the conveyor line to ensure comprehensive data capture for each CDW fragment. This 

would involve additional hardware and installation requirements but could potentially be offset 

by significant increases in sorting efficiency and recycling rates. 

Training machine learning models for industrial-scale applications would entail processing 

and analyzing substantially larger volumes of data. This might require more powerful 

computational resources and potentially the application of distributed computing or cloud-

based machine learning services. However, the benefits of this approach are significant, with 

the potential for the models to continuously improve over time as they process more data, 

increasing the efficiency and accuracy of CDW sorting. 

The models would also need to be made robust against variances in CDW types, lighting 

conditions, sensor calibration, and other factors that might be more variable in an industrial 

setting compared to a controlled research environment. This could be achieved by continuously 

updating the training datasets with new data from the industrial sorting line, effectively enabling 

the models to learn and adapt to changing conditions. 

Importantly, while our research provides a proof-of-concept for a sensor-fused, machine-

learning-based approach to CDW sorting, the transition to the industrial-scale application 

would require significant collaboration with industry partners, government agencies, and other 

stakeholders. The practicalities of implementing such a system, such as financial costs, 

regulatory requirements, and operational logistics, would all need to be carefully considered. 

8. Conclusion 

In this study, we have showcased a pioneering approach to construction and demolition 

waste (CDW) sorting and recognition using a fusion of multiple sensor data and machine-

learning models. Our work underscores the significant potential of integrating acoustic, weight, 
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and RGB imaging data to enhance the classification accuracy of CDW fragments, overcoming 

the limitations inherent in relying on visual data alone. 

The prospect of applying these methodologies on an industrial scale presents exciting 

possibilities for the field of waste management and recycling. While there are practical 

considerations for transitioning our research-scale system to an industrial context, our study 

offers a roadmap for implementing a sophisticated, sensor-fused, machine-learning-based 

CDW sorting line. This could revolutionize the CDW recycling industry, enhancing efficiency, 

and increasing recycling rates, thereby contributing to a more sustainable construction industry. 

However, it is crucial to note that transitioning to such a system will require significant 

collaboration among industry partners, government agencies, and other stakeholders. Further 

research and development will also be needed to fine-tune the models and adapt them to the 

variable conditions of an industrial setting. 
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Abstract 

Strategies to increase the lifecycle of products are needed to reduce environmental impacts and 

provide new business opportunities. In old cities, demolitions are increasing, and some 

companies are interested in reusing steel rebars from the demolition of reinforced concrete 

elements. However, there is lack of studies once reuse of steel can pose structural risks. Twenty-

four rebars were collected from the demolitions of three buildings near the city of São Paulo, 

Brazil. Those were characterized based on the building age, demolition equipment used, the 

type of element (slab, pillar, etc.), and the physical condition of the steel rebar in terms of 

alignment and corrosion aspect. After, the samples were cleaned mechanically and manually 

realigned using levers, and some of them were subjected to tensile testing. All rebars met the 

yield strength criteria; however, the ductility criteria did not. The rebars behavior may be 

influenced by the structural element, the demolition technique used, the building’s prior use, 

and the realignment process. Although more studies are needed, the steel can be used for 

construction purpose only, without significant structural risk in reinforced concrete elements. 

This strategy could add value to the material and potentially reduce environmental impacts. 

Keywords: STEEL REBARS RECOVERY ; DEMOLITION ; CIRCULAR ECONOMY 

1. Introduction 

Urbanization leads to stock buildings to accommodate the growing population, and the old 

growing building stocks will result in an increase of demolition operations over time [1]–[4]. 

In the mechanical process of demolitions, excavators and hydraulic breakers were used and the 

steel rebars of the reinforced concrete structures become separated. A remaining steel fraction 

is separated after the crushing of the concrete fragments in the construction and demolition 

waste (CDW) recycling plants. Both extractions of steel are done without care for reuse. A 

significant portion of this resulting scrap can be recovered and recycled in steel producers. The 

steel scrap presents the highest secondary material price in the CDW types [5]. In Brazil, the 

total steel production reached in 2020 31.4 million tons [6]. 30% of it is obtained from steel 

scrap [7]; therefore, 9 million tons of steel scrap was recycled in Brazil in 2020. 

"Selective Demolition" (SDM) [8] is a process that can preserve the functional components, 

and it can increase the selling price of the reuse steel rebar, 3 times more than that of scrap 

recycling [9]. Steel rebar is usually recovered more carefully from the structural reinforced 

concrete elements and reuse can be explored without passing it in  a recycling process. 
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In Brazil, it is common to encounter an average ratio of 23kg of steel rebars/m² (0,023ton/m²) 

in typical residential building construction with reinforced concrete structure [10]. Steel scrap 

is usually sold for US$201/ton, while the recovered steel rebars could be sold for US$604/ton 

in Brazilian market. As a result, during a demolition of a 10,000m² residential building, the 

recovering of all rebars could potentially boost the financial gains derived. This could elevate 

the earnings from US$ 46,000 to US$139,000 (Eq 1). 

10,000𝑚2 ×
0,023𝑡𝑜𝑛

𝑚2 × (𝑈𝑆$604) = 𝑈𝑆$138,920.00           (Eq. 1) 

Other research indicate that the metals content (although it is not specified) during the 

demolition of a non-residential building (constructed using a reinforced concrete structure) 

could reach up to 53kg/m² [11], potentially enhancing those financial benefits. The production 

of 1 ton of steel usually generates 1.6 tons of CO2 [6].Although further studies are needed, this 

analysis show that we could not only improve the added value of the steel in a circular economy 

scenario, but also minimize energy consumption and significantly the CO2 emissions [12], [13]. 

The Fig. 1a shows the typical steel scrap after a mechanical demolition process. It is hard to 

think the reuse of rebars. However, certain companies in the Brazilian market introduced an 

equipment designed to “realign” these steel rebars. The Fig. 1b shows a commercially available 

equipment called “Rebar recycler”. According to the producer, this equipment has a 

productivity of 8 tons/day. Some recycling plants and demolition companies are already 

implementing a similar process, not necessarily using this specific equipment (Fig. 1c).  

 

Fig. 1 – (a) Steel scrap; (b) Entrance of twisted rebar in the Machine for "realignment"; (c) 

Rebar after passing through "realignment" [16]. 

In literature, only two studies have been identified about reused steel rebars; one from Poland 

and other from Jordan [14], [15].These studies primarily focused on assessing the rebar’s 

mechanical properties, including tensile and bonding strength, as well as bending capability. In 

both studies, the rebars were only manually realigned, similar of that was observed in Brazil. 

The utilization of realigned rebars can be promising in non-structural applications, where the 

main parameter is not the steel’s strength. In some contexts, steel is used to help the construction 

process, or to mitigate shrinkage, such as urban seats, sidewalks, with neglectable structural 

risks. However, in Brazil, reused rebars has been employed to construct informal buildings, 

posing structural risks. Therefore, and the properties of the reuse steel needs to be assessed. 

Steel reuse presents certain risks, particularly, regarding the consumption of plastic 

deformation, or local damages by impact which can lead to fatigue and brittle rupture. Various 

inquiries, not yet addressed in existing literature, must be resolved before this practice can be 
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considered valid. For instance, does the mechanical behavior of these rebars present acceptable 

properties after years of use, or when submitted to realignment? Does the demolition technique 

affect the steel bar mechanical property? Is the ductility enough to lay rebars again ? 

1.1 Objective 

This work aimed to evaluate the physical condition, the tensile strength and ductility of steel 

rebars recovered from demolition of reinforced concrete elements. 

2. Methodology 

Three demolition sites were visited near the city of São Paulo, Brazil in 2022: The first one in 

São Bernardo do Campo (ID 1-SBC), a commercial building over 40-years-old and 2,970m²; 

the second in Santo André (ID 2 – SA), a 14-years-old factory over 7,800m²; the third in São 

Paulo, a 60-years-old factory covering 45,000m² (ID 3 – SP). 

Eight rebars (1.5~2m) were collected from each demolition site, totaling 24 steel rebars. The 

rebars were characterized in situ in four items: 1) Type of element (beams, columns, slabs, 

foundation); 2) Position in the building (Outside, inside); 3) Twisting degree (low, regular, 

intense) – Visually defined by the angle of deformation (α) as follows: Low (α <10º), Regular 

(10º < α < 45º), Intense (α > 45º); 4) Conservation against corrosion (Deteriorated, Not 

deteriorated) - visually defined by the significant presence or not of corrosion residue adhered 

to steel rebars. It was also identified which type of machinery were used in the demolition 

process to obtain each rebar (Hydraulic breaker, Hydraulic shear). The Table 1 shows the 

summary of the characteristics of the collected rebars.  

Table 1 - Summary of collected rebars. 

Category Item 
Demolition Site 

Total Total % 
1 – SBC 2 – SA 3 - SP 

Type of element 

Slabs 4 7 8 19 79% 

Columns 4 0 0 4 17% 

Foundation 0 1 0 1 4% 

Position in the Building 
Outside 2 1 0 3 13% 

Inside 6 7 8 21 88% 

Machinery 
Hydraulic breaker 0 8 8 16 67% 

Hydraulic Shear 8 0 0 8 33% 

These rebars underwent a laboratory-based manual realignment process using levers (the 

mechanical realignment was not possible at this moment of the research). After this, the rebars 

were mechanically cleaned using a bench grinder. Twelve rebars were sectioned into 65cm 

lengths and submitted to a tensile test in accordance with the Brazilian standard code ABNT 

NBR 7480:2022 [19]. The Brazilian standard code presents four main requirements for the steel 

rebars CA-50 (focus of this work):I. Yield Strength (fy) (500MPa); II. Maximum strength 

(1,08*fy); III. Elongation at maximum force (5%); IV. Elongation at fracture (8%).  
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3. Results and discussions 

3.1 Rebars physical characteristics 

The elements collected were visually evaluated for the twisting degree and their conservation 

against corrosion. The Table 2 shows a summary of this evaluation for each building.  

Table 2 – Visual evaluation about physical state of the steel rebars 

Category Item 
Demolition Site 

Total Total % 
1 – SBC 2 – SA 3 - SP 

Twisting Degree 

Low (α <10º) 6 5 4 15 63% 

Regular (10º < α < 45º) 2 2 3 7 29% 

Intense (α > 45º) 0 1 1 2 8% 

Conservation 
Deteriorated 0 3 2 5 21% 

Not Deteriorated 8 5 6 19 79% 

The elements were collected from within concrete elements inside of the building, and although 

the buildings have been standing for 14-70 years since the construction, no correlation between 

the building age and the conservation against corrosion was identified. On the other hand, the 

Table 3 shows the relationship between the twisting degree and conservation against corrosion 

for different elements. The rebars collected from slabs exhibit higher twisting degrees and 

poorer conservation than other elements.  

Table 3 – Twisting degree and conservation against corrosion by elements. 

The worsened condition state of slab’s rebars can be attributed to the quality of execution and 

concrete cover. This often results from the absence of plastic spacers during the concreting, 

which is a common construction error in Brazil. Furthermore, the authors identified two 

possible factors that could explain the higher twisting degrees of slab’s rebars: Firstly, the 

reduced diameter (typically smaller than those in columns and beams) - Fig. 2a, which may 

contribute to greater deformability. Secondly, the type of machinery employed during slabs 

demolitions (Hydraulic breakers) - (Fig. 2b) - , could have a greater impact on the pieces, 

whereas the columns (which exhibit better twisting degrees) were demolished using hydraulic 

shears (this machinery could result in less impact on the pieces). To gain a statistically 

significant understanding of these circumstances, further investigations involving a larger 

sample size, varying diameters and machinery are needed. 

Element 
Twisting degree Conservation against corrosion 

Low Regular Intense Not deteriorated Deteriorated 

Slabs 10 53% 7 37% 2 10% 14 74% 5 26% 

Columns 4 100%     4 100%   

Foundation 1 100%     1 100%   
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(a)                                                                               (b) 

Fig. 2 – (a) Diameter of rebars vs type of element vs Twisting degree (b) Machinery vs 

twisting degree and conservation degree.  

3.2 Mechanical properties 

During the evaluation of the rebar’s mechanical properties, two aspects were considered: their 

stress-strain behavior, and the standard requirements. Upon conducting the tensile strength test, 

the rebars exhibited a nonlinear behavior in the beginning of the strength application. This 

behavior could be attributed to a residual deformation that was not eliminated in the manual 

realignment process (Fig. 3a). Once the linear behavior was established, the strength was 

released and the test restarted, returning the diagram to the expected linear behavior. However, 

only two rebars demonstrated a clear yielding point, highlighting the need for careful 

consideration in the reuse of rebars (Fig. 3b) 

 

(a)                                                                               (b) 

Fig. 3 – Stress-Strain steel diagram 
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Upon evaluating the requirements in the ABNT NBR 7480:2022 all rebars meet the strength 

criteria. However, the ductility requirements were not always met. Only 42% of rebars meet 

both strength and ductility requirements simultaneously, while the others did not attain either 

the Elongation in the Maximum force (83% attained) or the Elongation after breakage in 10 

diameters (just 58% attained). 

Some rebars presented brittle failure. The authors suspect that these rebars have undergone a 

fatigue process during their life cycle, which may have reduced their ductility. This needs 

further investigation in future research. 

 

(a)                                                                               (b) 

Fig. 4 – Brittle failure of steel rebars (a) rebar collected at the factory building at São Paulo 

ID3-SP, from an industrial floor, showing signs of fatigue (b) rebar collected from the 

commercial building at São Bernardo do Campo ID 1 - SBC 

The Table 4 presents a summary of the ductility evaluation and the influence of the type of 

element, the twisting degree, and the machinery (HB means Hydraulic Breaker, HS means 

Hydraulic Shear).  

Table 4 – Summary of ductility evaluation 

Evaluation 

By type of element By Twisting degree By machinery 

Slab Column Low Regular 
ID 2 - SA 

HB 
ID 1 - SBC 

HB 
ID 3 - SP 

HB 
ID 1 - SBC 

HS 

Approved 23% 100% 50% 25% 33% 0% 33% 100% 
Disapproved 77% - 50% 75% 67% 100% 67% 0% 

 

A significant majority of slab rebars did not meet the approval criteria. This could be attributed 

to two potential factors: the higher twisting degree, resulting from smaller diameters; or due to 

the building’s usage (factory floors, subjected to cyclic loads). The twisting degree may affect 

the ductility. The results show that the higher the twisting degree, the lower the ductility 

approval. Furthermore, hydraulic shears demonstrated a 100% approval rate, outperforming the 

Hydraulic breaker. However, it should be noted that all the rebars collected from the hydraulic 

shear were sourced from columns, with larger diameters, which presented lower twisting 

degrees compared to slab rebars. No correlation was found between the tensile test and the 

conservation against corrosion. These parameters may be interconnected and challenging to 

isolate. Nevertheless, this research serves as an initial step for future investigations, where more 

variables and statistical analysis should be done. 

23



 

  

  

4.  Conclusions 

As the demolitions are expanding worldwide, this paper presents an investigation about the 

physical state and mechanical properties of steel rebar recovered for reuse from demolition. The 

results are promising, potentially adding more value to the material in the future. All the 

evaluated rebars met the yield strength criterion; however, only 42% of the rebars met the 

ductility criterion. It was not found any correlation between the building age and the corrosion 

condition of the rebars. However, the rebars herein were collected mainly inside the building. 

The type of element, the use of the building and the demolition techniques may affect the 

characteristics of the recovered steel rebars. Rebars from Columns, demolished with hydraulic 

shears, present significantly better results than slab rebars demolished with impact breakers. 

Also, some rebars collected in industries involving intense machine movement on floors 

presented brittle failure due to fatigue. The findings highlight that the primary challenge lies 

not in the tensile strength of rebars, but rather in their ductility. However, more research should 

be done to understand the effects of all the variables. Use of steel for constructive need in non-

structural elements seems to be promising. Although it requires further investigation, the reuse 

of steel rebars could potentially reduce environmental impacts by decreasing energy 

consumption and CO2 emissions in the manufacturing process. 

5. Research needs 

To continue the study, samples should be evaluated outside of buildings and in different 

environmental exposure classes. The realignment method requires further investigation to 

ensure that initial residual deformation is eliminated and based on industrial-scale 

implementation. A statistical assessment about mechanical properties should be performed. An 

economic and environmental comparison between recycled rebars and reused steel rebars 

should also be conducted. 
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Abstract 

Masonry rubble is a mixture of concrete, brick, lime sand brick, mortar and plaster. Due to their 
pozzolanic activity and the future shortage of fly ash, bricks are of special interest for the cement 
industry as a potential substitute. There have been numerous research projects dealing with 
optical sorting of masonry rubble to produce brick rich granulate or the use of waste brick 
powder as pozzolan. Yet there has been no research trying to directly determine the pozzolanic 
activity of brick rich masonry rubble with optical methods. In this work masonry rubble from 
a recycling facility and backing bricks from a brick manufacturer were investigated. Sample 
colour was measured by spectrophotometry and pozzolanic activity by hydration heat. Also 
Fe2O3 and Al2O3 were measured with X-ray fluorescence, since Fe2O3 is responsible for the 
reddish colour of bricks and Al2O3 content is an indicator for the clay type the bricks are made 
of. The results show good positive correlation between Fe2O3 and Al2O3 content and the 
hydration heat. Colour measurement enables to determine the brick content of masonry rubble 
and thus the results indicate the pozzolanic activity. Future determination of pozzolanic activity 
of masonry rubble already in the recycling facility is likely to be possible. 

1. Introduction 

The production of cement clinker requires a lot of energy and resources and is responsible for 
around 8 % of the global CO2 emissions. Many measures have to be taken to reduce this 
environmental impact. One of them is the replacement of cement clinker by pozzolanic by-
products from other industries like fly ash from coal-fired power plants or slag sand from steel 
production. But the ongoing process of decarbonisation of energy production leads to a shortage 
of fly ash in the near future. Also the amount and quality of slag sand is expected to decline. 
Thus, new resources for the replacement of cement clinker with broad availability and low 
environmental impact have to be found. 

The biggest potential is currently seen in calcined clays. Since highly reactive metakaolin is too 
expensive, latest research is dealing with the use of “common” clays containing other clay 
minerals like illite or smectite. Numerous research projects showed their potential as substitute 
for cement clinker depending on mineralogy and firing temperature [1–4]. The disadvantage of 
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calcined clays is that, though to a lower extent than for cement clinker, there is still required 
energy for the calcination process. Therefore, already existing calcined clay products could be 
used as pozzolans, namely fired clay bricks. The knowledge of pozzolanic activity of crushed 
brick exists since the Roman empire and in the last years the subject gained new attention [5, 
6]. The firing temperature of backing bricks reaching from 900 to 950 °C lies in a range where 
clay minerals show pozzolanic activity. Since in Germany around 30 % of residential buildings 
are made of brick masonry, there is a big potential for pozzolanic material. Furthermore, 
backing bricks are produced of calcareous clays and the calcite might have a positive effect on 
pozzolanic activity due to formation of an amorphous phase [7]. 

But when a building made of bricks is demolished, there is usually a mix of different mineral 
constituents and in the recycling plant the material might also be mixed with other construction 
waste from the surrounding area so the brick content in the masonry rubble and its pozzolanic 
activity is unknown. But for the use as cement substitute the determination of pozzolanic 
activity of masonry rubble already in the recycling plant would be helpful. There are several 
methods to measure the reactivity, e.g. measuring the fixed quantity of calcium hydroxide 
(Chapelle test), measuring the amount of soluble Al- and Si-ions (Surana test) or measuring the 
hydration heat (ASTM C1897-20). Each of them is non-automatic and too time consuming to 
be applied in a recycling plant.  

Colour measurement might be a promising way to estimate the pozzolanic activity. Unlike other 
building materials bricks have a reddish colour which distinguishes from colourless cement 
based materials. And since brick is the only pozzolanic material in masonry rubble, there should 
be a link between the reddish colour of masonry rubble and its pozzolanic activity. This paper 
shows a way to indirectly estimate the hydration heat by measuring the brick content in masonry 
rubble via spectrophotometry, supplemented with X-ray flurescence. 

2. Experimental procedure 

In this project 8 samples from a recycling plant and 13 samples from a backing brick 
manufacturer were investigated. In the recycling plant an optical sorting of arriving masonry 
rubble by human eye was conducted to increase the brick content. There was no further machine 
sorting. Sample 4 and sample 8 are special. The first one is an ordinary sample from daily 
recycling process and the second one is rich in roof tiles that were collected by hand. The brick 
manufacturer has three different plants and its own recycling facility where he crushes damaged 
bricks and bricks that return from construction sites. The first samples were referred to as brick 
plant 1 to 3 and the latter as brick recycling. Besides these backing bricks, also old roof tiles 
that were produced many years ago in one of the brick plants were investigated. 

For the measurement of hydration heat at 7d the samples were ground to 90 µm and then tested 
with an isothermal calorimeter (TAM Air, TA Instruments) according to ASTM C1897-20. For 
the colour measurement the samples were ground to 0.5 mm to obtain a homogeneous colour, 
then compacted to a flat surface and measured with a spectrophotometer (CM-600d, Konica 
Minolta). The measurement area was about 8 mm in diameter, a D65 illuminant and a 10° vision 
angle were selected to measure lightness (L*) and chromatic coordinates (a* and b*). The 
L*a*b* colour space as shown in Figure 1 was used for evaluation. It describes all perceptible 
colors, where each colour in the colour space is defined by a position with the Cartesian 
coordinates L*, a* and b*. On the a* axis green (negative values) and red (positive values) are 
opposite each other and the b* axis runs between blue (negative values) and yellow (positive 
values). The L* axis describes the brightness of the color with values from 0 to 100 and can 
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also be called neutral gray axis, because between the end points black (L* = 0) and white (L* 
= 100) all achromatic colors (gray) are contained. 

 

Figure 1: The spectrophotometer describes the samples using colour measurements adopted 
by the Commission Internationale d’Eclairage (CIE) in 1976 (image source: Konica Minolta 

Sensing) 

Also the content of Fe2O3 and Al2O3 was measured as Fe2O3 in the form of hematite is 
responsible for the reddish colour of bricks and Al2O3 is an indicator for the amount and type 
of clay minerals in the brick clay. The chemical composition of the samples is determined by 
quantitative X-ray fluorescence analysis according to DIN EN ISO 12677. For the analyses, 
one melt tablet is prepared from each sample material, which has been previously dried at 105 
ºC, then representatively divided and ground to an analytical fineness (< 63 μm). The analysis 
is performed on a Malvern PANalytical AXIOS advanced X-ray fluorescence spectrometer. 

Since there should be a linear relation between brick content in masonry rubble, its reddish 
colour and in consequence its pozzolanic activity a simple linear regression analysis was 
performed with the software Design Expert. The dependent variable was the hydration heat and 
the independent variables were a* and b* value and Fe2O3 and Al2O3 content. The p-value and 
the adjusted coefficient of determination (Radj

2 ) were evaluated to determine if the variables 
have a significant influence and how well they predict the hydration heat. 

3. Results and discussion 

Figure 2 shows the measured L*a*b* values of masonry rubble and brick samples. The 
chromatic values of the masonry rubble samples are, except for sample 8, lower than for brick 
samples. There is a tendency in the L* value for masonry rubble to decline with increasing 
chromatic value which might be due to increasing brick content. Yet there is also a strong 
variance in L* value for the brick samples. The roof tile samples are the darkest samples so the 
L* value is probably a result of brick content and brick firing temperature. Since only sample 
8 is in the colour space of the brick samples, the other masonry rubble samples must be 
contaminated to different degrees by other constituents like mortar and plaster. The values for 
the different brick plants are close together as the colour depends on mineralogy of the clay, 
firing temperature and kiln atmosphere and these factors do not change much in a backing brick  
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Figure 2: L*a*b* values of masonry rubble and brick samples 

Table 1: Hydration heat and Fe2O3/Al2O3 content for samples of masonry rubble and brick 

Sample Hydr. heat 

[J/g] 

Fe2O3 

[wt.%] 

Al2O3 

[wt.%] 

Sample Hydr. heat 

[J/g] 

Fe2O3 

[wt.%] 

Al2O3 

[wt.%] 

Masonry rubble   Brick    

Sample 1 79,9 2,41 6,99 Brick recycling 115,7 4,77 12,99 

Sample 2 58,0 1,95 6,27 Brick recycling 123,8 4,77 12,73 

Sample 3 80,2 3,26 9,02 Brick plant 1 142,8 5,24 14,69 

Sample 4 32,6 1,89 4,36 Brick plant 1 117,2 4,85 12,70 

Sample 5 80,2 2,69 7,90 Brick plant 1 106,0 4,99 12,77 

Sample 6 66,8 2,11 6,94 Brick plant 2 250,3 5,07 16,67 

Sample 7 67,6 2,69 8,30 Brick plant 2 191,0 4,64 15,56 

Sample 8 125,7 3,69 10,53 Brick plant 2 220,0 4,13 14,40 

    Brick plant 3 168,8 5,85 15,39 

    Brick plant 3 178,0 6,36 16,35 

    Brick plant 3 118,0 5,63 14,82 

    Roof tile 126,0 6,29 16,22 

    Roof tile 140,0 6,68 17,28 
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plant, especially in the short time period where the samples were collected. The variance in the 
a* value is much higher than in the b* value which is probably caused by different iron oxide 
contents, since the samples of brick plant 3 and the roof tiles have the highest Fe2O3 content 
and exhibit the highest a* values. It seems sufficient to measure just the a* and b* value as the 
L* value does not contain colour information. 

Table 1 contains the data for hydration heat at 7d, Fe2O3 and Al2O3 content. In Figure 3 the 
hydration heat of the samples is correlated with a* and b* value. For the masonry rubble sample 
4 shows the lowest hydration heat and sample 8 the highest. The hydration heat slightly 
increases with increasing a* and b* values which shows there is a link between the colour of 
masonry rubble and its pozzolanic activity. Since sample 8 is the masonry rubble with the 
highest brick content, its hydration heat is similar to that of the brick samples. The values 
measured for the different brick types are higher than for the masonry rubble as they are not 
contaminated. Moreover, samples from the same brick plant are close to each other, indicating 
a correlation between heat of hydration and clay mineralogy. All brick samples show a similar 
hydration heat except for the samples from brick plant 2 that show significantly higher values. 

 

Figure 3: Hydration heat in dependence of a*b* values for all samples 

Table 2 shows the results of the linear regression analysis which was performed with the data 
of Table 1 and the a*b* values. All p-values are lower than 0.05 which indicates that the 
relationship between hydration heat and the four independent variables is statistically 
significant and that these variables can be used to describe the hydration heat. The coefficient 
of determination is highest for Al2O3 content and b* value and lowest for Fe2O3 and a* value. 
The value for Al2O3 means that 67.6 % of the variance can be explained by this variable which 
shows the major influence of the clay mineral content on hydration heat. 

Table 2: P-value and adjusted coefficient of determination  

 a* b* Fe2O3 Al2O3 

p-value 0.0015 < 0.0001 0.0013 < 0.0001 

Radj
2  0.387 0.591 0.397 0.676 
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Figure 4 shows the linear regression plots. For each variable the predicted hydration heat is 
compared to the measured hydration heat. A high coefficient of determination means that the 
values are close to the dotted line. All variables show a positive linear correlation with hydration 
heat. The b* value (yellow) correlates better with the hydration heat than the a* value (red) 
despite its lower variance (see Figure 4 a and b). The red colour of bricks is caused by hematite 
which is the most important colouring pigment in iron containing ceramics fired under 
oxidizing conditions. Its origin are iron containing minerals or the clay minerals [8]. Bricks 
made of calcareous clays are rather orange than red. The yellow part of the colour is caused by 
partly incorporation of iron in new crystal phases like melilite or pyroxene [9, 10]. The 
correlation of Fe2O3 with hydration heat is worse than for Al2O3 but the position and the relative 
arrangement of the brick samples to each other is nearly the same, since iron and aluminium 
highly correlate with the clay mineral content in brick clays and consequently with the brick 
content in masonry rubble. 

               

               

           Figure 4: Linear regression analysis of hydration heat in dependence of a* and b* value 
(a, b) and Fe2O3 and Al2O3 content (c, d) 

In all four diagrams it can be seen that the samples from brick plant 2 are special because the 
measured values are much higher than the predicted ones. Since the samples of brick plant 2 
have the same colour as the others, the clay mineralogy, especially the Al2O3 content, must be 
responsible for the difference in hydration heat. This assumption is supported by the fact that  
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Radj
2  is highest for Al2O3 and that the samples of brick plant 2 in Figure 4 d are closer to the 

dotted line compared to the other diagrams. The main source of Aluminium in clay are the clay 
minerals in which it is part of the crystal lattice. Iron can always be found in ordinary brick clay 
and it can be part of the crystal lattice, absorbed on the surface or exist as a mineral. In brick 
plant 2 a so called opalinus clay with a kaolinite content of 18 wt.% is processed. The clays 
from brick plants 1 and 3 each contain only 4 wt.%. Since kaolinite is a 1:1 clay mineral, it 
contains more Al2O3 than 2:1 clay minerals like illite or smectite. Furthermore, aluminium in 
the kaolinite lattice is not replaced by iron which is the case for other clay minerals like chlorite 
and illite [11]. Consequently the ratio of Al2O3 to Fe2O3 is higher for bricks made out of this 
clay type (see Figure 5 a). Kaolinite is the clay mineral with the highest pozzolanic activity and 
studies showed that the kaolinite content also determines the compressive strength of calcined 
clay limestone cements [12]. So there are two factors influencing the hydration heat of brick 
waste and therefore of masonry rubble. One is the Al2O3 content which correlates with the 
amount of clay minerals and the other is the Al2O3/Fe2O3 ratio which is an indicator for the 
kaolinite content. The influence of these factors on the hydration heat can be seen in Figure 5 b 
where the x-axis is the product of these two parameters. There is a good positive correlation 
between the measured hydration heat and (Al2O3)²/Fe2O3 indicating that by knowing the 
chemical composition of masonry rubble or brick waste the pozzolanic activity can be 
estimated. 

                   

Figure 5: Ratio of Fe2O3 to Al2O3 for all samples (a) and dependence of measured hydration 
heat on (Al2O3)²/Fe2O3 ratio (b) 

4. Conclusion 

Estimating the pozzolanic activity of masonry rubble by means of colour measurement is 
possible. However, the chemical composition, especially the Fe2O3 and Al2O3 content, is 
needed as additional information as spectrophotometry can only measure the brick content in 
the rubble. But the pozzolanic activity of the brick also strongly depends on the mineralogical 
composition of the original clay, which is reflected in its chemical composition. Bricks made 
of kaolinitic clay contain more Al2O3 and are more reactive than bricks made of illitic clay. The 
combination of spectrophotometry with an automated and fast measurement method for 
determining the chemical composition such as LIBS, supported by machine learning and AI, 
could enable an even better prediction [13]. Furthermore, for the industrial application of this 
method, the sorting of masonry rubble with the aim of high brick content is of great importance. 
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Abstract 

This paper studies the potential of determining material parameters of recycled aggregates of 

construction and demolition waste (CDW) by means of multispectral sensoring. 

Multispectral data in the range from visible light over near-infrared to short-wavelength infrared 

of different kinds of CDW are taken, covering wavelengths from 300 nm to 2500 nm in total. 

One key aspect is the classification of the assorted CDW. In order to resolve this task features 

of the spectral information are extracted and multivariate statistics techniques, such as principal 

component analysis (PCA) and linear discriminant analysis (LDA), are used to distinguish 

between the groups of CDW. Once the detection rate is sufficiently large, further investigations 

within the classes can be performed. 

For the estimation of the water content three different characteristic parameters utilizing 

spectral information are introduced: mean absorption, water index and absorption difference. 

Their calculation is based on the absorption spectrum of the covered water band at 

approximately 1950 nm. All three approaches are applied to several kinds of CDW and 

compared according to their quality and applicability. 

In conclusion, the LDA emerges as a promising tool for the classification of CDW. The 

estimation of the water content utilizing the absorption difference looks most auspicious 

considering quality and efficacy. 

 

Keywords:  recycling, CDW, recycled aggregates, material composition, multispectral 

sensoring, classification, multivariate statistics 

1. Introduction 

In the last twenty years about 50 million tons of mineral CDW were produced annually in 

Germany [1]. For high-quality reuse instead of disposal, it is necessary to monitor the structural 

properties of the recycled material according to [2-4]. Within the scope of this research work, 

an automated analysis for the classification of recycled aggregates and the corresponding water 

content will be developed (Figure 1). For this purpose, spectral information from the visual to 

the near-infrared (NIR) wavelength range (300 nm to 2500 nm) will be used in combination 
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with different dimensionality reduction methods like principal component analysis (PCA) [5] 

and linear discriminant analysis (LDA) [6]. 

Figure 1: Device for material composition analysis and water content estimation 

For the determination of the water content, there exist many well-known methodologies, which 

can be found in [7] [8]. Nevertheless, the aim is to rapidly gain information about the water 

content non-destructively and contact-free. The estimation of the water content by using 

spectral information was already described by [9] [10] for vegetation and by [11]-[12][14] for 

the curing of concrete and mortar, respectively. This paper deals with investigations on the 

application of water content estimation methods for spectral data in the range from 1000 nm to 

2300 nm.  

2. Investigations on the determination of the material composition 

2.1 Material and Methods 

The investigations were realised on selected building material samples (concrete, calcium 

silicate brick, roof tiles, masonry bricks, lightweight concrete, autoclaved aerated concrete). 

The material parameters (pure and bulk density, water absorption, mineralogy) of the partly 

recycled and partly new building materials were analysed.  

After an unsupervised dimension reduction method, PCA was used, where the class 

membership does not have to be known. LDA was applied as a supervised dimension reduction 

method in a complementary way. The goal of using LDA is to increase the interclass variance 

of samples while decreasing the intraclass variance between samples in one class, such that a 

much clearer separation of classes can be achieved. Information in greater depth can be gained 

in [5] and [6]. 

2.2 Application 

The spectrometer measurements were done by the Agilent Cary 5000 UV-VIS-NIR 

spectrometer. The recordings are taken within the range of 300 nm to 2500 nm with a spectral 

resolution of 1 nm. To gain information of commonalities and differences within the recorded 

point spectra without knowledge of class membership, the data set was examined using PCA 

and LDA. 
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2.3 Results 

The investigations carried out with PCA and LDA show cluster formations, i.e. that a separation 

of the considered building material categories is possible based on spectral information. LDA 

proves to be most suitable for a separation of the considered building material classes. The 

following Figure 2 shows the PCA and LDA analysis results in the wavelength range from 401 

to 2500 nm. 

       

 

Figure 2: PCA (left) and LDA (right) analyses in the range from 401 nm to 2500 nm 

3. Investigations to estimate the water content  

3.1 Material and Methods 

Figure 3 is exemplarily showing several reflection measurements of recycled brick with 

different water contents and the corresponding absorption. The water bands around 1950 nm 

and 1450 nm are best recognized when the water content is relatively high. It has to be noted 

that the total water including free and bonded water on the surface is measured. With decreasing 

water content, the amplitude of the extreme values is dropping. 

  

Figure 3: Reflection (left) and absorption curves (right) of selected measurements of one 

aggregate of recycled brick material with indicated the water content in the legend 

The absorption spectrum allows formulating several estimates for the water content. Three of 

them are presented and used on recycled aggregates in the following.   
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3.1.1  Mean absorption 

The mean absorption is depicted in Figure 4. Here, the mean value of the absorption is 

calculated between the points of inflection of the absorption curve for the 1950 nm water band. 

         

Figure 4: Water content estimation approaches: mean absorption, water index and absorption 

difference (from left to right) 

Additionally, a baseline correction is performed to achieve a sorting of the measurements 

according to the value of water content. In this case, the absorption value at 1700 nm, which is 

a nearly constant band, is subtracted. Hence, the mean absorption is calculated by 

    1950

1

1
( ) ; 1700nm;

N

j

j

A w A w A w
N




  , (2) 

where A is the absorption, λ is the wavelength, w is the water content and N is the number of 

measurements between the inflection points. 

3.1.2 Water index 

The water index, as depicted in Figure 4, is calculated as the quotient 

1
I( ) max ( ; )

(1700nm; )
w A w

A w 



  with 1950 1950,        (4) 

between the maximal absorption value of the water band around 1950 nm and the value of 

absorption at 1700 nm (see [9]-[11]). 

3.1.3 Absorption difference 

For the absorption difference 

( ) (1950nm; ) (1700nm; )A w A w A w    (5) 

the difference between the absorption values of 1950 nm and 1700 nm as shown in Figure 4 is 

used. 

3.1.4 Material 

The samples consist of three aggregates of each of the following materials: concrete, autoclaved 

aerated concrete, lightweight concrete, brick, roof tile, and calcium silicate brick. Before 

starting the measurements to estimate the water content, each of the samples lay in water for a 

minimum of 12 hours. In Table 1 the water content at saturation w0 as well as the particle sizes 

are given. 
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Table 1: Overview of investigated samples with water content at saturation 

material Concrete Autoclaved 

aerated 

concrete 

Light-

weight 

concrete 

Brick Roof tile Calcium 

silicate 

brick 

Image of sample 

      

Water content at 

saturation w0 [%] 6.6 ± 0.4 24.4 ± 0.6 63.8 ± 3.1 14.3 ± 0.5 9.5 ± 1.3 6.8 ± 0.5 

3.2 Application 

The experiment was performed in a predefined sequence for all material samples. The near-

infrared spectra were gained by the workflow shown in Figure 5.  

 

Figure 5: Workflow of the experiment execution 

First, the samples was kept under water for at least 12 hours (1). Hereafter, the specimen was 

put in an airtight plastic bag for a minimum of five minutes (2) to balance the water distribution 

between the surface and the inside. Before (3) and after (5) the spectrometer measurement (4), 

the specimen was being weighed. The average between the two weight measurements mi forms 

the basis to calculate the water content wi belonging to each spectrum that was taken. After the 

second weighing, a drying under ambient conditions for another five minutes (6) was 

performed. As long as there is a reduction in mass between successive loops, steps (2) to (6) 

are repeated.  

According to this workflow, it is possible to measure NIR spectra at different levels of water 

content. Finally, the specimen were oven-dried to gain the dry mass mdry, which is needed for 

the calculation of the water content  

dry

1 100%i
i

m
w

m

 
    
 

 (6) 

belonging to each of the spectral data taken. 
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3.3 Results 

The methods, suggested in section 3.1, were used on the spectral data of the samples. Figure 6 

is showing the linear regressions for each of the water content estimation methods over the 

water content that was calculated by the weighing method. 

 

a) Mean absorption 

 

b) Water index 

 

c) Absorption difference 

 

Figure 6: Linear regression of the water content estimates for investigated samples 

The quality of the key parameters of each water content estimation varies for different materials. 

To measure this, the coefficient of determination R2 was calculated for each water content 

estimation approach depending on the material and is summarized in Table 2. Apparent from 

Table 2 a value of the coefficient of determination R2 > 0.9 can be achieved for several 

materials. 
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Table 2: Coefficient of determination R2 for each water content estimation method depending 

on the material (values greater than 0.9 are marked in italic and bold) 

material Concrete Autoclaved 

aerated 

concrete 

Light-

weight 

concrete 

Brick Roof 

tile 

Calcium 

silicate 

brick 

Mean absorption 0.585 0.960 0.976 0.967 0.444 0.835 

Water Index 0.537 0.301 0.909 0.500 0.905 0.683 

Absorption difference 0.585 0.949 0.975 0.954 0.957 0.975 

The only exception is concrete, where none of the water estimation methods achieves a high 

coefficient of determination. The absorption difference is suitable for most of the materials to 

estimate the amount of water. It is followed by the mean absorption and the water index is most 

applicable for lightweight concrete and roof tile.  

4.  Discussion and conclusion 

A separation of the CDW materials by spectral information in the wavelength range between 

401 nm to 2500 nm is best accomplished by the LDA method. 

The estimation of the water content using spectral data in the NIR range is possible. For all 

three investigated approaches, a dependency on the material is observed. Nevertheless, further 

measurements need to be done to put the investigations on a solid database. Especially, the 

behavior of the concrete material emphasizes this, because the differences may be caused by its 

heterogeneous structure. 

The results also show that the absorption difference and the mean absorption are best suited, 

but for the water index variations appear. Additionally, the absorption difference needs only 

two measuring points for the water content estimation, which makes it very effective. 
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Abstract 

Despite the extensive research conducted in BIM applications in construction and the built 

environment, fields such as demolition and circularity of construction and demolition waste 

(CDW) materials can still be subject to significant breakthroughs stemming from BIM-inspired 

frameworks. The circular economy concept in the context of CDW aims to minimize waste, 

reuse materials, and reduce pollution and emissions. However, the increasing amount of CDW 

reflects that circularity has not been well implemented in the construction field so far.  

The RecycleBIM project aims to propose an integrated framework for the circularity of raw 

materials in construction leveraging on the wealth of information provided by BIM, while 

enabling key technologies such as scan-to-BIM, open data formats (e.g., IFC), distributed 

marketplaces, and 3D printing. This framework not only supports scan-to-BIM of to-be-

demolished buildings and subsequent quantitative prediction of CDW reuse/recycling potential 

from a circularity viewpoint, but it also explores the potential of integrating the latter both 

within a global circularity marketplace and in CDW-incorporating 3D printing. Thus, this paper 

highlights the global perspective of RecycleBIM as well as the most recent developments in its 

course, particularly in the definition of data templates and inspection methods to set the stage 

for further progress within the project. 

1. Introduction 

The Construction Industry is enduring important digital evolutions, particularly through the 

introduction of BIM [1]. At the same time, new normalization is pushing structural engineers 

towards a culture of proper information/data management in view of the recently issued 
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ISO19650 series [2,3], which keeps expanding, as well as the definitions of interoperability 

based on the IFC format and open BIM principles, promoted by buildingSMART [4]. All the 

above are promoting increased BIM adoption worldwide [5], with increased awareness of the 

need to adequately set the information to be exchanged according to protocols that set 

‘Exchange Information Requirements’ (EIR) [3], the definition of ‘Model View Definitions’ 

for better IFC exchange, and even the progress towards digital permits is on the horizon, with 

initiatives such as eubim.eu and the European Network for Digital Building Permits [Noa20]. 

Whereas there have been some interesting BIM tools already oriented to demolition, they tend 

to fall short in regards to the more holistic approaches such as circularity or life cycle 

assessment (LCA) and life cycle costing (LCC) [6,7]. Concurrently, issues such as the cost of 

creating BIM models for to-be-demolished structures, as well as opportunities brought about 

by integration of CDW with novel trends such as additive manufacturing and distributed global 

markets have yet to be fully explored [8, 9]. 

The RecycleBIM project aims to propose an integrated framework for the circularity of raw 

materials in construction leveraging on the wealth of information provided by BIM, while 

enabling key technologies such as scan-to-BIM, open data formats (e.g., IFC), distributed 

marketplaces, and 3D printing. In fact, this framework not only supports scan-to-BIM of to-be-

demolished buildings and subsequent quantitative prediction of CDW reuse/recycling potential 

from a circularity viewpoint, but it also explores the potential of integrating the latter both 

within a global circularity marketplace and in CDW-incorporating 3D printing. Thus, this paper 

highlights the global perspective of RecycleBIM as well as the most recent developments in its 

course, particularly in the definition of data templates and inspection methods to set the stage 

for further progress within the project.  

While the project contemplates both new constructions from a design to demolition viewpoint 

and to-be-demolished buildings at their end-of-life, this paper focused on the to-be-demolished 

track, as it has been the subject of greater progress at this stage in the project. In this context, 

one could argue that, in the project, the combination of aforementioned technologies come 

together into an information flow structure consistent with the depiction of Figure 1. Indeed, it 

is easy to infer that BIM data comprises the central source of information for most of the project 

applications, including an LCA/LCC IFC-based tool, the exploration of the viability of 

incorporating CDW into 3D printing constructions, and the creation of distributed marketplaces 

aimed at making CDW materials locally available. In turn, the data included into the BIM 

models originates from surveying to-be-demolished structures by resorting to technologies such 

as handheld LiDAR, as well as simple and cost-effective surveying techniques. 

  

Figure 1: Flow of information in RecycleBIM (to-be-demolished track) 
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Hence, the structure of this paper resembles the information flow illustrated in Figure 1, 

beginning by a description of the scan-to-BIM process in Section 2, followed by the resulting 

specifications and requirements for the resulting BIM data in Section 3. Sections 4 and 5 

respectively describe the progress of the development of the IFC-based optimization and 

LCA/LCC analysis tool, and the exploration of the viability of incorporating CDW into 3D 

printing. Finally, since the creation of distributed marketplaces is planned to be a future 

development in the project, its connection to the previous technologies is discussed together 

with the expected impact of the project in the Conclusions Section. 

2. To-be-demolished scan-to-BIM 

As depicted in Figure 1, the framework features a to-be-demolished BIM model as one of the 

central elements in which data is compiled and made readily available to support not only the 

demolition process, but also some of the downstream developments of the project, such as the 

LCA/LCC tool or the circularity material marketplace. Yet, a BIM model capable of 

encompassing all the necessary information for those purposes may not always be available 

beforehand. Hence, the focus of this Section pertains to the development of a methodology to 

assist the semi-automated creation of BIM models based on already available and affordable 

technology such as LiDAR-based handheld systems. Considering that building a BIM model 

can be an expensive enterprise, two fundamental self-imposed goals for this methodology are 

related with implementation expediency and effortlessness, and cost-effectiveness, aiming to 

mitigate the BIM model creation burden.  

In this context, the full scope of the development of this methodology encompasses the 

implementation of strategies not only for the efficient planning of scanning activities using 

hand-held LiDAR systems, with the aim of minimizing the time needed for scanning while 

maximizing data completeness, but also for cost-effective surveys, which may include mild-

destructive techniques to gather clear information on thicknesses and composition of building 

elements. These survey strategies and activities will provide the basis for the development of 

methods for the semantic segmentation and inventory of building elements (i.e. external walls, 

ceilings, slabs, interior walls and doors, etc.), through knowledge-based and machine learning 

approaches which are capable of singling out, identifying, and carrying out the parametrization 

of building elements and materials from point LiDAR-originated cloud models. Ultimately, the 

resulting data will directly support and facilitate the creation of IFC-based to-be-demolished 

BIM models. 

At the current stage of the project, scan-to-BIM development efforts are twofold. On one hand, 

geospatial data preprocessing tools are being developed to improve data quality for further 

processing. In this context, a set of computation methods for subsampling, denoising and 

removing outdoor points are being implemented. On the other hand, automated methods are 

being designed to hierarchically segment the point cloud at three levels: floorplan segmentation, 

room/space segmentation and building element segmentation. This strategy is useful from 

different perspectives. The hierarchical segmentation of building point clouds into floorplans 

and rooms makes the building element segmentation simpler. In addition, the procedure 

inherently establishes topological relationships which are essential for BIM reconstruction and 

useful for material and element location. Figure 2 shows a workflow of a room/space 

segmentation procedure. The method starts by implementing a preprocessing tool consisting on 

removing outdoor points. Next, mathematical morphology is directly implemented to segment 
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the floorplan into rooms and the trajectory followed by the system during the acquisition is used 

to detect doors. As a result, the point cloud corresponding to a building floorplan is segmented 

in a set of rooms connected by doors.  

 

Figure 2. Workflow of a method for segmenting rooms within floorplans. 

3. BIM data specifications 

Beyond supporting any demolition efforts themselves, the produced to-be-demolished BIM 

models need to compile enough information to support all the analyses and integration efforts 

carried out by the downstream applications that depend on the data provided by the models. 

This includes the LCA/LCC analyses and the distributed construction and demolition waste 

(CDW) marketplace, as well as any potential CDW-incorporating additive manufacturing 

applications to some extent. Besides these requirements, the BIM data must also align with the 

requirements of the most recent standards pertinent to the subject at hand, namely ISO-

19650:2018 and EN 17412-1:2020. This effort not only sets up a normalized, machine-readable 

structure to the data, but it also facilitates to owners the opportunity to set their own 

requirements for information (i.e., exchange information requirements, EIR). Bearing once 

again in mind that the need for creation of a BIM model for a ‘to-be-demolished' construction 

might be perceived as an expensive activity, special attention is given towards the minimization 

of the effort required to produce these models. 

The definition of data specifications ranges from the creation of a specific set of information 

management rules according to the most recent standards of ISO and CEN and following a 

“lean information” approach (i.e., enough information, but no more than enough), to translating 

those rules into ISO19650-compliant EIR and BIM execution plan (BEP) templates for owners 

and appointed parties, respectively. Concurrently, to ensure interoperability between the 

information in these BIM models and the other developed tools and applications in the project, 

all information management rules should foresee the adoption of openIFC formats.  

To achieve these goals, the first steps have encompassed the development of a database of 

Product Data Templates (PDT, as put forward by regulations such as EN23386 and EN23387) 

in the context of circularity of construction materials. In these PDT, two approaches have been 

considered for the recycling of an object from a circular economy in buildings perspective: 

either each object is recycled as a complete system (e.g., a whole window), or it is broken down 

into the materials that comprise (e.g., the window would be broken down into glass and 

45



V International Conference Progress of Recycling in the Built Environment  

10-12 October 2023 – Weimar, Germany 

 

  

  

wood/aluminium, depending on the material that comprises the frame). Naturally, the former 

approach has clear advantageous in comparison with the latter, as the system can be reused as 

is in, as opposed to having to go through the disassembly process. In both cases, however, the 

definition of each object’s parameters is paramount, so as to allow for this type of analysis to 

be carried out and subsequently translated into a machine-interpretable way. As such, the 

proposed structure for a circularity PDT embraces the parameters described in Table 1 and 

exemplified in Figure 3. 

Table 1: Circularity PDT parameters  

On the product level On the material level 

• The quantification of construction and demolition 

waste (CDW) materials as calculated from the 

BIM model (further described in Section 4); 

• The statement of whether the product can be 

reused as-is, i.e., without the need to decompose it 

into its material components; 

• The analysis of deconstruction possibilities of the 

product (e.g., fully dismountable mechanical 

joints, or element is attached/welded/walled up, 

requiring machinery or extra human effort to 

achieve disassembly) 

• A representative image of the product; and 

• An array of quantity of materials present in the 

product that can be sorted for recycling. 

• The European waste code of the material(s) 

comprising the product; 

• The analysis of whether these materials can be 

collected and sorted for recycling or reuse; 

• The analysis of deconstruction possibilities; and 

• Material characteristics (e.g., density). 

 

 

 

 

 

Figure 3: Example wall product model in IFC file format with the corresponding PDT 

parameter structure 
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4. IFC based LCA/LCC 

The tool for optimisation and scenario studying leverages on an IFC BIM model file as input 

to deploy multicriteria analyses (e.g., optimisation algorithms and artificial intelligence), 

enabling decision support regarding design choices of materials and solutions considering 

LCA/LCC, and with specific focus on circularity impacts. In such a context, the tool is aimed 

at allowing informed decisions to be carried out, supported by the quantification of subsequent 

impacts. Specifically, in the to-be-demolished context, the IFC-based tool provides insight on 

the quantities of materials that feature the potential for circularity and provide advice to the 

stakeholders responsible for demolition regarding the best choices of techniques and sequences 

of demolition, so as to maximise re-use and recycling.  

The development of the tool follows the establishment of an access strategy between itself and 

the various free and commercially available environmental databases, so as to gather the 

necessary data for LCA/LCC and circularity analyses. In its core, it comprises a CDW 

prediction model based on de-construction and demolition techniques, together with an 

advanced LCA/LCC objective function-based optimization tool for real-time feedback 

visualisation of the environmental impact. In the latter, the optimization process encompasses 

geometries, materials properties, heating systems and de-construction techniques in terms of 

performance versus environmental impact.  

Currently, a web-based platform has been developed to predict CDW (Figure 4). While it is 

naturally expected that most of the CDW will be comprised of demolition debris, the platform 

takes into account that reusing or recycling entire construction elements may be advantageous 

in terms of circularity and LCA/LCC. Thus, the aim of this predictive model is to make precise 

predictions based on deconstruction and demolition methods. The building demolition waste 

predictor consists of two modules: 

• Python-based IFC file analyzer: Classifies the reuse/recycling potential of building 

components and materials based on their properties, and storage of the data in MySQL. 

• Web-based prediction model: Takes into account the waste production associated with 

demolition techniques. It allows for users to make informed decisions on the disposal 

procedure per material or component, based on the potential outcomes of each option. 

The forecasted waste flows include reuse as components, reuse as materials, pre-sorting 

and recycling as clean waste, pre-sorting of hazardous substances, and mixed waste after 

demolition. 

 

Figure 4: The user interface for defining the disassembly 
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5. 3D printing and new opportunities for circularity 

With regard to 3D printing for optimized use of recycled demolition waste, the focus is on 

bringing clarity and mainstream application of materials collected from demolition. This 

includes the partial replacement of aggregates in 3D printing for concrete/mortar, as well as the 

use of low-carbon cement as binder (e.g., limestone calcined clay cement (LC3) and waste 

ashes), while preserving required pumpability, extrudability and buildability. The use of waste 

construction material indeed aligns with the concepts of urban mining of metals, though adapted 

to a different reality and waste materials.  

In the long term, the achievement of the set goals features the inventory and characterization of 

CDW for use as aggregate and binder in high technology 3D construction printing. This task 

precedes the actual development of CDW-incorporated 3D printed concrete technology, mix 

design guidelines and quality assurance tests, including the mechanical and durability 

characterization of resulting 3D printed elements for demonstration and validation. 

Throughout the duration of the project so far, CDW has been sourced from several localities in 

South Africa and characterised in terms of elemental composition and mineralogy (Figure 5). 

The results in Figure 5 illustrate that CDW is not a homogeneous material, being comprised of 

a variety of mineral phases depending on the source, although quartz is the predominant mineral 

phase and SiO2 and CaO the predominant elemental components. The presence of these 

elements indicate that the CDW may act as a supplementary binder. 

 

(a) 

 

 

 

(b) 

Figure 5: (a) Elemental composition of CDW from three sources (b) Mineralogy of CDW 
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The total non-clinker binder content, including fly ash, slag, metakaolin and LC3, and the 

aggregate volume fractions were increased in 3D printed concrete categories (i) containing 

supplementary cement materials (3DPSCM), (ii) limestone calcined clay (3DPLC3) and (iii) 

geopolymer concrete (3DPGPC). In conventional concrete (CC), up to 80% of the volume 

comprises aggregate. Self-compacting concrete (SCC) requires more paste for smearing, hence 

contains lower aggregate volume of up to about 70%. Printed concrete originally contained a 

low aggregate volume, recently increased up to 50%, and in exceptional cases approach 60%. 

Larger aggregate content increases dimensional stability, and the potential use of CDW to 

replace natural aggregate. Figure 6 shows a printed wall part containing CDW replacing 64% 

of the natural sand by mass. 
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 Figure 6: (a) Local CDW works and (b) XRD results of CDW from local supplier CDEL, and 

those of geopolymer paste (GPC), mortar (GPM) and concrete (GPC). (c) Volume fractions in 

conventional (CC), self-compacting (SCC) and 3 categories of 3D printed concrete. (d) 3DCP 

load-bearing wall element with CDW replacing 64% of natural aggregate [10]. 

Establishing realistic CDW data is an essential step in ensuring the technical, economic and 

logistical viability of using CDW in 3DPC. A dualism exists in the South African waste sector, 

where a local recovery, reuse and recycling sector thrives, owing to extensive and active 

informal waste management practices. However, this creates an environment rife for systemic 

underreporting of CDW generation rates, necessitating the estimation of CDW amounts through 

alternative methods. Of the methods considered, the lifetime material analysis and per capita 

multiplier methods are the most appropriate for the context and available seed data and result 

in a concrete and masonry CDW estimate of 24.3Mt and 12.2 Mt per annum in South Africa, 

respectively. Projections of material usage in 3DPC are difficult to quantify. However, in order 

to contextualise the estimated availability of CDW material for use in concrete in general, the 

demand for coarse and fine aggregate and supplementary cementitious material in South Africa 

is quantified as 77.9Mt. However, this overall annual demand for coarse and fine aggregates 

and SCM in South Africa far exceeds the estimated CDW material (12.2 – 24.3Mt) available 

as alternative material source for concrete.  
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6. Conclusions 

This paper showcases the global perspective of the RecycleBIM project focused on its to-be-

demolished track and specifics, as well as the most recent developments in its course. The 

project combines different fields of application into a framework tailored for material circularity 

especially in relation to construction and demolition waste materials. So far, the project team 

has explored fields such as LiDAR-based scan-to-BIM, the structuring and management of to-

be-demolished BIM data and its requirements, optimization and LCA/LCC analyses, and 3D 

printing.  

One of the major future aspects of the project in which several of the aforementioned 

developments will culminate (and from which a significant societal impact can be achieved) is 

related with the creation of a distributed CDW marketplace. Indeed, even though the use of 

demolition residues is not necessarily highly competitive at the current stage, it is anticipated 

that the rules for incorporation of demolition waste in EU/worldwide will bring a significant 

value to this marketplace, as soon as significant minimum rates of incorporation of residues in 

new constructions become mandatory. As conditions are created to pursue this goal throughout 

the development of the project, the initial steps concern the important matter of definition of 

the relevant information and parameters to include in a freely accessible web-based database of 

materials. The ensuing marketplace itself is aimed at local commercialisation of materials 

recycled from CDW, including their requirements, environmental and economic data. Aspects 

such as the possibility to store samples stemming from the surveying processes of to-be-

demolished buildings (see Section 2), upon which further mechanical and physical 

characterization tests can be carried out by the seller (i.e., demolition company) if prompted by 

a potential buyer, are also envisioned to be enabled by the marketplace web-based application.  

Besides the obvious impacts on owners and designers, who will attain the capacity to prescribe 

and respond to sustainability and circularity requirements (via EIR) clearly and in detail through 

OpenBIM, the project’s outputs will also positively impact contractors, demolition companies, 

municipalities and 3D printing construction companies. Indeed, as present-day constructions 

approach their end-of-life, their characteristics as banks of CDW materials becomes 

emphasized, impacting the activities of actors such as municipalities and contractors who have 

a better knowledge of and access to locally available recycled raw materials, brokered in a 

distributed marketplace. Conversely, demolition and waste sorting companies garner direct 

advantages not only from better prescribed demolitions (both in terms of methods and materials 

to harvest), but also from a better placement as sellers in the marketplace of recycled products, 

increasing their productivity and profitability. Lastly, by exploring and demonstrating the 

feasibility of incorporating CDW into 3D printed constructions, the project acts as an enabler 

of 3D printing construction companies, further facilitating their establishment as thriving 

businesses worldwide and contributing for a better optimization of material usage in general 

for the future. 
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Abstract 

In the processing of CDW, the sorting of the delivered mixtures is one of the decisive process 

steps in order to produce pure recyclates, which can be used, for example, as a cement substitute 

or as a raw material component for the brick production. A previously unused method for the 

separation of fine particles as sand utilises rare-earth magnets. This method is based on 

differences in magnetic susceptibility, which have been confirmed by measurements on bricks 

and concretes. Sorting tests carried out using a roll magnetic separator with a field strength of 

1.4 Tesla at a belt thickness of 0,7 mm confirmed the separability of brick-concrete-mixtures 

and provided insights into the most important influencing variables. In addition to manual 

sorting the quantification of the contents of concrete or brick in the magnetic and non-magnetic 

fractions was determined by calculation using the loss on ignition, laser-induced breakdown 

spectroscopy (LIBS) and artificial intelligence-based optical quality assurance. Thus, in 

addition to the proof of separability, a first step to faster ways for quality control has been 

accomplished. 

 
Introduction 

In the processing of construction waste, the sorting of the delivered mixtures is one of the 

decisive process steps in the production of new construction materials. On the one hand, well- 

known methods such as air classification or wet sorting processes are used. These processes are 

essentially based on density differences. On the other hand, manual sorting is still used, which 

in some cases has already been replaced by sensor-based processes. 

With the techniques mentioned above, mineral particles with sizes in the centimetre range can 

be sorted. There are far fewer methods available for sorting sands. Jigs, aquamators and spiral 

separators are possible wet processes that are suitable for grain sizes in the sand range. They 

are rarely used in the processing of fine-grained recyclates. 

A possibility not yet used in the processing of construction waste is magnetic sorting at high 

field strengths on the basis of paramagnetic properties. First indications from the literature on 

the distinguishability of brick and concrete sands to due of magnetic properties were already 

available in 2004 [1], [2]. Using a Frantz Isodynamic Separator, brick particles were separated 

from cement mortar particles due to of their Fe2O3 content, which was < 1.25 wt.% in the mortar 
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and 3 to 4 wt.% in the bricks used. After that, this possibility was not or only very scarcely [3], 

[4] revisited. 

In contrast to fine, unsorted masonry rubble, for which there are hardly any recycling 

possibilities so far, there are additional areas of use for the brick sands besides vegetation 

applications. For example, they can be used as a proportionate raw material substitute for the 

renewed production of bricks [5]. They can also be used as "additional cementitious material" 

and thus contribute to reducing the use of clinker in cement [6], [7], [8]. Additionally the 

concrete sand can be upgraded by separation of unwanted foreign particles and used as fine 

aggregate for mortar and concrete. 

 
Material 

Different brick and concrete samples were collected from diverse locations in Germany. The 

aim was to test a wide range of brick samples produced from different feedstock sources and at 

different firing temperatures. As concrete samples such with different concrete aggregates such 

as limestone were used. 

In order to characterize their chemical and mineralogical composition samples of the feed 
materials were subjected to a number of analyses, (Table 1 and 2). There are differences typical 
for these building materials. For example, the SiO2, Al2O3 and Fe2O3 contents of the bricks are 
significantly higher than those of the concretes, while the concretes have more CaO. These 
differences are also reflected in the mineralogical composition. 

 

 
 

Table 1: Loss on ignition and chemical composition of concrete and brick samples 
 

Material 
LOI 

950°C 
SiO2 Al2O3 Fe2O3 CaO MgO MnO TiO2 K2O Na2O SO3 

 

Mass-% 

 

 

 

 

 
 

(RC) 

 
black (BC) 

yellow (YC) 

brick (IB) 

(OB) 

 

(WB) 

Concrete 1 29.0 27.3 1.90 0.49 39.5 0.50 0.02 0.06 0.42 0.14 0.55 

Concrete 2 6.56 64.2 5.92 3.74 13.7 1.50 0.07 0.62 1.75 0.94 0.67 

Concrete 3 9.27 62.9 5.44 1.42 16.6 0.47 0.05 0.16 1.55 0.92 1.00 

Clinker. red 
0.33

 
70.7 18.15 4.20 0.57 1.05 0.04 1.00 2.61 0.69 0.04 

Clinker. 
0.12

 
71.2 15.18 7.73 0.36 0.76 1.00 1.19 1.83 0.16 0.02 

Clinker. 
0.09

 
69.7 22.12 3.15 0.38 0.37 0.02 2.06 1.76 0.22 0.00 

Insulating 
1.4

 
52.5 17.8 5.93 13.5 3.85 0.11 0.91 2.88 0.47 0.17 

Brick. old 
0.31

 
73.4 13.6 6.11 0.87 0.84 0.07 1.04 2.87 0.69 0.02 

Brick from 

demolation 1.64 

 
70.4 

 
13.56 

 
4.15 

 
4.63 

 
1.07 

 
0.06 

 
0.82 

 
2.55 

 
0.46 

 
0.41 
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Table 2: Mineralogical composition of concrete and brick samples 

Material (%) Quartz Plagioclase Orthoclase Diopside Hypersthene Hematite Calcite 

   
Mass-% 

   

Concrete 1 17.67 7.47 2.47 0.00 1.26 0.00 0.00 

Concrete 2 52.88 0.00 9.90 0.00 3.58 3.58 22.89 

Concrete 3 48.48 10.86 9.15 2.53 0.00 1.43 21.10 

Clinker. red 

(RC) 57.19 

 
4.26 

 
15.17 

 
0.00 

 
2.56 

 
4.10 

 
0.77 

Clinker. 

black (BC) 62.15 

 

1.95 
 

10.86 
 

0.00 
 

1.89 
 

7.76 
 

0.27 

Clinker. 

yellow (YC) 61.64 

 

0.98 
 

10.39 
 

0.00 
 

0.93 
 

3.14 
 

0.46 

Insulating 

brick (IB) 13.20 

 

41.52 
 

17.02 
 

12.28 
 

3.91 
 

5.94 
 

3.20 

Brick. old 

(OB) 57.43 
 

5.24 
 

16.94 
 

0.00 
 

2.07 
 

6.09 
 

1.35 

Brick from 

demolation 53.10 

 

13.23 

 

15.10 

 

0.00 

 

2.68 

 

4.16 

 

3.74 

(WB) 

 

The measurements of the magnetic susceptibility of the samples showed values below 

1500*10-9m3kg-1 for the concrete samples. Exceptions are to be found in the range of coloured 

concretes or concretes  with soiled surfaces. The susceptibilities of the bricks range from  

1500 to 11000*10-9m3kg-1. 

Magnetic separation tests 

Magnetic separation tests were conducted using a laboratory scale dry rare-earth separator 

(Figure 1). Main parts of the separator are the rare-earth head roll and the Kevlar belt with 

0.15 mm thickness. The field intensity of the head roll was approximately 2.1 T. The intensity 

is reduced to 1.4 T due to the influence of the belt. The experiments were carried out at narrow 

size fractions of 0.063/0.5 mm, 0.5/1.0 mm as well as 1.0/2.8 mm. The separator includes an 

adjustable splitter that separates the non-magnetic from the magnetic material (Figure 2). Other 

parameters that may have an influence on the sorting result are the speed of rotation of the head 

roll, the number of passes and the humidity of the materials. 
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Figure 1: Dry rare-earth separator 

used in the tests 

Figure 2: Schematic diagram of dry rare-earth 

separator 
 

In the experiments, mixtures of 50 wt.% brick and 50 wt.% concrete were used. The particle 

sizes (Figure 3) and the material combinations were tested as parameters. The products resulting 

from magnetic separation were immediately weighed after each experiment. The separation 

success was assessed visually at first (Figure 4). Visual assessment of the rejected non-magnetic 

material and the material adhering to the magnet showed obvious differences. The magnetic 

fraction is predominantly red, while grey particles dominate in the fraction not adhering to the 

magnet. 

A quantitative analysis based on counting red brick and gray concrete particles on the 

microscope proved to be extremely time-consuming and was carried out only for the fraction 

of 1.0-2.8 mm. Therefore, an initial quantitative evaluation was made by comparing the loss on 
ignition. Low losses on ignition are typical for bricks. Concrete has significantly higher ignition 

losses, which originate from the chemically bound water but also from the CO2 absorbed as a 
result of carbonation. 

The proportion of bricks in the magnetic output was calculated from mass of this product and 

the losses on ignition of the input materials and the products by a simple mixture calculation. 
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Figure 3: Different fraction of concrete-/brick- 

mixture before sorting 

Figure 4: Concrete-brick-mixture before 

sorting (above) and the magnetic and non- 

magnetic product after separation (below) 

 

Results 

To make sure that there are no differences in the composition of single fractions of the 

individual materials, they were examined chemically again. Table 3 shows the differences in 

the iron oxide content of the respective fractions. The measured differences could be explained 

by differences in the sorting properties. The fractions are composed differently, fraction 

0.063 – 0.5 mm contains more cement paste, the fraction 0.5 – 1.0 mm contains quartz sand and 

the coarsest fraction (1.0 – 2.8 mm) contains more aggregate. 

 

Table 3: Total iron oxide content of the single fractions of tested bricks and concrete 

Brick RC BC YC IB OB WB 

Fe2O3 [wt. %] 

0.063/0.5 mm 3.98 6.41 2.04 5.97 5.30 3.78 

0.5/1.0 mm 4.36 7.33 2.40 6.12 5.22 4.04 

1.0/2.8 mm 4.26 7.48 2.37 6.10 5.12 4.16 

Concrete C1 C2 C3 
   

  Fe2O3     

0.063/0.5 mm 0.91 2.54 1.37 
   

0.5/1.0 mm 0.64 1.89 1.16    

1.0/2.8 mm 0.65 2.50 1.53    

 

The proportion of brick in the magnetic yield varied significantly with the type of concrete as 

well as the size fraction, exemplary shown in Figure 5 for mixtures of an insulating and an old 

masonry brick combined with three different concretes. 
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The best sorting result is achieved for the concrete 1 in all tested three fractions and for both 
brick combinations. This is due to its relatively low Fe2O3 content in all three size fractions 
(Table 3). Then the results of the concrete 3 with a mean Fe2O3 content of 1.42 wt.% follows. 
Here the influence of the particle size is diffuse (Table 1). Concrete 2 shows the worst results 
because this concrete shows the highest Fe2O3 content of all tested concretes in all size fractions. 

 

 

Figure 5: Proportion of brick in the magnetic fraction of two 

brick samples mixed with three different concretes of the 

size fractions 0.063-0.5 mm, 0.5-1 mm, 1-2.8 mm 
 

A summary of all data from the magnetic separation tests is presented in Figure 6. Two 

parameters that influence the sorting results are taken into consideration: 

 the particle size 

 the ratio of the Fe2O3-contents of the combined bricks and concretes. 

 
The particle size is an important parameter. In the fraction 0.063/0.5 mm a decrease of the brick 
content in the magnetic fraction compared with the input material occurs until a Fe2O3-ratio of 
about 4. One of the reasons of this effect may be the method of determination of the brick 
content on base of the loss of ignition. 

 

In the fractions 0.5/1.0 mm and 1.0/2.8 mm there is no enrichment for a Fe2O3-ratio of 1, i.e. 
for the same Fe2O3 content in the brick and in the concrete. With increasing Fe2O3-ratio the 
enrichment of the brick particles in the magnetic fraction increases. I.e. larger ratios result in a 
higher brick content in the magnetic material. The results show a considerable scattering. One 
reason could be that the quality determination by means of the loss on ignition method is slightly 
prone to errors. 
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Figure 6: Brick material in the magnetic yield versus Fe2O3 
content of brick and concrete in the starting mixture 

 

In future investigations, the magnetic iron oxide should also be determined in addition to the 

total iron oxide content. Because the total iron oxide content in the respective material does not 

completely explain its magnetic properties or the presence of other magnetic minerals. 

The machine parameters tested have a rather low influence on the sorting results. A higher 

portion of the magnetic product is always connected with a lower enrichment of the brick in 

this product. There has been found no evident differences in the yield and the quality of this 

yield whether the material was sorted at initial moisture (up to 6 wt.%) or oven-dried at 105°C. 

 
Conclusions 

In the paper results on the sorting of fine particles as sand using a rare-earth magnet separator 

are described. Mixtures of 50 wt.% concrete and 50 wt.% brick have been tested. The achieved 
magnetic enrichment of bricks is based on their significantly higher magnetic susceptibility 

compared to concrete, which in turn depends, among other influences, significantly on the 

Fe2O3 content. Enrichments of brick particles in the magnetic output up to 95 wt.% are possible. 
However, improvements in the evaluation methods are necessary in order to be able to deduce 

more precise statements on the influencing variables of the separability. 
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Abstract 

In order to protect natural gypsum deposits and to compensate for the decreasing amount of 
Flue Gas Desulfurization (FGD) gypsum it is necessary to develop and explore new sources of 
gypsum. For this purpose, the potentials of different gypsum wastes are investigated in the study 
“GipsRec 2.0”, funded by the Federal Ministry of Education and Research (Germany).  

On the one hand, the project worked on a new processing technology for gypsum fibreboards 
(GFB). While the recycling of gypsum plasterboards (GPB) has already been carried out on an 
industrial scale for several years, the recycling of gypsum fibreboards has proven to be chal-
lenging. Gypsum fibreboards from demolition sites and offcuts from GFB production were used 
for these investigations. The tests were conducted on a technical scale. Furthermore, various 
synthetic gypsums are being investigated with regard to their suitability for gypsum production. 
The analyses are carried out on production residues.  

In this project, a promising process for gypsum fibreboard recycling could be developed, as 
well as other waste gypsums are investigated and evaluated in relation to their potential as sec-
ondary raw material. In addition, selected process routes are assessed for their environmental 
impact using a life cycle assessment (LCA) approach.  

1. Introduction 

Due to its excellent building material properties gypsum has been widely used in constructions 
during the last decades in many countries. In the European Union, there is a demand for around 
57 million tons of gypsum per year. Approximately 17 million tons of gypsum are generated in 
incineration plants, primarily coal-fired plants through the process of flue gas desulfurization 
(FGD) [1]. Due to efforts in reducing CO2-emissions in Europe, the operation of coal-fired 
power plants will be severely restricted in the coming years. Additionally, mining of natural 
gypsum affects the environment, which further worsens the situation. Therefore, it is crucial to 
close the emerging gap in gypsum production. 
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Until recent years, Germany, the largest producer and consumer of gypsum in the EU, covered 
more than 60% of its demand with FGD gypsum. In 2019, the share of FGD gypsum had already 
declined to 44% [2], a trend that is deemed to continue due to Germany’s coal exit law and the 
related decommissioning of coal-fired power plants. Consequently, the pursuit for alternative 
sources of secondary gypsum is becoming increasingly important.  

 
Figure 1: Gypsum production and consumption in reference year 2018, in million tons per 

year [3]  

Due to an extensive use of gypsum boards in construction activities over the past decades, it is 
expected that gypsum waste in construction and demolition waste (CDW) increases in the up-
coming years. If the high-quality requirements for recycled gypsum – especially regarding the 
sorting accuracy – are met, waste gypsum from CDW can be fed into the gypsum production. 
Gypsum plasterboards (GPB) have been successfully recycled on an industrial scale for several 
years now [4]. However, in view of the quantities of gypsum that need to be substituted, it is 
essential to explore additional sources of secondary gypsum. On the one hand synthetic gypsum 
are particularly suitable for this purpose. On the other hand, waste gypsum boards apart from 
GPB may also contribute to substitution efforts. 

2. Recycling of gypsum fibre boards 

2.1 Market Research 

Regarding the production of gypsum boards in Germany, around 250 million tons of GPB and 
gypsum fibreboards are produced annually (Figure 2). In comparison to GPB, there has been a 
significantly lower production and installation of GFB. The share of GFB produced in square 
metres is on average only 13% of the gypsum board production. However, due to the boards’ 
higher weight this translates to about 19% of the total tonnage produced. Both types of gypsum 
board are comparatively easy to deconstruct and recycle separately from other CDW.  
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Figure 2: Gypsum board production in Germany 2009-2019 in million m² per year [5]  

As part of the project, a survey was conducted together with the German Demolition Associa-
tion on the handling of gypsum boards during demolition in Germany. It was found that more 
than 90% of the companies surveyed engage in selective deconstruction of gypsum boards. 
However, only few companies transport the gypsum boards to a gypsum recycling plant. This 
is primarily due to long transport distances to recycling plants and comparatively inexpensive 
landfill costs. Another reason hindering the recycling, is the concern of potential contamination 
with asbestos fibres. Finally, there is still a need for clarification with regard to the distinction 
between GPB and GFB on the construction sites. A distinction is necessary so that the gypsum 
boards can be recycled in an optimized manner. In the case of GPB, the separation of gypsum 
and cardboard is comparatively easy to carry out due to the coarse cardboard fragments. For 
GFB however, the separation of paper from gypsum is challenging because of the fine paper 
fibres. 

2.2 Processing of used gypsum fibre boards 

Another goal of the project is to develop a processing route for the recycling of GFB. To eval-
uate the efficiency of processing routes for GFB recycling, it is essential to determine the com-
position of GFB. Therefore, two different grades of GFB from the demolition site were exani-
mated. The analysis focused on the amount of gypsum in the gypsum-, fibre and additives-
fraction and their chemical composition. The results indicated that the mixture of GFB is ~80% 
gypsum and ~20% fibre and additives. 

The processing route contains two elementary steps, shredding and screening. Shredding was 
achieved by a hammer mill with different screen baskets of 4 mm and 8 mm each inserted. The 
aim of using the hammer mill was to achieve an optimum disintegration of the paper-gypsum 
compound of the manufacturer-specific GFB-mixture. This was done in preparation for the 
subsequent screening step, which aimed at separating the GFBs main components. Screening 
was achieved by a screening machine. Due to the material grades and sieve baskets, a total of 
12 sieve test with mesh sizes of 125 µm and 400 µm were performed. 

62



V International Conference Progress of Recycling in the Built Environment  

10-12 October 2023 – Weimar, Germany 

 

 

  

The separated fibre and gypsum fractions were analysed in the laboratory (Figure 3). Target 
parameters were moisture content and calcium sulfate to determine the amount of gypsum in 
the gypsum fraction. Secondly, the amounts of fibre and additives were determined. In addition, 
the gypsum samples were analysed for crystal water and TOC.  

 
Figure 3: The results of the processing route with GFB of two brands, each processing step 

of two settings yielded the amount of gypsum (salmon bar) in the gypsum and 
fibre & additive fraction. The green bar at 80 wt-% showing a suspected compo-
nent mixture and the red bar at 1 wt-% TOC represents the maximum content of 
TOC recommended by the gypsum association 

The results show fibre contents between 10.1 wt-% and 23.4 wt-% and gypsum contents of 
62.9 wt-% and 83.4 wt-% with additive matters of 6.5 wt-% and 13.7 wt-%. Samples screened 
by the 400 µm sieve mesh show a humidity content of 0.56 wt-%-0.72 wt-% for the gypsum 
fraction. In the paper fraction the humidity content is between 0.13 wt-%-0.54 wt-%. The sam-
ples screened by the 125 µm sieve mesh show a humidity content of 0.32 wt-%-0.45 wt-%. The 
humidity content in the fibre and additives range from 0.23%-0,86%.  

When compared to the 400 µm sieve mesh the TOC content exhibits a decrease. For the 400 
µm sieve mesh the TOC and ranges between 3.41 wt-%-6.27 wt-% and is ≤ 4,08% when 
screened with the 125 µm sieve mesh. The decrease in the TOC indicates a higher purity. Still 
the specification of the gypsum association, which allows for a maximum TOC content of 
1.0 wt-% [6], is not met. To achieve a TOC content <1 wt-% further treatment needs to be 
integrated into the process chain.  

3. Preliminary investigations on synthetic gypsums 

Synthetic gypsum is usually produced as a residual material or by-product in various industrial 
processes. The best-known example is the FGD gypsum already mentioned, which is produced 
during flue gas cleaning in coal-fired power plants. In addition, there are various methods and 
processes that can produce gypsum of varying quality. Table 1 provides an overview. 
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Table 1 Overview of various synthetic gypsums  

Source of synthetic gypsum Description 

Fertilizer production By product from the production of phosphoric acid. The 
treatment of phosphate ore with sulfuric acid results in 
phosphogypsum 

Municipal waste incineration FGD-gypsum from the desulphurization of flue gas analo-
gous to FGD-gypsum from coal power plants 

Lead-acid batteries Sulfuric acid within lead acid batteries is neutralized with 
milk of lime (or similar) 

Phosphorus-extraction from 
sewage sludge ash 

During the extraction of phosphorus from sewage sludge 
ash by means of leaching, gypsum may be obtained as by-
product. 

Fruit acid production Gypsum is obtained as by-product from the production of 
organic fruit acid, such as tartaric acid, citric acid or oxalic 
acid. 

Titanium dioxide production If titanium dioxide is produced via the sulfide process, 
gypsum is obtained as by-product.  

Hydrofluoric acid production In the course of the reaction between fluorite and sul-
phuric acid, gypsum and hydrofluoric acid are formed as 
products. 

Lithium production In the course of lithium extraction, gypsum may be ob-
tained as by-product. 

 

Data available show that mostly comparatively small quantities of synthetic gypsums are gen-
erated. Relevant criteria for synthetic gypsum are high grade purity, compliance with quality 
criteria for e.g. heavy metals or salts, and the quantity of waste. Furthermore, grain size, grain 
shape and water content are important for usability of gypsum as a secondary raw material. 
Some of these gypsums, e.g. fluorogypsum, are already recycled in their entirety. Gypsum from 
citric acid production can also be utilized to a large extent, while tartaric acid gypsum is of no 
further significance due to the very small quantity produced.  

The largest quantities of gypsum residues are to be found in phosphogypsum from fertilizer 
production: several million tons are produced worldwide each year. However, due to their dif-
ferent origins, phosphogypsums are not homogeneous in composition and usually contain dif-
ferent impurities such as heavy metals, phosphates or even radioactive contamination. Accord-
ingly, there are large stockpiles of phosphogypsum in the world, the total magnitude of which 
is several hundred million tons. In addition, further synthetic gypsum potentials may arise from 
comparatively new technologies, such as lithium production for electric car batteries or sewage 
sludge treatment.  

In this project, various types of gypsum from different sources are being investigated for their 
suitability as secondary raw materials for the gypsum industry. All materials are tested for their 
heavy metal content and gypsum content. Additionally, investigations using a scanning electron 
microscope (SEM) are conducted to draw conclusions about the grain size and grain shape and 

64



V International Conference Progress of Recycling in the Built Environment  

10-12 October 2023 – Weimar, Germany 

 

 

  

thus about the reactive surface of the samples. Figure 4 shows exemplary gypsum crystals from 
an Italian titanium dioxide production and from phoshogypsum, which originates from Croatia.  

  

  

Figure 4:  Gypsum crystals from Titanogypsum and Phosphogypsum (right), SEM 

In contrast to used gypsum boards from demolition, synthetic gypsums have a comparatively 
high water content depending on the preceding processes. Before further processing in the gyp-
sum industry, synthetic gypsum must therefore usually be dried. In view of the required energy 
consumption, it is particularly important to evaluate these recycling processes in terms of life 
cycle assessment. 

4. Life cycle assessment of secondary gypsum 

To determine whether alternative gypsum resources should be tapped into, their viability needs 
to be evaluated against an assessment scale. Next to the economic efficiency and social aspects, 
resource criticality and environmental aspects may be used as benchmark. Within the scope of 
this project the latter two are addressed by means of environmental life cycle assessment (LCA). 
One source for secondary gypsum investigated is recycled gypsum from waste GFB. Further-
more, an assessment of synthetic gypsum from the recycling of end-of-life (EoL) lead acid 
batteries is in preparation. Further secondary gypsum sources may be considered later in the 
project. 

LCA has established as best possible method to assess a variety of environmental impact cate-
gories and the depletion potential of natural resources. Thereby the entire life cycle of a product 
or serviced is considered. Both, the ISO 14040 and 14044 provide fundamental guidelines to 
conduct a standardized LCA. Alongside four iterative steps – (1) the definition of the goal and 
scope, (2) the life cycle inventory, (3) the life cycle impact assessment and (4) interpretation – 
environmental impacts are quantified. Despite the formalized procedure, practitioners of LCA 
are confronted with many degrees of freedom while modelling and evaluating the life cycle of 
products and/or services. Thereof, modelling choices have to be concretised during the defini-
tion of the goal and scope. 

4.1       Definition of goal and scope 

The modelling choices made for the LCA of secondary gypsum are summarized in Table 2. 
The scope for the assessment is Germany and the reference year 2020. In the case of GFB, the 
modelling starts at the point, where GFB become waste and are collected (demolition site). For 

65



V International Conference Progress of Recycling in the Built Environment  

10-12 October 2023 – Weimar, Germany 

 

 

  

gypsum from EoL lead acid batteries the modelling starts at the recycling plant (the transporta-
tion of lead acid batteries to the recycling facility and the separation of diluted sulfuric acid is 
entirely allocated to the recovery of lead, as it represents the primary product sought in lead 
acid battery recycling). The modelling ends with the production of a marketable gypsum prod-
uct (CaSO4-Dihydrate). This represents a gate-to-gate approach.  

Within this LCA secondary gypsum is offset against gypsum obtained from flue gas desulfuri-
zation systems in coal power plants (FGD-gypsum) and natural gypsum. This is accomplished 
by a method referred to as the substitution method. Here, burdens associated with the produc-
tion of gypsum from FGD- and natural gypsum are subtracted from the burdens of producing 
secondary gypsum. For the LCA an attributional approach is chosen, which – in comparison to 
a consequential approach - provides a description of the status of a product system with regard 
to its environmental impacts. The product systems are modelled within openLCA (v. 2.0). 
Background processes are mainly taken from the ecoinvent database (v. 3.9.1). 

Table 2 Modelling choices in the conducted LCA 

Parameter Modelling choice 

Geographical scope Germany 

Temporal scope Reference year 2020 

Considered life cycle Gate-to-gate 

LCA method Attributional LCA 

Allocation method Substitution method 

Software and database openLCA 2.0 in connection with the ecoin-
vent 3.9.1, APOS database 

 

4.2       Life cycle inventory 

Prior to compiling the life cycle inventory, a process chain is developed for the considered 
product systems. An overview is given in Figure . For the recycling of GFB, the separately 
collected GFB are transported to the recycling plant at which gypsum is separated from impu-
rities (i.e. plastics, metals, paper-rich fraction and other mineral waste) in several process steps: 
First, manual sorting takes place, then GFB are freed from Fe-metals via magnetic separators 
and form non-ferrous metals via a eddy flow separator. Paper fibres are extracted by means of 
milling and sieving. Impurities are treated in energy (plastics, paper) or material recovery plants 
(metals) or are landfilled (other mineral waste). Raw gypsum is transported to the gypsum plant 
and replaces gypsum from primary sources. To maintain comparability between the different 
moisture contents in gypsum from secondary sources and FGD and natural gypsum, a drying 
step is included in the process chain. Hereby the burdens for drying gypsum to 0% water content 
are balanced.  

For the production of synthetic gypsum from EoL lead acid batteries, the diluted sulfuric acid 
within the batteries enters the product system “burden-free” (see 4.1). With the aid of a reactant 
such as lime milk or calcium carbonate, gypsum is synthesized. The mother liquor remains as 
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by-product and undergoes further treatment. Similar to gypsum from GFB, the obtained syn-
thetic gypsum is transported to the gypsum plant and for reasons of comparability a drying step 
is balanced.  

 

 

Figure 5: Simplified flow chart of two considered product systems and the primary pro-
duction of gypsum 

4.3       Life cycle impact assessment and interpretation  

In this project the development of a LCA on secondary gypsum sources is currently still at an 
early stage and the results are still pending. Based on the evaluation of the results, relevant 
impact categories will be chosen and both environmental hot spots and a comparative analysis 
of different secondary gypsum sources shall be provided. It should be noted that the goal and 
scope definition as well as the life cycle inventory and process chains are still subject to adjust-
ments, given the iterative nature of LCA. Based on previous studies, it can be assumed that the 
impact categories global warming potential and land use will be of importance [7, 8]. 
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5.        Conclusions 

In summary the emerging gap in FGD will increase while mining of natural gypsum shall re-
main steady. Therefore, to cover the demand of gypsum alternative sources of secondary gyp-
sum become more and more important. As for GPB the recycling process and efficiency is 
established, but not yet for GFB and synthetic gypsum. From the separation of GFB followed 
that the amount of gypsum meets the expectations of an 80/20 ratio gypsum to fibre. The sepa-
ration rate of GPB can only be approached, so the recommendation of TOC by the gypsum 
association. The process route will and has to implement a further treatment stage to address 
this. 

In addition, certain synthetic gypsums are particularly suitable as secondary gypsum. Their vi-
ability needs to be evaluated against an assessment scale. To do so their potential and ecological 
impact have to be investigated by mentioned system with given parameters and modelling 
choices within LCA, to determine whether alternative gypsum resources should be tapped into. 
Furthermore, transport distances and thus the points of origin probably also have a particular 
influence on the results of the environmental evaluations. 

Complementary to the life cycle assessment of the two investigated routes for the extraction of 
gypsum from secondary sources, an economic analysis is also indispensable. Particularly in the 
case of materials that - like gypsum - are not cost-intensive, substitution of the primary product 
must not lead to higher costs. Influencing parameters such as transport distances or energy con-
sumption during processing are also essential here. Last, but not least: the resulting saving of 
disposal expenses may have a decisive influence on the economic efficiency. 
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Abstract 

Effective reuse of construction and demolition waste requires solutions for the use of all 

recycled material fractions. Recycled fines (<63 µm) still pose major challenges in the 

processing and application of recycled aggregates in new construction. However, masonry 

structures may present opportunities for the utilization of recycled waste fines. In masonry 

mortars, which are normally subjected to lower mechanical loads and milder environmental 

conditions than concrete, recycled fines could potentially be used as a partial binder 

replacement. This study showcases a certain level of reactivity of recycled concrete fines and 

mixed fines through R3 reactivity testing (ASTM C1897). Furthermore, the effect on hydration 

kinetics of cement is showcased in isothermal calorimetry testing by gradually increasing the 

content of recycled fines in cement and cement-lime binders. For comparison, quartz powder 

is used at identical replacement levels to distinguish between a known filler effect and the 

changes in cement hydration induced by recycled concrete fines and mixed fines. The obtained 

results indicate that the addition of lime increases the rate of cement hydration, while recycled 

concrete fines and mixed fines are comparable to quartz filler at low binder replacement levels, 

whereas at higher replacement levels they demonstrate different, possibly chemically-induced 

effects. 
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1. Introduction 

The premise of circular economy relies on full recyclability of materials which allows to keep  

materials in use rather than using them up [1, 2]. Construction and demolition waste (CDW) is 

one area in which there is a significant potential for innovation, since the amounts of such waste 

generated account for around a third of all waste in EU [3], whereas the use is still challenged 

by many of the inherent problems and limited by current legislative systems in place. Even 

though the primary pathway for recycled CDW is destined for the generation of coarse recycled 

aggregates for use in new concrete and road building, there are substantial amounts of fine 

recycled aggregates produced at the same time [4, 5]. Whilst there have been many attempts to 

explore the use of fine recycled aggregates for various new applications [6], the performance 

of such materials is usually infringed by the lower quality of recycled materials compared to 

raw ones. Even so, the lower quality is largely the result of a large proportion of recycled fines 

(<63 µm) present in these aggregates, which bear many of the negative aspects, including high 

water absorption capacity, high porosity, low density and strength. 

However, recycled fines, originating either from select sources such as concrete and ceramics, 

or from mixed sources, can potentially exhibit some reactivity. Many studies have relied on this 

assumption in order to justify the use of recycled fines as partial binder replacement, yet the 

results have often demonstrated that the reactivity is not on par with cement or other types of 

waste, used as supplementary cementitious materials [7, 8, 9, 10]. 

Whilst concrete applications have been primary area of study for recycled fines’ potential use, 

there are some less-explored destinations for this type of waste materials. One possibility is 

masonry-related applications, particularly the binder systems in mortars for masonry. Some 

research has revealed interesting results of recycled fine waste incorporation in masonry mortar 

binders [11, 12], but the effects have been studied from a mortar performance viewpoint.  

To develop a better understanding of the possible implications of using recycled fines in 

masonry mortars, this study has been designed to indirectly assess the hydration behaviour of 

cement and cement-lime binders with partial replacement of the binding raw material by 

recycled powders. First, the reactivity of fines was assessed against that of a quartz filler using 

isothermal calorimetry by the ASTM C1897 R3 method [13] and then the hydration kinetics of 

cement were evaluated by adding lime to formulate masonry mortar-analogous binder mixtures 

and gradually replace part of these binders by recycled concrete fines and recycled mixed fines. 

2. Materials and methods 

Main binding materials explored in this study were Portland-limestone cement CEM II/A-L 

32.5 R [14] and hydrated lime CL90 S [15]. Bulk density of cement and lime was 1045 kg/m3 

and 420 kg/m3, respectively. Two types of recycled materials were sourced – fine recycled 

concrete aggregates (FRCA) and fine recycled mixed aggregates, both originating from 

unknown demolished structures. Recycled concrete fines (RCF) and recycled mixed fines 

(RMF) were manually separated from dried recycled aggregates using a 63 µm sieve and were 

otherwise untreated. Quartz filler was also used for comparison.  

Particle size distributions of all studied materials were evaluated using laser diffractometry and 

are summarized in Table 1. 

 

Table 1: Particle size distribution of studied materials 
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Laser diffraction results (µm) D10 D50 D90 

Cement 2.7 10.9 28.6 

Lime 1.4 6.8 15.4 

Quartz filler 4.1 25.4 60.9 

Recycled concrete fines 5.0 31.1 77.6 

Recycled mixed fines 5.2 34.1 74.0 

The assessment of combined hydraulic and pozzolanic reactivity of recycled fines was 

performed in accordance with the R3 method [13], where fines were used in specified 

proportions for supplementary cementitious materials, tested at 40 ⁰C. The same procedure was 

applied for inert quartz filler. 

Hydration kinetics of cement and cement-lime binders were evaluated using isothermal 

calorimetry [16] at 20 ⁰C. Masonry-specific binders were formulated in volumetric proportions 

of cement/lime of 1:0 (pure cement), 2:1 and 1:1. The water to binder (w/b) ratio was set to 1.0 

in order to reflect the w/b ratios in mortars for masonry. Recycled fines and quartz filler were 

used at 5, 10, 20 and 30% replacement levels of the total binder mass. 

The paste samples were mixed outside the calorimeter using an overhead mixer at 600 rpm and 

were inserted into the testing channels as fast as possible, at approximately 3-4 minute intervals. 

3. Results and discussion 

Reactivity of both types of recycled fines and quartz filler, as tested using the R³ method, is 

showcased in Table 2. As specified in the standard, the cumulative heat release from 75 minutes 

after sample insertion was recorded until 7 days, whilst values were shown for 3 and 7-day 

cumulative heat.  

Quartz filler was tested to set the baseline for comparison of fines with a known inert filler. 

Recycled concrete fines have shown a heat release of ~25 J/gfines, which mostly occurred during 

the first 3 days, with very limited development during later age of hydration. This indicates 

potential hydraulic reactivity remaining in the fines, most likely attributed to the unhydrated 

cement phases. Recycled mixed fines were evidently more reactive during the first 3 days of 

measurement, compared to concrete fines, but there was also a considerable heat development 

from 3 to 7 days. Overall, both recycled materials exhibited a degree of reactivity well above 

inert material, but RCF reactivity is far from any conventional supplementary cementitious 

materials, whilst that of RMF is barely approaching the range for pozzolanic materials (50-300 

J/gSCM) [17].  

Table 2: R3 reactivity test results for quartz filler and recycled fines 

Cumulative heat release [J/gfines] 75 min to 3 days 75 min to 7 days 

Quartz filler (QF) 4.3 4.6 

Recycled concrete fines (RCF) 24.8 24.9 

Recycled mixed fines (RMF) 37.9 44.7 
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Figure 1: Isothermal calorimetry results of three different binder systems (denoted REF) with 

partial replacement of cement and lime by quartz filler (QF), recycled concrete fines (RCF) 

and recycled mixed fines (RMF) 
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Hydration kinetics of cement and cement-lime pastes with partial replacement of raw binders 

are showcased in Figure 1, which presents the main hydration peaks developed during the first 

24 hours in the isothermal calorimeter. All of the results are normalized with respect to the mass 

of cement in all the studied mixes to aid the comparison between cement and cement-lime 

binders, as well as between different recycled materials and an inert filler at different 

replacement levels. 

Based on Figure 1 (a to c), the addition of lime appears to facilitate cement hydration by 

increasing the heat released during the dormant period and accelerating the main peak formation 

during the 24 hour period. As a consequence, the height of the two peaks during the induction 

period is increased as well. These peaks are mostly associated with Portland-limestone cement 

hydration followed by a shoulder-like formation at ~8-14 hours of hydration where the variable 

replacement of raw binders by recycled fines seems to have an apparent effect. 

At 5% and 10% replacement of cement (Figure 1 a and d), both recycled concrete fines and 

mixed fines resemble the filler effect of quartz powder, albeit less pronounced. Similar 

behaviour is observed with a 2:1 cement:lime binder (Figure 1 b and e), whereas at a 1:1 

volumetric cement and lime proportion, both recycled fines present a greater filler effect, 

possibly due to higher replacement of the non-hydraulic lime – Figure 1 c and f. 

At 20% replacement of raw binders, further distinction between recycled materials and quartz 

filler are noticeable. In pure cement paste (Figure 1 g) quartz powder presents the highest filler 

effect, but with increasing lime content – Figure 1 h – a higher peak from RCF is noted, and the 

addition of 20% RMF lowers the peak, but broadens the shoulder formation. This effect is even 

more pronounced in a 1:1 binder, with the evident addition of delayed peak formation from 

both recycled materials – Figure 1 i. 

The differences between QF, RCF and RMF are clearly visible at a 30% binder replacement. 

Based on Figure 1 j, quartz powder still shows the highest peak, whereas recycled concrete 

fines manifest in an increased second peak formation and recycled mixed fines – a broadening 

of the double peak shape and a more prominent shoulder. In 2:1 and 1:1 cement and lime pastes, 

the effects of both recycled materials are similar to the 20% replacement case, only more 

distinguishable – Figure 1 k and l. 

Overall the influence of recycled materials on cement hydration kinetics appears to be different 

from that of an inert quartz powder, and even though their influence has been directly compared 

to a physical filler effect, the changes in cement hydration might be chemical too. A certain 

degree of reactivity was found in these recycled fines, but isothermal calorimetry tests on binder 

paste samples did not present an opportunity to evaluate any potential chemical effects due to 

limited heat release, especially past the initial 24 hour hydration period.  

4. Conclusions 

This study has provided new insights into the reactivity of recycled fine powders originating 

from different construction and demolition waste. Furthermore, their effect on the hydration 

kinetics of cementitious masonry binder systems has been evaluated as well. Based on the 

results presented here, a few important points can be presented. 

 Recycled concrete fines and recycled mixed fines exhibit a certain degree of reactivity 

above the inert quartz filler, based on the R³ method. 
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 Recycled mixed fines are almost 2 times more reactive than recycled concrete fines and 

there is an indication of later-age reactivity. 

 Hydrated lime has accelerated and increased cement hydration. 

 When used in a cementitious masonry mortar binder, both recycled fines manifest a 

slightly increased cement hydration effect at 5 and 10% replacement levels. This effect 

is comparable to quartz filler in intensity, but the nature may be both physical and 

chemical. It is also more pronounced when binder system contains a higher proportion 

of hydrated lime. 

 In lime containing binders at higher replacement levels of 20-30%, recycled concrete 

fines present a visibly reduced filler effect compared to quartz powder and there is a 

slight delay in cement hydration. However, hydration peak is broadened. Recycled 

mixed fines display even a further decrease in the main peak, but broadening is even 

more pronounced with a noticeable shoulder formation, especially at higher lime 

content in the binder.  
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Abstract 

The phases of concrete (cement, fine aggregate, coarse aggregate) are not fully separated by 

comminution. The circularity of concrete would be improved if clean natural aggregates and 

cement were obtained. Using of limestone filler (LF) in concrete may help detach the aggregate 

once it can modify the fracture energy of the concrete and the separation mechanism by 

comminution. The aim of this research was to evaluate the effect of LF on the fracture energy 

(Gf) of pastes and concretes and in the detaching or fracturing coarse aggregates. In the mixtures 

the cement was replaced by filler and the water content adjusted. The Gf was measured by 

wedge splitting test (WST) and the percent of detached and fractured aggregates was 

determined by image analysis. For pastes, the Gf with LF was slightly higher than that of the 

reference due to the toughening effect. The Gf of concrete was much higher than pastes due to 

the longer crack path to bypass the aggregate. In concretes, the presence of filler reduced the 

Gf due to the increase of porosity, and the fracture process was more prone to detach the 

aggregates.  

Keywords: concrete, fracture energy, coarse aggregate, limestone filler, recycling 

1. Introduction 

A concrete structure recycling process comprises comminution and size reduction. The 

comminution is made by crusher, mill, or combining both strategies [1,2]. The recycled 

concrete aggregate (RCA) produced contains adhered cement paste, elevating its porosity and 

reducing the aggregate strength. These characteristics are the reason to limit the replacement of 

natural aggregates by the recycled ones in standards for the application in structural and non-

structural concretes [3,4]. 

Increasing the RCA quality and remove cement paste as fines would promote the circular 

economy of concrete. Strategies for strengthening or removing the adhered cement paste have 

been proposed. The strengthening was made, in general, by carbonation or coating (immersing) 

the RCAs in pozzolan slurries previously of its insertion on concrete mixtures [5–9]. However, 

the amount of work seems not worth due to the slight RCA improvement.  
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On the other hand, removing the adhered paste results in an RCA equivalent to the natural 

aggregate. Among the studies process are: immersion of ARCs in acidic solutions, thermo-

mechanical method, electrical discharge crushing method, freeze-thaw method and microwave 

method [10–16]. These procedures, however, are not viable nowadays due to their high cost or 

significant environmental impacts.  

In this paper, we proposed using limestone filler (LF) in the concrete formulation as a strategy 

to change the fracture process of the cement paste and the interfacial transition zone during 

comminution, resulting in an RCA without adhered paste. This proposal is based on the fact 

that LF does not react chemically with the cement during hydration, reducing the water demand 

and keeping the mechanical and durability properties [17]. In the hardened state of concrete, 

the presence of LF contributes to the toughening post-cracking mechanism, resulting in a higher 

uniformity of the load distribution in all the materials, as Das et al. [18] demonstrated. This 

toughening effect may promote more damage during the comminution of the cement matrix 

composite waste and will help detach of the cement paste from the natural aggregates. 

Therefore, this works aims to analyze the effect of limestone filler on the fracture energy bond 

strength of cement paste and concretes.  

2. Experimental program 

Cement pastes and concrete mixtures composed with and without limestone filler were 

produced in this work. The fracture energy of those mixtures was determined once this property 

indicates the amount of work necessary to create a unit of crack area and, thus, can be related 

to the energy required for concrete comminution. Furthermore, when determined by the Wedge 

Splitting Test (WST), the fracture energy curve shows more details as the toughening effect. 

After the WST, the fractured surfaces of the samples were analysed, relating the energy to the 

fracture or detachment of aggregates. 

 

2.1 Materials 

The characteristics of the materials used in this work are presented in Table 1. Also, their 

discrete (a) and cumulative (b) particle size distribution are in Figure 1. Ordinary Portland 

cement (OPC) was used in this work (classified as CPV in Brazil). This cement type was chosen 

because it has the lowest per cent of addition available in the Brazilian market. A 

thermogravimetric analysis showed that it is composed of 10% of limestone. Two types of 

limestone filler (LF) were used in this work, called PF1 and PC5, both composed of 100% of 

CaCO3. They were chosen due to their size difference, aiming to replace the cement and fill the 

smaller pores of the cement paste. The fine aggregate was a river sand whose dimensions are 

between 0.184 and 1.03 mm. Lastly, the coarse aggregate used was river gravel with particle 

size between 4.75 and 16.5 mm.  

 

Table 1: Materials characteristic  

Material Density (g/cm³) D50 (µm) VSA (m²/m³) 

Cement 3.08 17.41 0.836 

Limestone Filler PF1 2.76 2.49 3.1784 

Limestone Filler PC5 2.74 8.83 10.287 

River sand 2.65 398 0.031 

River gravel 2.64 11,526 0.0008 
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The insertion of filler in cement paste was made by 40% of mass replacement and the water to 

binder ratio was reduced with the aim to obtain similar strength. Consequently, the total paste 

content in the mixture was slightly reduced, and the coarse aggregate content increased, as 

shown in Table 2. All the LF used in this work comprised 50% of PF1 and 50% of PC5. 

 

 
Figure 1: Discrete (a) and cumulative (b) particle size distribution of the materials used in this 

work. 

 

Table 2: Mix proportion in kg/m³ and properties of produced mixtures 

Mixture Name C  LF FA CA W 
Fc 

(MPa) 

E 

(GPa) 

Paste P 1240.3 - - - 596.8 48.3 18.7 

Paste with LF PF 778.7 519.1 - - 558.1 26.0 10.6 

Reference 

concrete 
C 375.0 - 796.9 1148.8 180.8 62.2 34.3 

Concrete with 

LF 
CF 235.4 157.0 796.8 1119.9 168.7 40.6 30.5 

C = cement; LF = limestone filler; FA = fine aggregate; CA = coarse aggregate;  

Fc = compressive strength; E = Elastic Modulus 

 

2.2 Methods 

The mixing was performed in a rheometer until the total homogeneity of the mixture. After that, 

the samples were casted in a vibrating table and kept at environmental conditions. After 24 

hours they were cured immersed in lime water for 28 days. 

 

Fracture energy  

The Wedge Splitting Test (WST) was performed to determine the fracture energy, in which the 

samples had dimensions presented in Figure 2 (a).   mixture using an electromechanical dual-

column testing machine with a 50 kN load cell. A vertical load was applied at 3 µm/min by the 

machine in the wedge and distributed horizontally in the sample by the rollers and plates 

accommodated in the groove. A clip gauge measured the crack opening from a metallic support 

fixed on the sample (Figure 2 (b)). 
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(a) 

 

(b) 

Figure 2: WST sample dimensions (a) and apparatus for carrying out the test, including the 

frontal clip gage (b) 

 

Load-displacement curves were plotted, and from them, the fracture energy could be calculated 

using Equation (1), where GF is the fracture energy in (N/m); P is the horizontal load applied 

in N; δ is the displacement in m measured by the clip gauge (and divided by two sample halves); 

A is the sample fracture area in m². 

𝐺𝐹 =
∫ 𝑃𝑑𝛿
𝛿

0

𝐴
 

(1) 

 

Fractured and detached aggregates  

After the WST, all the broken samples were identified, and pictures were taken from the fracture 

surface of the pairs. From this, the number of aggregates on the surface was counted and 

organised into fractured and detached. The fractured aggregates were considered the ones 

whose parts are visible in both sample halves. The detached were the ones in that one fracture 

surface presented only the hole, and the other presented the entire aggregate. Also, up to 10% 

of broken aggregate was considered detached.  

3. Results 

3.1 Fracture energy 

The average fracture energy (Gf) of mixtures is presented in Figure 3. The Gf of concretes was 

more than 12 times higher than pastes. Also, the presence of LF in pastes resulted in Gf 48% 

higher than the reference. In concretes, however, the Gf of C was 18% superior to CF. This 

ambiguous result occurs due to the different crack courses in the presence of particles. In pastes, 

when the crack meets a filler particle during crack propagation, it tends to surround the particle 

and, sometimes, divides itself into two or more microcracks. This effect caused larger 

deformation for the same load [18]. In concrete, however, in addition to micrometric filler 

particles, the crack must deflect larger aggregate particles, requiring more energy. 
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The load-displacement curves of pastes and concretes explain the values of Gf (Figure 4). The 

pastes reached lower values of load and displacement when compared to concretes. Also, in 

pastes, the end of the tests was due to the collapse of the samples, which did not happen for the 

concretes. These results demonstrate that the aggregates are the main ones responsible for the 

resistance to the formation and propagation of cracks, thus, for the fracture energy.  

The presence of LF in pastes reduced the maximum load but also demonstrated a curve tail, 

reaching larger deformations before collapsing. The maximum load supported is related mainly 

to the higher porosity of the system, once even though the water-to-solids ratio was lower for 

LF mixtures, the water-to-cement ratio was higher. Instead of it, the toughening effect of LF 

suggests that more microcracks appeared during the crack propagation, demanding more energy 

for the fracture process. The same LF effect was seen for concretes, where the reference (C) 

reached a higher maximum load, but the CF curve tail demonstrated higher strength for crack 

propagation. 

 

 

 
Figure 3: Total fracture energy of mixtures 

studied in this work 

 
Figure 4: Load-displacement curves from 

WST 

 

 

3.2 Fractured and detached aggregates 

The average detached coarse aggregates of the concretes were reduced by 15% with cement 

replacement by filler, as seen in Figure 5. This indicates that the higher energy necessary to 

break the samples is also related to break a river gravel. It still means that the crack path was 

easier through the aggregate than bypassing it. On CF, however, the main crack was more prone 

to bypass the coarse aggregate. This effect is possible due to the microcracks generated by the 

LF presence on the crack path. Then, with the existence of a microcrack, it was easier for the 

main crack to surround the aggregate than to pass through it. 
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Figure 5: Amount of detached and fractured aggregates in the fracture surface of WST 

samples 

 

The graph results are illustrated in Figure 6, where one fractured area of each concrete is 

depicted. Some fractured and whole river gravel can be seen in the pictures, and some grooves 

are left in the mortar due to detachment. Comparing the concrete without and with LF, more 

fractured aggregates are identified in the surface in the first, while more detached aggregates 

are seen in the last. Finally, the aggregates from both concretes have no adhered pastes on their 

surfaces. 

 

 
Figure 6: Fracture surface of WST used for counting detached and fractured aggregates. a: 

reference concrete; b: concrete with filler 
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4. Conclusions 

Limestone filler was used by cement replacement in this work as strategy to improve the 

recyclability of concretes. Fracture energy and counting of fractured and detached aggregates 

were carried out. It can be concluded that: 

• Pastes containing LF presented higher fracture energy than reference pastes and this is 

explained by the load-displacement curves. Due to the higher water-to-cement ratio, the 

LF pastes reached lower maximum load, but the filler toughening effect led to larger 

deformations; 

• Concretes had fracture energy 12 times higher than pastes. The crack path is more 

tortuous in the presence of aggregates, increasing the need of energy to break the 

sample; 

• Concrete with LF had Gf lower than reference one. Lower maximum load was supported 

by filler concrete due to its higher porosity and the effect of toughening was smaller 

than the effect of aggregates in the crack path. Also, the fracture process was more prone 

to bypasses the aggregates in filler concrete and more prone to break the aggregates in 

reference concrete. 

Different results could be obtained for higher contents of filler (50%) and high water-to-solid 

ratios that may influence on the quantity of detached aggregates. Further investigations on those 

directions are necessary. 
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Abstract 

Heterogeneous construction and demolition waste can be used as raw material to produce 

lightweight aggregates (LWA) similar to expanded clays. In the joint research project 

“REALight”, LWA were produced from masonry rubble in a thermal expanding process using 

a pilot production plant with a rotary kiln. Our research focuses on the characterisation of the 

novel LWA and their use in different hydraulically bound applications.  

Infra-lightweight concrete (ILC) was produced with the novel LWA, which accounts for two 

thirds of total aggregate volume, and Celitement, which is a hydraulic binder with a low carbon 

footprint. Its dry bulk density is ≤ 800 kg/m³. Strength and durability properties are comparable 

to ILC data from the literature.  

Lime-based repair mortars (LRM) containing LWA are beneficial for sandstone conservation 

due to their similar properties regarding porosity, water absorption and strength. A two-layer 

repair mortar system, which consists of a filling mortar to fill large voids and a covering mortar 

to modulate the surface texture to the historic sandstone, was developed.  

In our contribution, we present results of the LWA characterisation according to the European 

standard EN 13055:2016. Requirements and challenges of the use of the novel LWA in ILC 

and LRM are discussed. 

1. Introduction 

The utilization of mixed masonry rubble is limited due to its very heterogenous composition of 

various building materials e. g. concrete, bricks, aerated concrete, calcium silicate blocks, 

natural stones, plaster and mortar. Each material has different physical, mechanical and 

chemical properties and can contain different amounts of contaminates like sulphate. Therefore, 

mixed masonry rubble fines are mainly used for applications with low quality requirements, 

such as backfilling or profiling on landfills. Furthermore, if the masonry rubble has a high 
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sulphate content, the use will be forbidden due to groundwater protection or the risk of sulphate 

attack on concrete [1]. 

The idea of producing LWA from masonry rubble dates back to the early 2000s [2]. Initial 

studies were carried out at the Bauhaus-Universität Weimar [3-5]. Based on these results, the 

production process of LWA from mixed masonry rubble fines was developed from laboratory 

to pilot scale by the Weimar Institute of Applied Construction Research (IAB) [6-7]. The first 

step of this process is the production of green granules. They are produced in a multi-stage 

mechanical process, which consists of the following steps: crushing, screening, grinding, 

addition of an expanding agent (often SiC powder), homogenisation and wet granulation. 

Finally, the green granules are thermally treated in a rotary kiln, which causes expanding of the 

granules due to the thermal decomposition of the expanding agent. This process is very similar 

to the production of expanded clays. Today, a pilot plant with a 6-metre-long rotary kiln is 

operated by IAB. Over 2.4 tons of LWA were successfully produced for different application 

studies within the joint research project “REALight” [8-9]. 

In our contribution, we present the characteristics of the novel LWA, which were tested 

according to the European standard EN 13055:2016. Furthermore, we present results on 

application studies on infra-lightweight concrete (ILC) and lime-based repair mortars (LRM) 

containing the novel LWA. 

2. Lightweight aggregates  

2.1 Experimental 

LWA were produced by IAB. Expanded granules were obtained from masonry rubble fines 

containing at least 60 % brick with an addition of 2 % SiC powder. LWA used for ILC were 

screened to the desired granule fractions of 2-4 mm and 4-8 mm. For the use in LRM, LWA 4-

16 mm were crushed in a jaw crusher and screened into the granule fractions of 0-0.5 mm, 0.5-

1 mm, 1-2 mm, 2-4 mm and 4-8 mm afterwards. 

The characterisation of LWA was carried out according to EN 13055:2016. The particle size 

distributions were obtained by dry sieving according to EN 993-1:2012 and the particle shapes 

were studied with dynamic image analysis (CAMSIZER®, Retsch). The water absorption and 

the particle bulk density of granule fractions with sizes ≤ 2 mm were tested according to EN 

13055:2016, Annex D and the BVK method [10]. The water suction time was extended to 

10 min. Granule fractions with particle sizes ≥ 2 mm were tested according to EN 1097-6:2013, 

Annex C. The particle skeletal density was tested with helium pycnometry according to DIN 

66137-2:2019. For this purpose, LWA were dried and ground to powder. The total porosity was 

calculated from particle bulk density and particle skeletal density according to DIN 66137-

1:2019. The loose bulk density was tested according to EN 1097-3:1998. 

To evaluate the environmental compatibility, eluates of each granule fraction 

(water/solid = 10 L/kg) were produced according to EN 12457-4:2002. The eluate composition 

was analysed with ion chromatography (IC) and inductively coupled plasma optical emission 

spectroscopy (ICP-OES). 

2.2 Characterisation 

All expanded granules, round and crushed, can be classified as lightweight aggregates 

according to EN 13055:2016. All granule fractions consist of 20-30 % undersized and no 

oversized particles (grading curves not shown). The loose bulk density of each granule fraction 
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is ≤ 1000 kg/m3 and the particle bulk density is ≤ 2000 kg/m3, which meet the requirements of 

the standard (Table 1). The total porosity of the round LWA is slightly higher than that of the 

crushed LWA. When the LWA, which are mostly macroporous [11], are crushed in the jaw 

crusher, the total porosity decreases with decreasing particle size. Cracks occur mainly along 

the pore walls. Therefore, the smaller the fragments, the more pores are broken down, which 

led to the loss of total porosity and rise in particle bulk density.  

The appearance of round and crushed LWA is very different. Round LWA have an almost 

spherical shape whereas the crushed LWA are irregular formed. The difference in shape is 

expressed in the sphericity values and the aspect ratios of the LWA. For round LWA, these 

parameters are close to 1, which is typical for perfect spheres, whereas the values for crushed 

LWA decrease with decreasing particle size (Table 1). 

The results of the environmental analysis of the different LWA fractions show that all values 

are below the limits according to German regulations [1]. No environmental risk for soil and 

water is to be expected from the novel LWA. 

Table 1: Properties of round and crushed LWA [12-13]. 

Fraction 

[mm] 

Loose 

bulk 

density 

[kg/m3] 

Particle 

bulk 

density 

[kg/m3] 

Particle 

skeletal 

density 

[kg/m3] 

Total 

porosity 

[%] 

Water 

absorption 

[%] 

Sphericity Aspect 

ratio  

 round 

2-4 518 1020 2680 61.9 19.9 0.922 0.828 

4-8 467 890 2660 66.4 16.0 0.930 0.848 

 crushed 

0-0.5 997 1980 2690 26.5 13.6 - - 

0.5-1 662 1760 2680 34.5 18.9 0.693 0.673 

1-2 527 1490 2660 44.0 23.1 0.765 0.699 

2-4 465 1230 2660 53.7 20.5 0.777 0.699 

4-8 495 1130 2660 57.5 19.0 0.816 0.734 

3. Infra-lightweight concrete 

3.1 Background 

Lightweight concrete has a very low dry bulk density (800-2000 kg/m³) compared to normal 

concrete. The reduction of the dry bulk density is primarily induced by using lightweight 

aggregates (e. g. pumice, expanded clay, expanded glass). In addition, infra-lightweight 

concrete (ILC) has a dry bulk density of less than 800 kg/m³. The development of ILC started 

more than a decade ago. The great thermal insulation properties of ILC make it interesting for 

building houses because no further thermal insulation is needed. Architects and civil engineers 

have more freedom for the design and construction of future buildings. Furthermore, the 
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absence of additional insulation material has a positive impact on the environment and the 

recycling of the building components is simplified. Until today, several houses have been built 

with ILC for demonstration purpose [14]. 

3.2 Experimental 

Beton und Naturstein Babelsberg GmbH developed formulations for ILC using the expanded 

glass Liaver [15] and the low-CO2 binder Celitement [16]. This concrete mixture was adapted 

for the use of the novel LWA. 65 Vol.-% of the aggregates were substituted by the round LWA 

fractions 2-4 mm and 4-8 mm. LWA were pre-wetted before use. The composition of the fresh 

ILC is given in Table 2. The w/b value was 0.46. Mixing was carried out in a Teka THZ 250 

concrete mixer. The fresh concrete was transferred to specific moulds and stored according to 

the requirements of each test.  

Table 2: Composition of infra-lightweight concrete with round LWA. 

Material Binder Water Silica PCE 

SP 

SRA Liaver 

0.5-1 mm 

Liaver  

1-2 mm 

LWA  

2-4 mm 

LWA  

4-8 mm 

Amount 

[kg] 
52.2 23.9 10.2 1.5 0.2 9.0 7.0 24.8 30.1 

PCE SP = polycarboxylate ether superplasticizer, SRA = shrinkage reducing admixture 

The compressive strength was tested on cubes (150 mm) and cylinders (d: 100 mm, h: 300 mm) 

according to EN 12390-3:2019. The flexural strength was determined on prisms (150 mm x 

150 mm x 300 mm) according to EN 12390-5:2019. The dry bulk density was tested according 

to EN 12390-7:2019. The skeletal density was tested with helium pycnometry according to DIN 

66137-2:2019. For this purpose, ILC cubes were dried and ground to powder. Afterwards, the 

total porosity was calculated from the dry bulk density and the skeletal density according to 

DIN 66137-1:2019. The static modulus of elasticity was determined according to EN 12390-

13:2021 and the change in elongation (swelling and shrinkage) according to EN 12617-4:2002. 

3.3 Results 

The properties of hardened ILC at the age of 28 days are summarized in Table 3. The concrete 

can be just classified as infra-lightweight concrete due to its dry bulk density of 800 kg/m³. It 

could be assigned to compressive strength class L8/9. The concrete properties are similar to 

those reported in literature on other ILC, which contain expanded clay as LWA and ordinary 

cement [14, 17-18]. 

Table 3: Properties of infra-lightweight concrete with round LWA at the age of 28 days [13]. 

Compressive 

strength 

(cube) 

[MPa]  

Compressive 

strength 

(cylinder) 

[MPa] 

Flexural 

strength 

[MPa]  

Dry 

bulk 

density 

[kg/m3]  

Skeletal 

density 

[kg/m3]  

Total 

porosity 

[%] 

Static E-

modulus 

[MPa]  

Shrinkage 

[mm/m]  

10.8 8.7 1.4 800 2200 63.5 4200 -0.43 

Some exemplary photographs of ILC specimens are shown in Figure 1. Because of its low dry 

bulk density, ILC floats on water, making under water curing challenging. The low weight of 
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ILC is caused by the high total porosity due to the macroporous LWA [11] and many air voids, 

respectively.  

 

Figure 1: Infra-lightweight concrete floating on water (left), close-up of cut surface area of an 

infra-lightweight concrete cylinder (right). 

4. Lime-based repair mortars  

4.1 Background 

Lightweight mortars are preferred for sandstone conservation due to their lower weight 

compared to conventional repair mortars. Especially for the conservation of overhanging parts, 

the total weight of the mortar is crucial for a successful repair. The chemical, physical and 

mechanical properties as well as the appearance of the repair mortar must adapted to the specific 

conservation object. A long-lasting bond must be formed between the repair mortar and the 

damaged stone to avoid new damages during and after the restoration. Physical and mechanical 

mortar parameters to be considered include compressive strength, shrinkage, dynamic modulus 

of elasticity, moisture expansion, thermal expansion, water absorption coefficient, water vapour 

permeability and adhesive strength [19]. 

Opus Denkmalpflege GmbH and BAM are developing lightweight, lime-based repair mortars 

(LRM) using fine crushed LWA for the conservation of objects made from Cotta sandstone. 

This natural stone is often used for decorative building elements in Germany. A two-layer 

mortar system consisting of a filling and a covering mortar is suitable to repair large areas. The 

filling mortar is used to fill large voids, while the covering mortar is used to modulate the 

surface texture to the damaged stone. LRM are preferred in conservation. The repair mortar 

must be the weakest part of the system. If the repair mortar is lost or damaged, the system 

should fail either in the mortar itself or at the interface to the stone but never in the restored 

object. Therefore, the compressive strength of the mortar should be less than 60 % of the 

compressive strength of the damaged stone [19]. 

4.2 Experimental 

Crushed LWA 0-0.5 mm were used for the covering LRM and crushed LWA 0-0.5 mm, 0.5-

1 mm and 1-2 mm for the filling LRM. Different combinations of binders were used. As lime-

based binders CL 90 and NHL 3.5 were selected. Tuff powder and Portland cement CEM I 42.5 

were used as pozzolanic and hydraulic binder, respectively. The composition of each mortar 

mixture is given in Table 4. 
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Table 4: Composition of lime-based repair mortars with fine crushed LWA [12]. 

Material C1 C2 C3 C4 F1 F2 F3 F4 

 % by volume of dry mortar mixture 

CL 90 22.5 12.4 - - 25.9 14.1 - - 

NHL 3.5 - - 22.5 12.4 - - 25.9 14.1 

CEM I 42.5 - 12.4  12.4 - 14.1  14.1 

Tuff powder 9.0 - 9.0  10.4 - 10.4 - 

Tylose 0.7 0.7 0.7 0.7 0.7 0.6 0.7 0.6 

Quartz 0.04-0.25 mm 45.1 49.5 45.1 49.5 - - - - 

LWA 0-0.5 mm 22.7 25.0 22.7 25.0 23.6 28.4 23.6 28.4 

LWA 0.5-1 mm - - - - 22.1 28.7 22.1 28.7 

LWA 1-2 mm - - - - 17.4 14.1 17.4 14.1 

w/b 0.97 1.23 0.97 1.23 0.94 1.20 0.94 1.20 

C = covering mortar, F = filling mortar 

The mortars were prepared manually. Water was placed in a bowl, the previously prepared dry 

mortar mixture was added and everything was mixed for 1-2 minutes. The fresh mortar was left 

to stand for approx. 2 minutes and then filled into moulds. Cubes (20 mm) were produced for 

all tests. The moulds were stored at 23 °C and 65 % relative humidity. 

The approach of EN 1097-6:2013 was adapted for the determination of the dry bulk density of 

the hardened mortar at the age of approx. 40 days. The compressive strength test was carried 

out on at least 3 cubes per mortar mixture at the age of 28 days with a ToniPRAX testing device 

(240 N/s, Fmax 10 kN). The cubes were demoulded directly before the test. 

4.3 Results 

The determined physical and mechanical properties of LRM are summarized in Table 5. All 

filling LRM can be classified as lightweight mortar according to EN 998-2:2017 due to their 

low dry bulk density (≤ 1250 kg/m3). The covering mortars have a slightly higher dry bulk 

density (≤ 1430 kg/m3) because of the use of LWA fractions with higher particle bulk density 

(Table 1) and smaller amounts of LWA in the mortar mixtures (Table 5). For the restoration of 

Cotta sandstone, mortars assigned to mortar class M 2.5 or M 5 are desirable. Almost, all 

covering and filling mortars develop adequate compressive strength at the age of 28 days. 

Depending on the binder composition, the LRM achieve a compressive strength of 1.2-5.2 MPa. 

Table 5: Properties of lime-based repair mortars with fine crushed LWA [12]. 

 C1 C2 C3 C4 F1 F2 F3 F4 

Dry bulk density [kg/m3] 1360 1430 1380 1430 1250 1190 1250 1230 

Compressive strength [MPa]  2.0 3.3 3.0 5.2 1.2 2.7 2.1 4.1 
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Two exemplary micrographs of LRM are shown in Figure 2. These LRM were made with 

CL 90 and tuff powder. The difference in microstructure can be clearly seen from the 

micrographs: The covering mortar C1 consists of smaller particles with a denser packing, while 

the filling mortar F1 has a looser packing and some air voids. 

 

Figure 2: Micrographs of covering (left) and filling lime-based repair mortars (right).  

Crushed LWA appear as black asymmetric spots, air voids as white areas. 

5. Conclusions 

In the joint research project “REALight”, LWA were produced from mixed masonry rubble 

fines in a thermal expanding process. These novel LWA, round and crushed, were tested as 

aggregates in lightweight concrete and mortars. The following results are achieved: 

- successful production of an infra-lightweight concrete  

- development of lightweight lime-based repair mortars for sandstone restoration 

The development and comprehensive characterisation of lightweight concrete and mortars will 

be continued. The production of an infra-lightweight concrete made with expanded clay for 

comparison as well as the production of concrete elements for a pavilion will be performed. 

Moreover, optimised lime-based repair mortars will be applied on Cotta sandstone objects. 
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Abstract 
Lightweight aggregates can be manufactured from masonry rubble by a thermal expanding 
process pursuing the idea of feedstock recycling. Throughout a series of research projects, the 
manufacturing process has been developed, optimized and scaled up. Various test results prove 
that the engineering properties of the new expanded masonry rubble aggregates are similar to 
those of traditional expanded clays. The aggregates show a heterogeneous and macroporous 
pore structure. The grains consist of cracks, cavities, large bulky pores and a solid skeleton 
containing small capillary pores as well as partly melted areas. But which differences and 
similarities exist to expanded clay aggregates, which are made from a relatively homogeneous 
clayey raw material? To answer this question, comparative studies on the chemical, physical, 
mineralogical and microstructural characteristics of expanded masonry rubble aggregates and 
commercial expanded clay aggregates have been conducted. In our contribution, results of 
particle shape and porosity measurements, mercury intrusion porosimetry and electron 
microscopy are presented. The microstructural characteristics are correlated with engineering 
properties, such as water absorption and particle strength. 

1. Introduction 
The reuse of heterogeneous and fine-grained mineral construction and demolition waste (CDW) 
as building material is limited because of its unfavourable intrinsic properties. However, 
masonry rubble can be used as raw material for the manufacture of lightweight aggregates by a 
thermo-chemical material conversion process. The manufacturing technology has been 
developed from lab scale to pilot scale in a series of research projects [1-4]. The lightweight 
expanded masonry rubble aggregates are produced in a multistage process. The finely ground 
rubble, which is blended with 1-3 % silicon carbide powder (SiC) as expanding agent, is 
granulated. The green granules are burnt at about 1180 °C in a rotary kiln [1-6]. Similar to the 
manufacturing process of expanded clay, expansion occurs due to gas release (here from the 
SiC powder) at the same temperature where the material reaches a visco-plastic and partly 
melted or vitreous state [2, 5, 6]. The thermo-chemical material conversion leads to a successful 
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feedstock recycling of CDW. Today the Weimar Institute of Applied Construction Research is 
able to produce tonnes of lightweight expanded aggregates from masonry rubble in campaigns. 
Lightweight aggregates are porous and almost spherical mineral grains. They are characterized 
by a particle bulk density smaller than 2000 kg/m³ or a loose particle bulk density smaller than 
1200 kg/m³ according to EN 13055:2016. Commercially available aggregates are mechanical 
processed from natural stones, like pumice, tuff and other volcanic rocks, or produced by 
thermal treatment of natural raw materials, like clay, shale and perlite. To produce structural 
lightweight concretes the lightweight aggregates should possess sufficient particle strength 
beside the appropriate low intrinsic weight. Furthermore, a relatively high total porosity but 
moderate water absorption arising from well-proportioned fractions of open and closed pores 
is required. These properties are best met using lightweight expanded aggregates made from 
clay, which are usually used to produce lightweight concretes [7-9]. 
According to first applications in structural lightweight concretes, the expanded masonry rubble 
aggregates are said to be similar to expanded clay [3, 9-11]. To prove this statement, it is 
necessary to provide information on the basic characteristics of the aggregates. This paper gives 
a brief overview about the results of an experimental study on the textural and microstructural 
characteristics of lightweight expanded aggregates from masonry rubble (referred to as EMR) 
compared to expanded clay (referred to as EC).  

2. Experimental 
2.1 Lightweight expanded aggregates 
To produce the expanded masonry rubble aggregates, different masonry rubbles containing 
about 25 % or 50 % brick material served as raw material. The produced aggregates were 
divided by screening into the grain fractions 2-4 mm and 4-8 mm, which are typically used to 
produce lightweight concrete. Depending on the burning conditions and each detailed raw 
material preparation, aggregates with different particle bulk densities varying from 580 kg/m³ 
to 1800 kg/m³ were produced. For comparison, commercially available round or crushed 
expanded clays with particle bulk densities between 750 kg/m³ and 1400 kg/m³ were used. 
All results are presented depending on the particle bulk density of the aggregates. Therefor the 
different EMR and EC samples are labelled with each density in kg/m³. 
For the pore structure analyses, the following characteristic samples were selected: EMR 640, 
EMR 720, EMR 1160, EMR 1390, EMR 1410, EC 1040 and EC 1240. Before the analyses, the 
aggregates were washed and then dried at 105 °C. 

2.2 Measuring methods 
The particle shape of the aggregates was determined by means of the photo-optical particle 
analysis system CAMSIZER (Retsch). According to the principle of digital image processing, 
the particles pass in free fall through an extended LED strobe light source and two CCD 
cameras. The projected particle shadows are recorded at a rate of more than 60 images per 
second. 
The micrographs of individual aggregates were taken using a camera NIKON with 105 mm 
focal length and an environmental scanning electron microscope XL 30 ESEM (Philips). The 
ESEM technique enables the investigation of the sample in a low vacuum atmosphere without 
applying a conductive layer on its surface.  
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For pore structure analyses, mercury intrusion porosimetry (MIP) is used. This method is based 
on the principle that mercury as a non-wetting liquid only intrudes into a porous system under 
pressure [12]. The volume of mercury that is injected into the sample was measured in 
dependence of the pressure applied. The MIP analyses were carried out by an Auto Pore III 
9400 porosimeter system (Micromeritics) applying a maximum pressure of 405 MPa according 
to ISO 15901-1:2016. A collective of 10 to 20 grains was analysed during each run. Assuming 
a contact angle of 140° and a mercury surface tension of 0.48 N/m, a range of pores and pore 
entrances, respectively, from 4 nm to 320 µm pore diameter were assessable by mercury.  
The total porosity of the lightweight aggregates was calculated from the ratio of particle bulk 
density and skeletal density according to DIN 66137-1:2003. The particle bulk density is 
understood as the ratio between mass of dry sample and the sample volume including the 
volume of closed and open pores but excluding the void spaces between particles. It was 
determined during the water absorption measurements according to EN 1097-6:2008. The 
skeletal density is understood as the ratio between mass of dry sample and the sample volume 
including the volume of closed (if present) but excluding open pores in the particles and void 
spaces between particles. It was measured with a gas pycnometer Accupyc 1330 
(Micromeritics) using helium according to DIN 66137-2:2004. For the pycnometer analyses, 
the granules from water absorption experiments were dried and ground to powdered samples.  
The water absorption after 24 hours was determined according to EN 1097-6:2008 by means of 
the pycnometer method. This method measures the mass increase of the oven dry aggregates 
due to water sucked by open pores and cavities under atmospheric pressure. The sample masses 
of water saturated aggregates and oven dry aggregates were determined. 
The particle strength of the lightweight aggregates was measured on a particle collective using 
a test cylinder of 200 cm³ volume according to EN 13055-1:2002. 

3. Results and discussion 
For expanded aggregates from masonry rubble as well as from clay, the thermal treatment in 
the rotary kiln leads to a structural hardening simultaneously with expansion of the grain 
volume and formation of the porous skeletal system. Depending on the nature and the quantity 
of expanding components as well as the burning conditions, lightweight aggregates with 
different particle bulk densities are produced.  

3.1 Particle shape, surface texture and macroscopic structure 
Visual observation alone shows that EMR aggregates consist of almost spherical grains just as 
the EC aggregates. The aggregates have a sphericity greater than 0.9 and an aspect ratio (ratio 
of particle length to particle width) between 1.1 and 1.2. The parameters in Figure 1 show that 
the particle shape of EMR is between round and crushed EC grains. The photographic 
micrographs of cut surfaces of EMR and EC embedded in cementitious paste are compared in 
Figure 2. ESEM micrographs of the aggregate’s outer surface and inner core are shown in 
Figure 3. Both, EMR and EC aggregates, have macroscopically a relatively smooth outer 
surface (Fig. 2, right). But microscopically the surface texture is rather rough and porous due 
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to differently shaped crystals covering the surface (Fig. 3, left). Additionally, cavities and rough 
pores are visible. 
Inside the grains, the micrographs of EMR and EC (Fig. 2, right and Fig. 3, right) show cracks, 
cavities and rough pores of millimetre size beside bulky macropores of micrometre size. The 
outer grain layer of varying thickness shows another porosity than the inner core. Considering 
a mixed bunch of EMR aggregates (not shown in the figures), differently porous grains are 
found. Beside fully expanded particles, least expanded or unexpanded grains with a small 
porous layer around an unexpanded core exist. Probably, the proportion of differently expanded 
grains determine the particle bulk density of EMR. In contrast, all EC grains show a 
macroscopically denser structure with an uniform expanding degree. This means that the 
varying particle bulk densities are reached by different expansion of all grains in a bunch.  

 

 
Figure 1: Particle shape parameters of expanded aggregates from masonry rubble (EMR) and 

clay (EC, round and crushed particles) depending on particle bulk density 
 

  
Figure 2: Photographic micrographs of cut 

grains of expanded aggregates 4-8 mm from 
masonry rubble (above) and clay (below) 

embedded in cementitious paste  

Figure 3: ESEM micrographs of the outer 
surface (left) and the fresh fractured inner 
core (right) of expanded aggregates from 
masonry rubble (above) and clay (below)  
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3.2 Microstructure  
Looking deeper into the aggregate microstructure and considering smaller pores in micrometre 
and nanometre range, the ESEM micrographs in Fig. 3 on the right side show a heterogeneous 
pore structure of EMR and EC. Beside the macropores, smaller pores in the skeletal solid walls 
and partly melted vitreous areas exist. The finding of vitreous amorphous phases is proved by 
the results of XRD analysis [6]. 
A quantitative insight into the pore structure is provided by the results of MIP analysis. Typical 
cumulative and differential pore size distributions of EMR and EC aggregates are shown in 
Figure 4. Both, aggregates made from masonry rubble or clay, show a large intrusion/extrusion 
hysteresis. Almost all mercury remains entrapped into the pore system during extrusion. This 
phenomenon characterizes a completely non-uniform pore system with large macropores with 
sizes much greater than that of the pores leading into them. Such behaviour is known from 
bricks and high-burnt clay minerals [8, 12-14]. It proves that the EMR achieve the desired 
material characteristics similar to expanded clay. The qualitatively finding from ESEM that the 
two aggregates contain an irregular pore network consisting of non-uniform shaped pores is 
confirmed. Probably, large pores are randomly connected to each other or smaller pores via 
narrow throats (ink-bottle pores e.g.). These large pores remain filled with mercury during 
extrusion when the continuous mercury flow towards the sample surface is interrupted by the 
narrow pore throats.  
The parameters total pore volume, apparent bulk density and most frequent pore diameter, 
which are derived from MIP analyses, are visualized in the bar charts in Figure 5. The total pore 
volumes of both types of aggregates, EMR and EC, are relatively high and vary between 
250 kg/m³ und 1100 kg/m³ depending on the particle bulk density. The total pore volumes as 
well as the apparent porosities decrease with growing bulk densities. The two studied aggregate 
types have mainly macropores with pore sizes above 0.1 µm diameter (pore classification 
according to IUPAC and Setzer summarized in [15]). But the maxima of the pore volume 
distributions are different. The EMR aggregates contain mainly capillary pores with diameters 
greater than 5 µm. For expanded clays, the distribution maximum is shifted to smaller capillary 
and microcapillary pores of 0.1 to 5 µm diameter. Thus, the most frequent pore diameter is 
between 10 µm and 30 µm for EMR and at about 2 µm for EC, respectively. 
 

 
Figure 4: Typical pore size distributions of expanded masonry rubble aggregates (EMR) 
compared to expanded clay aggregates (EC) measured by mercury intrusion porosimetry 
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Figure 5: Results from MIP analyses of expanded masonry rubble aggregates (EMR) 

compared to expanded clay aggregates (EC) (from left to right: total pore volume, apparent 
porosity, most frequent pore diameter depending on particle bulk density) 

3.3 Total porosity, water absorption and particle strength  
The total porosity of EMR and EC, which has been calculated from particle bulk density and 
skeletal density, is shown depending on the particle bulk density in Figure 6. The porosity, 
which is important for the low intrinsic weight of the aggregates, is between 30 % and 80 %. 
Due to the almost similar solid density of all aggregates of about 2700 kg/m³, the total porosity 
decreases linearly with growing bulk densities regardless of the raw material and manufacturing 
conditions. The values are in accordance with the course of the apparent porosities determined 
by MIP but they are in general 1 % to 10 % higher. The difference can be related to the presence 
of closed pores as well as pores greater than 320 µm, which are outside the MIP measuring 
range.  

 

 
Figure 6: Total porosity of masonry rubble 
aggregates (EMR) compared to expanded 

clay aggregates (EC) depending on particle 
bulk density, values of apparent porosity 

from MIP are added 

Figure 7: Water absorption of masonry 
rubble aggregates (EMR) compared to 

expanded clay aggregates (EC) depending 
on particle bulk density 

The water absorption of all measured lightweight aggregates is shown depending on the particle 
bulk density in Figure 7. Due to the heterogeneous micro- and macrostructure and the partially 
vitreous surface areas, the two aggregate types show typically a moderate capillary water 
absorption with 8-16 % for EMR and 15-25 % for EC, respectively. The water absorption does 
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not show a systematic dependence on the particle bulk density for both, EMR and EC samples. 
The randomly interconnected pores of different sizes and shapes including ink-bottle and dead-
end pores apparently cause the capillary suction of the aggregates to be sporadically slowed 
down or interrupted, for example when a narrow pore opens into a large-volume cavity. The 
microstructure of the EMR aggregates seems to have a more favourable effect on a low water 
absorption than the expanded clay.  
Beside the low intrinsic weight that is provided by the porosity, the particle strength of the 
aggregates is important. The particle strength of EMR and EC samples increases with growing 
particle bulk density. The particle strength varies between 1.5 MPa and 8 MPa for the EMR as 
well the EC aggregates, which all reach a sufficient particle strength to be used in lightweight 
concretes [7, 8]. 

5. Conclusions 
The macro- and microstructural characteristics, the porosity, the water absorption and the 
particle strength of lightweight expanded aggregates from masonry rubble (EMR) and clay 
(EC), respectively, were compared.  
Both lightweight aggregates, EMR and EC, consist of almost spherical particles.  
Macroscopically, EC grains are evenly porous whereas EMR contain fully-, half- and non-
expanded grains but both have same total porosities depending on the particle bulk density. 
EMR and EC show a heterogeneous microstructure with partly melted vitreous surface areas, 
rough pores and bulky macropores as well as capillary pores in the skeletal walls. EC contains 
additionally a proportion of smaller sized microcapillaries < 2 µm diameter. 
Despite the different starting materials, EMR and EC have in general similar macro- and 
microstructural characteristics so that they show the same engineering properties in dependence 
on the particle bulk density. Differences in pore structure are found, but they do not 
substantially influence the macroscopic properties. 
The engineering properties of EMR and EC aggregates are well explained by the findings of 
porosity and microstructure measurements.  
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Abstract 

Additive manufacturing is an emerging technology that optimizes construction process, 

leading to environmental benefits. However, a large content of cement is required (at high 

environmental cost by volume of material) and end-of-life solutions for 3D printed concrete 

(3DPC) have not been investigated so far. This paper studies a circular model that uses 3DPC 

waste to replace cement for 3DPC production. This study optimizes 3DPC mixes by 

incorporation of fine recycled aggregates (fRA), obtained from recycling 3DPC waste, as 

partial cement replacement. Cement was replaced by 30 vol.% and 50 vol.% with this fRA. 

Rheological and early-age mechanical properties were evaluated. Study showed that it is 

possible to produce mixes with the addition of fRA instead of cement, and thus increasing the 

sand contribution in the mix substantially (aggregate-to-binder ratio from a/b=1.58 to 

a/b=2.86). However, rheological measurements confirmed substantial loss in static yield 

stress and recovery rate of the newly developed mixes, resulting in lower buildability and 

quality of material during printing. Loss in mechanical performance was also reported, 

however all mixes meet the mechanical criteria for structural applications. As an outcome an 

introduction of chemical admixtures is advised to produce mixes containing fRA with 

satisfactory fresh-state performance. 

1. Introduction 

Construction and demolition waste (CDW) constitutes one of the largest materials flows 

globally, accounting for over 36% of all waste generated in the EU [1]. In this context, the EU 

sets an ambition goal towards reuse and recycling of CDW. The recovery of CDW as a 

secondary raw material has a twofold environmental advantage: the decrease of the 

consumption of mineral natural resources and the reduction of landfill disposals. Fine 

recycled aggregate (fRA) is commonly used for backfilling (which leads to low added value), 

landfilled (without any added value) or stockpiled at CDW plants indefinitely (in practical 
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terms, landfilling). Therefore, finding end-goals for fRA is particularly relevant in the current 

context of the EU’s Circular Economy Action Plan [2]. In this context, the market uptake of 

fRA can be driven by developing its use in higher-grade applications through innovation such 

as additive manufacturing of concrete. 

The mixture design of 3D printed concrete (3DPC) substantially differs from that of 

conventional concrete. The design of 3DPC requires substantial mixture modifications in 

order to meet special requirements on extrudability, buildability and setting time. The material 

requires high-static yield stress and low-dynamic yield stress of concrete, therefore highly 

thixotropic behaviour is intended. This implies use of binder (mostly composed of cement) 

with amounts exceeding 700 kg/m
3
 (roughly two times higher than in conventional concrete). 

According to a literature survey performed by Pacheco et al. [3], the binder content of 96% of 

all 3DPC mixes found (total of 165) is higher than 500 kg/m
3 

(Figure 1a). In addition, due to 

rheological and technical limitations of pumps, as well as the requirement that the individual 

layers of 3DPC have small cross-section (both height and width are typically smaller than 25 

mm), coarse aggregates (>4 mm) are typically absent in 3DPC mix design. Figure 1 presents 

the size of aggregates used for 3DPC confirming that, in most of the mixes (total of: 218), the 

aggregate size does not exceed 2 mm (Figure 1b). Similarly, 3D printed concrete has a high 

content of fine aggregates, a major threat to natural resources. 

  

Figure 1: Percentage distribution of the typical binder content (a) and maximum aggregate 

size used in 3D printed mixtures (b). Reprinted from Pacheco et al. [3] (Creative Commons 

Attribution 4.0 International) 

Although, some of the characteristics of fRA such as high water absorption and irregularity in 

shape could be considered as undesired in conventional concretes, they could be taken in 

account while designing 3D printed concrete mixes towards tailoring the rheological 

properties of 3D printed mix. To date limited knowledge on application of fRA for 3D 

printing applications, however some research groups confirmed its satisfactory performance 

in 3D printed concrete [4-6].  
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Based on the abovementioned literature and scarce information on the design of 3DPC with 

fRA, a preliminary study was held towards optimizing the mix design by inclusion of fRA 

produced from recycling of 3DPC. The following assumptions have been made: 

 It is possible to produce a mixture design with lower cement content by introducing 

fRA in the mix. 

 Due to high water absorption of the fRA, cement could be potentially replaced with 

fRA without significant effects on rheological performance. 

 To better understand the influence of the fRA in the properties of 3DPC, the 

superplasticizer dosage remained fixed for all mixes. 

 3D printing process of testing columns was performed in the same printing conditions 

(fixed printing parameters, including speed and methodology). 

As a first approximation, it was assumed that no changes to the water content of the mix were 

needed. This is based on the fact that the replacement of cement (lower particle size and 

higher surface area) is replaced by fRA, which are rough and have high water absorption. This 

hypothesis was confirmed. Otherwise, the water content of the mix would have been adjusted. 

The assumptions and experimental design are part of a comprehensive research programme 

that aims at finding alternatives for the use of fRA in 3DPC. The present study aims at a 

simplified mix design procedure that maximizes the environmental benefits of this 

replacement (since cement is replaced with fRA without additional changes to the mix 

design), at technical cost (presumed loss of open time, workability and extrudability). Other 

experiments are ongoing and aim at maximizing fresh and hardened-state technical 

performance. 

2. Materials and Methods 

CEM I 42.5 R, fly ash and silica fume were used as a binder component. Natural river sand 

(NA) in size of  <2 mm obtained from Bielinek, Poland was used. The fRA were produced 

from waste 3D printed concrete produced at the West Pomeranian University of Technology 

in Szczecin and using the same raw materials used in the present research. In all cases, the 

compressive strength material exceeded 50 MPa and examples of the compositions if these 

3DPC are shown in e.g. [7-8]. The material was crushed using a jaw crusher (LAB-08-240, 

EKO-LAB, Poland) and sieved below 2 mm. The morphological features of NA and fRA is 

presented in Figure 2. 

A reference mix (R0) and two mixes containing 30 vol% (R30) and 50 vol% (R50) 

replacement of cement with fRA were produced. The mixture design is presented in Table 1. 

The proposed optimization strategy allowed to reduce the cement content in the mixture from 

560 kg/m
3
 to 280 kg/m

3 
along with increasing the a/b ratio by 81%. 
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Figure 2: Optical microscope image of NA (a) and fRA produced from waste 3DPC (b). 

Table 1: Mixture design of 3DPC (kg/m
3
) and aggregate-to-binder ratio 

Mix Cement Fly ash Silica fume NA fRA Water SP 
a/b 

ratio 

R0 560 160 80 1266 0 225 2.20 1.58 

R30 392 160 80 1266 132 225 2.20 2.21 

R50 280 160 80 1266 220 225 2.20 2.86 

Rheological properties were determined using a modular compact rheometer MCR 72 (Anton 

Paar). A vane geometry was used along with a customized ribbed cup (v=120 cm
3
) to exclude 

potential wall-slip effect. The static yield stress was determined at shear rate of 0.1 s
-1

 in 

function of time (up to 45 min) following the methodology presented by Chen et al. [9]. 

Similarly, three interval thixotropy test (3iTT) was performed to observe the apparent 

viscosity recovery after the 3DPC structure has been broken down (recovery rate). The 

consistency of developed material was measured through the flow table test conforming EN 

1015-3. Green strength of 3DPC was assessed by uniaxial unconfined compressive test. The 

tests were performed by special precision press device with precise LVDT and force sensor 

(up to 500 N). The device and testing methodology was described comprehensively in [10]. 

Flexural and compressive strength was determined on cast prismatic specimens in size of 

40×40×160 mm
3
 after 2 and 28 d of curing. The tests were performed according to EN 1015-

11. The printing process was performed by a 3-degree-of-freedom Cartesian robot attached to 

a pump. The printing test consisted of printing a column with a diameter of 150 mm and a 

height of 420 mm with speed of 100 mm/s. 

If the buildability of the mix was not sufficient to achieve the mentioned height, the test was 

ended due to structure collapse. In this case, the maximum height of the specimen was 

measured as the height limit. Additionally, visual inspection of element quality was 

performed.  
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3. Results and Discussion 

3.1.  Fresh properties 

Figure 3 presents the static yield stress of mixes as function of time. Clearly a loss in static 

yield stress of mixes is visible in specimens containing higher fRA content. After 45 min, the 

static yield stress values of R30 and R50 were comparable to the value obtained for mix R0 

after 10 min. Recovery rate determined by 3iTT is summarized in Table 2. Clearly a 

decrement of thixotropic behaviour of mixture can be observed with higher aggregate content 

reaching up to 20% loss in recovery rate when 50 vol.% of fRA is present. The green 

properties, including green strength and green Young’s modulus significantly decrease with 

the addition of fRA. It should be noted that the green strength for mixes R30 and R50 is 

reduced by 52.1% and 71.9%, respectively. The decrement in green Young’s modulus is 48% 

and 69% for R30 and R50, respectively. The green strength for all mixes ranged between 6.3 

kPa and 22.3 kPa. These values agree with other studies [11-12] and are sufficient for printing 

the structure. The relation between spread flow obtained by flow table method is opposite to 

the green strength properties. With the addition with fRA, the spread flow decreases by 

11.70% and 20.9% for R30 and R50, respectively. This phenomenon shows that for the 

examined mixes, there is no relationship between spread flow (as a simple rheology test) and 

green strength. The similar observation was described by [13-14]. In this paper, this 

observation is due to the incorporation of fRA being associated with a reduction of the content 

of cement. 

  

Figure 3: Static yield stress development of 3DPC as function of time 

Table 2: Results of flow table, green strength and recovery rate (3IT) 

Mix 
Spread 

flow [mm] 

 max 

[kPa] 

Green Young‘s 

modulus [kPa] 
Recovery rate [%] 

R0 163 22.29 352.4 100 

R30 144 10.68 184.9 88 

R50 129 6.26 109.5 80 
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3.2. Hardened mechanical properties 

The mechanical properties results are present in Table 3. The presented data contain mean 

values for compressive (  ) and flexural (  ) strength and standard deviation (   ) for each 

result. The addition of fRA influences the mechanical properties negatively due to the 

reduction in the amount of cement in the mix. The results show that the reduction in 

compressive strength is up to 67.6% for the R50 mix. In the case of flexural strength, the 

reduction is up to 46.7%. The differences between specimens with fRA and without fRA are 

higher in the first days of curing (i.e., for compressive strength, the reduction is up to 45.0% 

and 67.6% for 2 days and 28 days of curing, respectively). However, it is worth noting that, 

even with the highest fRA incorporation rate, the 28 days mechanical properties are sufficient 

to considered material for structural applications. 

Table 3: Results of compressive and flexural strength 

Mix 

Compressive strength Flexural strength 

2 days 28 days 2 days 28 days 

   
[MPa] 

    
[MPa] 

   
[MPa] 

    
[MPa] 

   
[MPa] 

    
[MPa] 

   
[MPa] 

    
[MPa] 

R0 33.7 2.81 82.1 14.29 5.4 0.18 8.7 0.94 

R30 18.6 1.61 61.3 2.19 3.8 0.09 6.8 0.53 

R50 10.9 1.32 41.6 5.53 2.9 0.38 5.1 0.34 

3.3. Extrusion and print quality testing 

The printing process was carried out according to the procedure described in Section 2. 

Figure 4 presents an example of the printing process. The printing test shows that the 

reference mix, R0 (without fRA), exhibits the highest buildability values. This mix was able 

to successfully print a column with a height of 420 mm (29 layers) without collapse. The 

printing process of the mentioned column is presented in Figure 4a. However, for specimens 

with 30% and 50% of fRA, the printing process ended in collapse. For R30, it was possible to 

print 14 layers (21 cm height), and for R50, only 10 layers (15 cm height) could be printed. 

The collapse of the column was classified as a plastic collapse (Figure 4b). Due to the 

overload on the bottom layers, the maximum stress was exceeded, resulting in a plastic 

collapse. This is a consequence of the low green strength observed in the fresh properties 

tests. Additionally, it should be noted that, as the amount of fRA increases, the number of 

surface defects also increases, leading to a deterioration in surface quality (Figure 4). For the 

reference mix (R0), the surface has only minor defects, which is in contrast to the specimens 

containing fRA. 
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Figure 4: Printing process results: a) specimen R0 during printing; b) specimen R30 after 

collapse; c) specimen R50 during printing process 

4. Conclusions 

The following conclusions can be drawn from this work: 

- It is possible to print mixes with the replacement of cement by fRA, and thus increasing 

the sand contribution in the mix substantially (aggregate-to-binder ratio from a/b=1.58 to 

a/b=2.86) without any additional mix modification. However, rheological measurements 

confirmed substantial loss in static yield stress and recovery rate of the newly developed 

mixes. These mixes should be directed to non-demanding applications such as small scale 

non-bearing elements etc. 

- The tests show that the addition of fRA deteriorates the green strength by up to 71.9%. 

Nevertheless, the results obtained are still suitable for printing small structures at a speed 

of 100 mm/s. This was confirmed by the buildability test, which allowed the printing of 

structures with heights of 21 cm and 15 cm for R30 and R50 mixes, respectively. 

- The hardened mechanical properties were reduced in mixes with the addition of fRA and 

this phenomenon is significantly noticeable in the early stages of curing. However, the 

reduction in compressive and flexural strength at 28 days is up to 49.3% and 41%, 

respectively (for the R50 mix). 

This preliminary research shows that the idea of replacing cement with fRA is suitable for 3D 

printing. Despite the fact that the addition of fRA deteriorates the green properties of the 

3DPC, this approach aligns with sustainable development goals, such as reducing CO2 

emissions and preserving natural aggregates. Further works on optimization/introduction of 

chemical additives are required towards achieving better buildability, green strength, and 

hardened properties. Moreover, further studies related to conventional replacement of natural 

sand with fRA as well as research on the possible advantages that arise from the water 

absorption of the RA (increase of buildability and internal curing to mitigate shrinkage) 

should be performed. 

5. Acknowledgements 

This research was funded in part by the National Centre for Research and Development 

(NCBR), Poland within Project no. ERA-MIN3/140/Recycl3D/2022 (ERA-NET Cofund 

ERA-MIN3 (Joint Call 2021)). The funding provided by FCT - the Portuguese Foundation for 

Science and Technology, is acknowledged: references UIDB/04625/2020 (CERIS research 

107



V International Conference Progress of Recycling in the Built Environment  

10-12 October 2023 – Weimar, Germany 

 

  

  

centre) and ERA-MIN3/0001/2021 (ERA-NET Cofund ERA-MIN3). Authors would like to 

thank Julia Majewska, BSc from WPUTS for support with specimen preparation. 

6. References 

[1] EUROSTAT (2022). ENV_WAS: European statistics on waste, EUROSTAT 

[2] European Commission (2020). COM/2020/98 final - Communication from the Commission to the 

European Parliament, the Council, the European Economic and Social Committee and the 

Committee of Regions: A new circular economy Action Plan for a cleaner and more competitive 

Europe. 

[3] Pacheco, J.,  Santos, K., Sikora, P.,  Skibicki, S., Techman, M.,  Federowicz, K., Reales, 

O., Vieira, M., Leporace-Guimil, B.,  Tošić, N.,  Pepe, M., 'Recycled Aggregates and 3D printing 

technology: production requirements, printability and way forward (Recycl3D project report 

D.1.1.)', Zenodo (2023) https://doi.org/10.5281/zenodo.7866197. 

[4] Ding, T., Xiao, J., Zou, S., Wang, Y., 'Hardened properties of layered 3D printed concrete with 

recycled sand', Cem Concr Compos. 113 (2020) 103724.  

[5] Duan, Z., H, S., Xiao, J., Singh, A., 'Rheological properties of mortar containing recycled 

powders from construction and demolition wastes', Constr Build Mater. 237 (2020) 117622. 

[6] Xiao, J., Zou, S., Yu, Y., Wang., Y., Ding, T., Zhu, Y., Yu, J., Li, S., Duan, Z., Wu., Y., Li, L., 

'3D recycled mortar printing: System development, process design, material properties and on-site 

printing', J. Build. Eng. 32 (2020) 101779. 

[7] Sikora, P., Techman, M., Federowicz, K., El-Khayatt, A. M., Saudi, H.A., Elrahman, 

M.A., Hoffmann, M., Stephan, D., Chung, S-Y., 'Insight into the microstructural and durability 

characteristics of 3D printed concrete: Cast versus printed specimens', Case Stud. Constr. Mater. 

17 (2022) e01320. 

[8] Skibicki, S., Techman, M., Federowicz, K., Olczyk, N., Hoffmann, M., 'Experimental Study of 

Hardened Young’s Modulus for 3D Printed Mortar', Materials 14(24) (2021) 7643. 

[9] Chen, M., Yang, L., Zheng, Y., Huang, Y., Li, L., Zhao, P., Wang, S., Lu, L., Cheng, X., 'Yield 

stress and thixotropy control of 3D-printed calcium sulfoaluminate cement composites with 

metakaolin related to structural build-up', Constr Build Mater. 252 (2020) 119090. 

[10] Skibicki, S., Jakubowska, P., Kaszyńska, M., Sibera, D., Cendrowski, K., Hoffmann, M., 'Early-

Age Mechanical Properties of 3D-Printed Mortar with Spent Garnet', Materials 15(1) (2021). 

[11] Wolfs, R., Bos, F.P., Salet, T., 'Early age mechanical behaviour of 3D printed concrete: 

Numerical modelling and experimental testing', Cem Concr Res. 106 (2018) 103–16. 

[12] Casagrande, L., Esposito, L., Menna, C., Asprone, D., Auricchio, F., 'Effect of testing procedures 

on buildability properties of 3D-printable concrete', Constr Build Mater. 245 (2020) 118286. 

[13] Jones, S.Z., Bentz, D.P., Martys, N.S., George, W.L., Thomas, A., 'Rheological Control of 3D 

Printable Cement Paste and Mortars', in: 'First RILEM International Conference on Concrete and 

Digital Fabrication - Digital Concrete 2018'. Cham, Switzerland: Springer; 2019. 

[14] Kawashima, S., Chaouche, M., Corr, D.J., Shah, S.P., 'Rate of thixotropic rebuilding of cement 

pastes modified with highly purified attapulgite clays', Cem Concr Res. 53 (2013) 112–8. 

 

108

https://sciprofiles.com/profile/367689
https://sciprofiles.com/profile/1739737
https://sciprofiles.com/profile/1066210
https://sciprofiles.com/profile/author/d3MwZlZ5bktod2JNN3A4SjEybUpBdXc1MkhZeVhGTXY2cGVDZXBQcGZETT0=
https://sciprofiles.com/profile/1225608


V International Conference Progress of Recycling in the Built Environment  

10-12 October 2023 – Weimar, Germany 

 

  

  

ECO-MORTARS FOR SHOTCRETING IN CIRCULAR 

CONSTRUCTION 

Valoni, N.A.1,*, Barroso, M.1, Sáez del Bosque, I.F. 1, Medina, G.2, Corroto, M.3, Sánchez 

de Rojas, M.I.4 and Medina, C.1,** 

(1) Cáceres Polytechnic School, University of Extremadura, Cáceres, Spain. 

(2) School of Industrial and Computer Engineering, University of Leon, Leon, Spain 

(3) MC OTIFA, Alcorcón, Madrid, Spain 

(4) Eduardo Torroja Institute of Construction Sciences, Higher Council for Scientific 

Research, Madrid, Spain. 

* nvaloni@unex.es/ ** cmedinam@unex.es     

Abstract 

The construction industry as a whole and construction material manufacturers in particular 

are making an effort to use raw materials and energy more efficiently and shrink the carbon 

footprint of their end products in response to the need to transition to a circular economy, a 

model geared to minimal resource and energy consumption.  

This research work evaluates the feasibility of incorporating recycled fines from mixed 

construction and demolition waste in the formulation of eco-mortars for shotcreting, which will 

contribute to reducing the carbon footprint of construction projects. To achieve this objective, 

the physical properties (density and consistence) in the fresh state and the mechanical 

performance (compressive and tensile strength) in the hardened state of the formulated mortars 

were evaluated. The results show the technical feasibility of using these new secondary raw 

materials in formulating this type of eco-mortar.   

1. Introduction 

The building sector is a key target in this policy for circular economy, a regenerative 

economic system in which material and energy consumption must be minimized. The 

construction sector requires vast amounts of resources and accounts for about 50% of all 

extracted material [1], of 40% of global energy consumption and consumes 16% of the water 

in the world [2]. Additionally, a recent report [3] revealed that the EU-27 generates around 374 

Mt of Construction and Demolition Waste (CDW), which represents 35% of the solid waste 

generated each year. Despite the great efforts and the potential for recovering these waste 

streams, the level of recycling and material recovery of construction and demolition waste differ 

significantly across the EU, ranging from less than 24% to over 90% in 2018, (88% in UE-28 

and 75% in Spain). Within the recycled aggregates from CDW, mixed recycled aggregates 

(CDWm) stand out for their importance with 67% of the total volume of CDW [4]. The range 

of particle size distribution in this aggregate (fine particles 0 - 4 mm) may be an obstacle to 

specifying it in new product design. These fractions are not currently included in the different 

international regulations, so their recovery as granular skeleton represents an advance in their 

knowledge and application. 
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Mortars are frequently used as bedding mortars, to layer masonry units, to re-point masonry 

joints, to coat outdoor and indoor walls and ceilings (renders and plasters, respectively) or as 

screeds in floor [5] and to repair other infrastructures (i.e., tunnels, bridges…). The selection of 

appropriate components (i.e., reduce to natural resources by recycled materials), and of their 

proportion, to achieve adequate workability, strength and durability requirements, are key 

challenges for mortars production more sustainable.  

In this context, in the last decade, the scientific community has increased the amount of 

research into investigating the potential use of CDW fine aggregates (<4.75 mm) in the 

manufacture of rendering mortars, observing that for percentages lower than 30%, its 

performance was equal to or higher than reference mortars [6, 7]. Along this same line, Jesus 

et al. [8] established that the optimal recycled sand percentage in concrete and mixed with a 

particle size of 0-0.149 mm is 20% and 15% substitution, respectively.  

The objective of this research work is the optimal formulation of an eco-mortar for 

shotcreting that has 100% mixed fine aggregate as a substitute for natural aggregate through an 

initial classification of them. This classification entailed determining the physical properties 

(density and consistency) and mechanical properties (compressive and flexural strength) in the 

fresh and hardened state, respectively. 

2. Materials and methods 

2.1 Materials and formulated mortars 

The materials used are classified into three large groups: i) binder (cement); ii) minerals that 

make up the granular skeleton (calcium hydroxide, metakaolin, natural sand, mixed recycled 

sand and light aggregates); and iii) other components (fibres and additives).  

Table 1: Mix A and Mix B composition. 

Materials (% en peso)  Mix A  Mix B  

Cement  24.0 24.0 

Calcium hydroxide 6.0 6.0 

Metakaolin  6.0 6.0 

Mixed recycled sand - 40.2 

Natural sand  40.2 - 

Light aggregates 21.0 21.0 

Others* 2.8 2.8 

Water/solid ratio 0.84 0.84 

Note. - *Fibres and additives (fluidiser, water-retentive and air entraining). 

As for the aggregates, a natural crushed greywacke sand (0/6 mm) and a recycled sand (0/6 

mm) from mixed CDW from the ARAPLASA waste management plant in the north of Cáceres, 

Spain were used. The recycled sand consists mainly of concrete components (~44% by weight), 

unbound aggregate (~43% by weight) and ceramic material (~11% by weight) and has an 

apparent density of 2.70 kg/dm3, a lower value to that of natural sand (2.99 kg/dm3). Both 
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aggregates were screened, selecting the fraction less than 2 mm. Regarding the lightweight 

aggregates, perlite and vermiculite with a maximum size of 2 mm were used. 

The cement used was an ordinary Portland cement CEM I 42.5R that meets the requirements 

of the European EN 197-1 standard [9].  

Finally, Table 1 shows the composition of the mix as a percentage by weight of each of the 

components that make up the new eco-mortars.  

2.2 Methods 

The mixing process of the constituent components of eco-mortars (Mix A and Mix B), 

together with the subsequent mixing process, plays a fundamental role in their final 

performance. A specific methodology for the mixing order has therefore been developed, 

establishing the mixing of the heaviest components, with the highest density, to the lightest 

ones, as a criterion. The mixing process consisted of the following phases: i) 45 seconds at slow 

speed (150±5 rpm); ii) 60 seconds at fast speed (285±10 rpm). The mixer used was a Matest 

model E093 series E093/AI/0017. 

The physical classification of the powder mixes shown in table 1 consisted of determining 

the granulometric curve according to the EN 1015-1 standard [10] and the apparent powder 

density according to the calibrated funnel method [11], mixing only those granular components 

(binder and mineral charges) that constitute the working formula.  

Subsequently, Mixes A and B were mixed according to the previously described protocol, 

evaluating the physical run-off and apparent density properties on these eco-mortars in the fresh 

state according to the methodology included in the EN 1015-3 [12] and EN 1015-6 [13] 

standards, respectively. Next, the 4x4x16 cm prismatic moulds were filled (three test 

tubes/blend and breaking age). These moulds were de-moulded 48 hours after their manufacture 

and maintained at a temperature of 20ºC±3ºC and relative humidity 65±5% for 7 and 28 days. 

Finally, these specimens were subjected to the flexural and compression strength test according 

to the EN 1015-11 standard [14], in an Eptisa model S-120 and series 10 4230 multi-test press.  

3. Results  

3.1 Physical properties of powder mixes 

Figure 1 shows the granulometric curve of the mix of granular components (binders and 

mineral) that make up Mix A and Mix B, noting that both are continuous and have a maximum 

size of 2 mm. It can also be seen that the percentage of particles less than 0.080 mm is ~27% 

and ~30% by weight for Mix A and B. These values are within the theoretical optimal range of 

fines (24-35%) for the granular skeleton of this type of protection and coating mortars.  
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 Figure 1: Mix A and B granulometric curve 

Finally, the apparent powder density of Mixes A and B is 529.88 kg/L and 504.74 kg/L, 

respectively. These values are important for the subsequent industrialisation process, as they 

are industrial products that are marketed in bags of 8-15 kg/bag. 

3.2 Physical properties of eco-mortars in the fresh state 

Table 2 shows the apparent density and consistency values of the formulated eco-mortars. It 

shows that the apparent density of the eco-mortar made with Mix B is lower (Δρmix B B~1.3% 

compared to Mix A) than that formulated with Mix A, due to the lower density of the recycled 

aggregate compared to Mix A to the natural aggregate associated with its more porous micro-

structure. This trend has previously been recorded by Silva et al. [15] who observed that for 

percentages of 100% CDW recycled aggregate in coating and masonry mortars, values of 1.08 

– 0.72 times lower than the reference mortars were recorded.  

Table 2: Physical properties in fresh state of formulated eco-mortars. 

Property 
Eco - mortar 

Mix A Mix B 

Bulk density (kg/m3)  643.42 635.06 

Consistence (mm) 166.77 161.64 

Regarding the consistency values, both eco-mortars have a plastic consistency (140-200 

mm) according to EN 1015-6 [13], revealing that the addition of mixed recycled aggregate has 

no significant effect on the rheological property. Once again, it is evident that the addition of 

mixed recycled aggregate translates into a small decrease of ~3% compared to the eco-mortar 

made with Mix A. This trend was previously observed by Miranda et al. [16] who recorded a 

linear decrease in density with the addition of recycled aggregate, which is due to water 

absorption and the shape of the aggregates used. 
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3.3 Mechanical properties 

Figure 2a) and 2b) present the results of flexural and compressive strength of the eco-mortars 

made with Mix A and B at 7 and 28 days of curing. Regarding the values obtained for 

compressive strength at 28 days, note that the mortars made with Mix A and Mix B can be 

classified as CS I (0.4 MPa – 2.5 MPa), according to the classification proposed by the EN 998-

1 standard [17] for rendering and plastering mortars.  

 
Figure 2: Mechanical strength of Mix A and Mix B. 

Figure 2 also shows that the addition of mixed recycled aggregate in Mix B implies 

performance loss, with this decrease in flexural and compressive strength at 28 days at ~9% 

and ~17% compared to the reference mortar manufactured with Mix A. This decrease is much 

lower than the addition percentage, as identified by Silva et al. [15] in their research. These 

authors observed that for percentages of 100% recycled aggregate in masonry mortars, the 

compressive strength decrease between 23% - 64% respect to reference mortar. This smaller, 

negative effect in flexural than in compressive strength is associated with the fact that the 

mechanical behaviour of the aggregates has a greater influence on compressive strength, which 

is higher in natural aggregates than in recycled aggregates that have adhered mortar and a more 

porous micro-structure than the properties of the interfacial transition zone (ITZ) 

aggregate/paste (figure 3). However, the ITZ properties have a greater effect on flexural 

strength, in this case showing better insertion of the recycled aggregates as they have a rougher 

texture than the natural fine aggregate, as well as the possible pozzolanic reaction of the fine 

fraction (<0.063 mm) of this mixed recycled aggregate. This aspect was previously observed 

by Sáez del Bosque et al. [18] and Velardo et al. [19] for mixed recycled aggregates as aggregate 

or supplementary cementitious materials in concrete or cement, respectively. 

 

Figure 3. Micrographs of the recycled aggregate/ paste ITZ 
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4. Conclusions  

The conclusions obtained from this research work were: 

- Mixes A and B have a continuous granulometric curve and a maximum size of 2 mm. 

- The addition of mixed recycled aggregate decreases the apparent density in powder and 

in the fresh state of the eco-mortars. 

- The mortars made with Mix A and B have a plastic consistency.  

- The addition of the mixed recycled granular skeleton of CDW decreases the tested 

mechanical performance, which was much lower than the addition percentage.  

Finally, the formulated eco-mortars could logically be used as protection and coating 

mortars, which would require evaluation of the elastic, acoustic, water absorption and thermal 

conductivity properties in a second research phase.   
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Abstract 

This study evaluates the microstructural features of the interfacial transition zone (ITZ) between 

different aggregates (natural and recycled) and cement systems - Portland cement (PC) and 

slag-limestone ternary composite cement. Scanning electron microscopy (SEM) using 

backscattered electron imaging and greyscale analysis was used to analyse the porosity and 

reaction products in the zone surrounding the aggregates. Line scans obtained by energy 

dispersive X-ray spectroscopy (EDX) revealed the chemical changes in the vicinity of 

aggregates. Results indicate a higher porosity in the ITZ when RCA was used, compared to NA 

for both cements. Slag-limestone cement systems developed a thinner but more porous ITZ, 

especially when compared to NA-PC. The EDX line scans indicated a narrower ITZ than the 

width suggested by BSE imaging. Lastly, X-ray Computed Tomography (XCT) revealed a 

higher overall porosity in slag-limestone composite cements compared with PC systems, 

independent of the aggregate type. This study elucidates that the cementitious binder 

significantly impacts the chemical and physical features of the ITZ.  

1. Introduction 

The interfacial transition zone (ITZ) plays a crucial role in mortars and concrete, as it has a 

significant influence on the mechanical and transport properties of the material. This region, 

typically measuring around 15 to 50 µm in width, is characterised by higher porosity, a 

concentration of portlandite, and smaller cement grains [1,2]. The properties of this interface 

depend on several factors, such as the water/binder ratio the and size and type of aggregate [3].  

In the case of recycled concrete aggregate (RCA), the ITZ is even more complex. The RCA 

includes the original natural aggregate to which original mortar is attached (old matrix). This 

leads to RCA having a higher porosity and increased absorption. This can affect concrete 

behaviour. Furthermore, concrete made with RCA presents more than one ITZ: (i) between the 

old aggregate and the attached mortar, (ii) between the old aggregate and the new matrix and 
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(ii) between the new and the old matrix [4]. These features can also affect performance.  

The ITZ and its properties can be investigated using different imaging techniques, such as 

scanning electron microscopy (SEM) coupled with energy dispersive X-Ray spectroscopy 

(EDX). This technique can give valuable information related to the elemental composition, 

phase assemblage, and porosity. Some previous studies have evaluated the particular properties 

of the ITZ of RCA concrete [4,5], with the key findings that the ITZ of these systems show 

greater porosity when compared to NA [4], they may present similar thickness [5], and that the 

ITZ is sensitive to the initial moisture content and to the RCA strength [5]. 

Although previous studies have characterised the ITZ formation and properties, the influence 

of the cement type on ITZ properties is largely unknown, particularly for cements with low 

clinker contents. This study focuses on the combined influence of the cement type and the 

recycled concrete aggregate on shaping the interfacial transition zone. In addition, X-ray 

Computed Tomography (XCT) was employed to explore the three-dimensional microstructure 

and evaluate the influence of different aggregates and binders on the overall pore structure. 

2. Experimental Program 

2.1 Materials and mixes 

Two different cements were investigated: a commercial Portland cement (PC) CEM I 52.5 R 

and a ternary slag-limestone cement (SL). The latter was blended in the laboratory, by mixing 

CEM I 52.5 R (54%), blast furnace slag (30%), limestone (15%) and gypsum (1%). Table 1 

shows the chemical composition (determined by XRF) and the densities (determined by Helium 

Pycnometer) of the studied binders. 

Two different types of aggregate were used: a commercial siliceous natural aggregate (NA) and 

recycled concrete aggregate (RCA) obtained from a CEM I 52.5N concrete with a water/binder 

ratio of 0.42 and original fc28 of 40 MPa. Table 2 presents some of the aggregate properties. For 

NA, the specific gravity and absorption were determined based on BS EN 1097-6 [6]. Since the 

cone method is less suitable for RCA [7], the centrifuge method, based on the work of Li et al 

[8], was used to determine the water absorption of the recycled material. Specific gravity of the 

RCA was measured using the helium pycnometer. It is noteworthy that the specific gravity is 

high, but still in the range of previous works [9]. The attached paste content was estimated on 

the basis of the solubility of RCA in (hydrochloric) acid [10]. 

The NA and RCA fraction were chosen to pass a 5 mm sieve and be retained on a 2.36 mm 

sieve. This was to achieve two requirements: (i) a fraction that allows the production of small 

specimens (especially for XCT) and (ii) a fraction with a sufficiently large quantity of attached 

mortar. Notably, the selected fraction of NA was mainly siliceous, and most of their particles 

were spherical. 

Specimens were produced with a cement paste matrix and a constant volume proportion of 

aggregates (Vagg/Vpaste=0.25) to facilitate quantitative and comparative testing. The cement 

pastes were produced with a water/binder (w/b) ratio of 0.35 and a polycarboxylate 

superplasticizer (SIKA ViscoCrete 650MK) dosed 0.15% for the CEM I mix and 0.075% for 

limestone slag cement mix (dosage by weight of binder). Two sizes of samples were produced: 

a Ø35 mm cylinder for SEM-EDX and Ø13 mm cylinder for XCT. 
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Table 1: Binder properties 

 

CaO 

(%) 

Al2O3  

(%) 

SiO2 

(%) 

MgO 

(%) 

SO3  

(%) 

Traces 

(%) 

LOI * 

(%) 

Density 

(g/cm3) 

PC 65.01 3.65 22.5 0.83 3.36 2.62 1.82 3.11 

Limestone 52.7 0.98 3.51 0.53 0.11 0.71 41.5 2.63 

Slag 40.25 11.52 35.6 7.98 2.41 2.29 - 2.92 

*LOI stands for loss on ignition at 900°C determined using a muffle furnace 

Table 2: Aggregate properties 

Physical Properties NA RCA 

Size (mm) 5 - 2.36 5 - 2.36 

Specific gravity (g/cm3) 2.61 2.48 

Water absorption (%)  2.59 10.12 

Attached paste content (%) - 36.98 

One of the critical points when using recycled aggregates is the water compensation to correct 

their higher water absorption. Different approaches can be followed, ranging from using 

saturated aggregates to using dried aggregates followed by a correction of the mixing water 

[11]. In this study, aggregates were initially dried before use. Before mixing, they were pre-

saturated with 80% of the total water absorption for 10 minutes. This strategy was adopted 

considering that recycled aggregates do not absorb 100% of their water absorption capacity and 

most of the absorption happens in the initial minutes (after 10 minutes) [7,12]. Similar 

approaches were reported in previous work [12,13]. The impact of the uncertainty in the 

effective water-to-binder ratio was minimized with the low value adopted for Vagg/Vpaste. 

For the mixing process, the pre-soaked aggregates and cement were hand mixed for 1 minute. 

Then, water and superplasticizer were added and mixed for 3 minutes at a low speed using a 

high-shear mixer. After mixing, the mixes were cast into the plastic vials. Samples were cured 

in water at 20°C until the test age (28d). 

2.2 Experimental methods 

At 28 days, the Ø35 mm cylinders were cut into 3 mm thick disks. These slices were cut into 

smaller parts and immersed in isopropanol for 7 days to stop hydration. After this, samples were 

kept in a vacuum desiccator for 2 days and subsequently impregnated under vacuum using an 

epoxy resin. After resin curing for 1 day at 40 °C, samples were coarse polished with SiC papers 

(600, 1200 and 2500 grit) for about 3 min each, followed by polishing with 6, 3, 1 and 0.25 µm 

diamond pastes. Finally, samples were cleaned in an isopropanol ultrasonic bath for 5 min and 

stored in vacuum desiccator. After 1 day of vacuum, samples were carbon coated. 

Scanning electron microscopy (SEM) in backscattered electron mode (BSE) coupled with the 

energy-dispersive x-ray spectroscopy (EDX) was used to understand the microstructural and 

chemical variations in the specimens. A Zeiss Evo 15 scanning electron microscope, operating 

at a voltage of 20kV was used for image analysis. Images were obtained at different ITZ regions 

with magnifications from 500x to 1500x. Line scans were collected using the EDX module 

(Oxford Instrument XMAX150) and the Aztec software.  
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For porosity segmentation and quantification, images were taken at 750x magnification at 

different spots in the ITZ between aggregate and paste. Then, these images were split into 

successive strips from the aggregate boundaries. For each image, 15 successive 10 µm strips 

were obtained. The image segmentation is strongly dependent on the value of the grey level 

chosen from the image histogram (threshold, T) and different approaches can be used for this 

selection [14]. Since the main interest of this study was to evaluate the porosity, it was chosen 

to use the overflow criterion method described in Wong et al. [14].  

Complementary analysis was made using XCT. For this analysis, the Ø13mm samples were 

used without any further preparation. XCT data acquisition was performed using a ZEISS Versa 

410. The objective of the XCT scan was to identify the air void volume and their 3D spatial 

distribution in relation to the aggregates. Data were collected using a 0.4X objective, a beam 

energy of 120kV/12W, with a 4s exposure time, and 2401 projections acquired over 360° 

rotation. The final reconstructed pixel size was 13.7 µm. It is worth noting that, at this spatial 

resolution, the XCT is not able to identify the same porosity as the SEM analysis. 

3. Results and Discussion 

Typical backscattered images (BSE) of the four systems are shown in Figure 1. For NA systems 

(Figure 1a and Figure 1c), both aggregate and paste are easily identified, as well as the interface. 

The interface between old and new paste was less pronounced for RCA systems (Figure 1b and 

Figure 1d), given the similarities between the pastes. In the RCA, it was possible to locate the 

old natural aggregate, the old cement paste, and the old interface between them. Other relevant 

features in the pastes are anhydrous cement grains (U) observed as bright areas in the Portland 

cement systems, and slag particles (SL) and limestone (L) in slag-limestone cement. 

 
(a) NA-PC 

 
(b) RCA-PC 

 
(c) NA-SL 

 
(d) RCA-SL 

Figure 1: BSE images (1000x magnification) of the studied mixes (NA=natural aggregates; 

RCA=recycled concrete aggregates; ITZ=interfacial transition zone; P=pores; U=unhydrated 

cement particles; L=limestone; SL=slag) 
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The images also revealed the ITZ features. Usually, this region presented higher porosity, 

denoted by darker zones (pores) closer to the vicinity of the aggregate. This was observed in 

both systems using Portland cement, but the one with RCA (Figure 1b) appeared more porous 

than the NA sample (Figure 1a). Possible explanations for this behaviour may be associated 

with the RCA's higher porosity. Even though the water absorption was corrected with a reduced 

(80%) content, the RCA may have released water into the paste, increasing the effective w/b 

and the porosity. This increase in porosity was also reported in previous studies that have used 

aggregates in the SSD condition [4,5]. Notably, the uncertainty in RCA's water uptake is 

normally reported in the literature [15]. These differences were also observed in the slag 

limestone cement systems but less pronounced  (Figure 1c and Figure 1d). However, the paste 

appeared denser when compared to PC systems.  

To highlight some of these differences, the initial quantification of the porosity is presented in 

Figure 2. In these graphs, the detectable porosity (by % of the strip area) is plotted against the 

distance from the aggregate. The end of the ITZ and the beginning of the bulk paste are 

identified when the porosity line starts to flatten. Comparing NA and RCA made with Portland 

cement (Figure 2a and Figure 2b), the ITZ thickness was similar in both cases, at around 70 

µm. However, the porosity was higher for RCA, even in the bulk paste, confirming the visual 

observations. For example, in the bulk paste, RCA showed around 20% porosity (Figure 2b), 

while NA showed around 10% (Figure 2a). Similar differences in profiles were observed in the 

work of Djerbi [4]. 

 

(a) NA-PC 

 

(b) RCA-PC 

 

(c) NA-SL 

 

(d) RCA-SL 
Figure 2: Detectable porosity as a function of the distance from the aggregate 

A reduced ITZ thickness (around 30-40 µm) was observed in slag-limestone ternary cement 

when compared to the PC system. The porosity was similar for both types of aggregate, with a 

bulk paste porosity around 20% (Figure 2c and Figure 2d). This value is closer to the RCA-PC 
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(Figure 2b) and higher than the NA-PC (Figure 2a), despite the visual refinement of the 

microstructure. However, the lower total porosity of PC when compared to ternary cements is 

consistent with previous work [16]. The potential causes for the higher porosity include the 

dilution effect of the limestone and the partial reaction degree of the slag [17]. This is evident 

from the presence of large unreacted particles in the SEM images (Figure 1c and Figure 1d). 

Notably, the slag-system showed higher variability in the porosity, and further quantification is 

necessary. 

Figure 3 presents results from EDX line scans made on selected images (3-line scans per 

image). In these images, specific elements are plotted against the distance from the aggregate. 

The counts for each element were normalised by the combined number of counts (y-axis).  As 

shown in Figure 3, there were variations in composition, especially in the first 10 to 20 µm. In 

NA-based systems (Figure 3a and Figure 3c), the ITZ is identified by the inversion between Si 

and Ca (around 10-15µm). In RCA-based systems (Figure 3b and Figure 3d), the ITZ may be 

identified by the Si content, which shows a consistent trend in the vicinity of aggregate (up to 

20 µm). In general, the width observed in the EDX line scan is narrower than the ITZ observed 

in the SEM-BSE imaging. 

 

(a) NA-PC 

 

(b) RCA-PC 

 

(c) NA-SL 

 

(d) RCA-SL 
Figure 3: EDX line scans of the ITZ. The 0 in the x-axis indicate the visual interface between 

the aggregate and the paste 

The 3D structure and porosity obtained via XCT are presented in Figure 4. From this analysis, 

it was possible to identify the 3D spatial distribution of the natural and recycled aggregates, 

paste, and air voids formed during casting of the samples. Given the limitation of the size of the 

sample and the resolution, it was not possible to identify the capillary pores in the paste. 

XCT void analysis was performed in subvolumes of interest (400 x 400 x 400 voxels = 5.483 

mm3). For each subvolume, the volume percentage of air voids in the paste, the voids in the 
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aggregate and the cracks were calculated (Table 3). RCA-PC (Figure 4b) showed an increase 

in the air voids fraction, along with the appearance of cracks, which were not present in NA-

PC (Figure 4a). Comparing the NA-SL (Figure 4c) with NA-PC (Figure 4a), it can be seen that 

there was an increase in voids in the paste and also the appearance of cracks. However, it is 

noteworthy that the used resolution does not capture the capillary porosity, which is mostly 

influenced by the presence of ternary systems – as seem in the SEM.  As expected, the recycled 

aggregate showed a higher porosity for both cementitious systems. 

Table 3: Voids and cracks from XCT measurements 

Type  NA-OPC RCA-OPC NA-SL RCA-SL 

Voids in the paste (%) 0.28 0.77 1.12 1.00 

Voids in the aggregate (%) 0.12 1.78 0.31 0.69 

Cracks (%) - 0.07 0.14 0.04 

 
Figure 4: 3D rendering of the porosity from the XCT digital image processing 

4. Conclusions 

Microscopy techniques were used to identify different features of the ITZ formed using natural 

aggregates and recycled aggregates in systems made with different types of cement (Portland 

cement and slag-limestone ternary cement). 

SEM revealed that the ITZ of systems made with RCA were more porous than the ones with 

NA for both cement types. The slag-limestone cement showed a narrower ITZ, but higher 

porosity, especially when compared to NA-PC. XCT scans identified the 3D distribution of the 

systems microstructures, providing insights into the 3D distribution of air voids in the cement 

paste in relation to the aggregates, in the two compared systems. Further work is planned to 

quantify the ITZ's 2D and 3D spatial distribution in various binders and aggregates to further 

reveal their effects on porosity, permeability and tortuosity. 
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Abstract 
This study investigated the use of recycled aggregates from construction and demolition 
waste in concrete performance. To achieve an ideal mix, Excel was employed to simulate 
natural aggregates with four particle sizes (1.20mm, 6.3mm, 9.5mm, 12.5mm). Two concrete 
formulations, A and B, were created, each divided into three mix groups (GI, GII, and GIII). 
GI (reference) with 100% natural aggregates. GII substituted 100% of the 12.5mm natural 
aggregate with CDWCA, while GIII replaced 100% of the 1.20mm natural aggregate with 
CDWMS. In A, mortar content (α) was set at 0.5, with a 100 ± 10mm slump, while 
formulation B maintained a consistent water-to-cement (w/c) ratio and incorporated a 
superplasticizer. Mechanical strength was assessed at 7, 28, and 90 days. Notably, GIII, 
without additives and using CDWMS, exhibited superior mechanical strength compared to 
additive-containing cases. CDWMS's fine texture and adherent clay hindered additive 
effectiveness, delaying concrete strength development. GIII displayed more significant 
strength reductions due to increased fine aggregate content. GI and GII exhibited similar 
strength trends. Overall, higher w/c ratios were associated with reduced mechanical 
resistance. Optimized mixes favored complete replacement of natural aggregate with recycled 
aggregate (RA), with additives mitigating RA's high water absorption effects. 

1.  Introduction 

 Recycled aggregate concrete (CAR) has characteristics that put it at a disadvantage 
compared to natural aggregate concrete (CAN) since the former is composed of several 
elements stuck together, such as mortar residues, ceramics, and other materials that weaken its 
properties. For example, the fine recycled aggregate (AFR) has high levels of deleterious 
materials [1]. In general, the (CAR) has a high water absorption rate, high crushing value, and 
low abrasion resistance, in addition to having residual mortar that increases porosity and 
microcracks, interfering in the resistance [2]. In the fresh state, the CAR presents a loss of 
workability due to the increase in cement consumption and high water absorption [3]. In 
general, concrete needs to be produced in such a way that it can satisfactorily meet the 
workability, mechanical strength, and durability requirements in the most economical way 
possible. Considering that the constituent materials of the cementitious compound influence 
its behavior, the dosage proves to be a fundamental element in the production of concretes 
that present good performance and are durable. In this sense, the present study investigates 
recycled aggregate concrete (CAR) properties in the fresh and hardened state of recycled 
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aggregate concrete (CAR) with optimized mixes of aggregate. Evaluate different  
compositions of mixes and their influence on the performance of recycled aggregate concrete 
in its fresh and hardened state; Propose the most suitable mixture for a recycled aggregate 
concrete that favors its mechanical properties; Evaluate the influence of a superplasticizer 
additive on the properties of CAR in the fresh and hardened state. 

2.  Methodological procedure 
2.1  Materials 
 Was used initial high-strength cement (CP V – ARI), three variations of natural coarse 
aggregates (NCA2, NCA1, and NCA0), and a fraction of coarse aggregate from construction 
and demolition waste (CDWCA) of mixed type from a plant located in the city of Recife-PE 
(Brazil); two variations of natural sands, one of medium granulometry and the other of fine 
granulometry (NMS, NFA), from deposits located in the cities of Recife-PE and Cabedelo-PB 
(Brazil), respectively, and a fraction of average sand from construction waste and demolition 
(CDWMS), of the mixed type. The characterization of the aggregates is presented in Table 1.  
A visual analysis was conducted, revealing a significant presence of adhering mortar, plaster 
residue, wood, and plastic. The microstructural and durability assessment of recycled 
aggregate will be the focus of a separate study, as the current research primarily centers on the 
material's macroscopic aspects. Additive Clarena HC 5201 is based on polycarboxylates, pH 
between 4 and 6, a specific 1.08 g/cm³ mass, and solids content between 41.4 and 45.8%. 

Tabela 1: Characteristics of the aggregates used in the study 

2.2  Experimental Arrangement 
 The concretes were dosed using the IPT/EPUSP dosing method [4]. Two dosages (A 
and B) of concrete were dimensioned. Each dosage was divided into three groups of mixtures 
(GI, GII, and GIII). GI represented 100% natural aggregates (reference); GII replaced 100% 
of the 12.5 (NCA2) mm natural aggregate with recycled aggregate (CDWCA); GIII replaced 
100% of the 1.20 (NMS) mm natural aggregate with recycled aggregate (CDWMS). In A, the 
mortar content (α) was set at 0.5 and the slump at 100 ± 10 mm. The w/c ratio was constant in 
B, and a superplasticizer was used in the mixes. Mechanical resistance was verified at 7, 28 
and 90 days. The composition of the traits are shown in Table 2. 

Table 2: composition of the mixtures in kg  

Characteristic                    NCA2   NCA1   NCA0   NMS   NFA   CDWCA  CDWMS      

Maximum characteristic       12,5       9,5         6,3       1,2        0,6         19            2,36   
dimension (mm)

Fineness modulus                6,89      6,26       5,59       2,70    1,53        7,26          3,58

Specific gravity (g/cm3)       2,65      2,65       2,65       2,65   2,62         2,47          2,45

Unit mass (kg/m3)               1510    1610        1660     1700   1660       1360          1510

Water absorption (%)           0,61    0,63         0,65        —       —         5,92            10
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2.3  Preparation, molding and curing of specimens 
 The concrete specimens were molded and cured according to the prescription of NBR 
5739 [5]. The reduction was verified according to NBR NM 67 [6]. For each mix of concrete 
produced, 18 specimens (CPs) were molded, totaling 162 CPs, in metallic cylindrical molds 
of 10 cm in diameter and 20 cm in height. The process of manual compaction, in 3 layers, was 
adopted, as provided for in the standard mentioned above, and the specimens were cured in 
the air for the first 24 hours. After this period, they were demolded and cured, submerged in a 
water tank until the date of execution of the compressive strength test, at the ages of 7, 28, 
and 90 days. 

3.  Results and discussions 

DOSAGE A

               Mix  Cement  NCA2  NCA1  NCA0  NMS  NFA  CDWCA  CDWMS  SP    Water

                 1:3     17,50     9,80      8,05     6,65    10,50  17,50     —           —           —    8,57 

GI             1:5     11,67     9,80      8,05     6,65    10,50  23,33     —           —           —    8,34 

                 1:6     10,00     9,80      8,05     6,65    10,50  25,00     —           —           —    8,12        

                 1:3     17,50      —        8,05     6,65    10,50  17,00    9,80         —           —    6,42         

GII           1:5      11,67      —       8,05     6,65     10,50  23,33   9,80          —           —   7,37 

                 1:6     10,00      —       8,05      6,65    10,50  25,00   9,80          —           —    7,28

                 1:3     17,50   9,80       8,05     6,65        —   17,00    —          10,50        —     7,98         

GIII          1:5      11,67   9,80       8,05     6,65        —  23,33      —        10,50         —    7,99 

                 1:6     10,00   9,80       8,05      6,65       —  25,00      —         10,50         —    7,84

DOSAGE B

               Mix  Cement  NCA2  NCA1  NCA0  NMS  NFA  CDWCA  CDWMS  SP    Water

                 1:3     17,50     9,80     8,05      6,65    10,50  17,50     —          —       0,10      6,06 

GI             1:5     11,67     9,80      8,05     6,65    10,50  23,33     —          —       0,07      5,94 

                 1:6     10,00     9,80      8,05     6,65    10,50  25,00     —           —       0,06     6,08        

                 1:3     17,50      —        8,05     6,65    10,50  17,00    9,80         —      0,10      6,06         

GII           1:5      11,67      —       8,05     6,65     10,50  23,33   9,80          —     0,07      5,94 

                 1:6     10,00      —       8,05      6,65    10,50  25,00   9,80          —      0,06      6,08

                 1:3     17,50   9,80        8,05     6,65      —  17,00       —       10,50      0,10      6,42         

GIII          1:5      11,67   9,80       8,05     6,65       —  23,33       —       10,50     0,07      7,37 

                 1:6     10,00   9,80       8,05      6,65      —  25,00       —       10,50     0,06       7,28

  

 
126



V International Conference Progress of Recycling in the Built Environment  

10-12 October 2023 – Weimar, Germany 

3.1  Analysis of fresh concrete 
3.1. 1 Entrained air content e workability 
Table 3: Characteristics of concrete in the fresh state 

The analysis of Table 3 shows that the 1:3 mix of all groups of mixtures of the two 
dosages showed the lowest results of air incorporated in the samples, followed by the 1:5 and 
1:6 mixes. Concrete produced with recycled aggregates has a higher water absorption and 
voids index when compared to conventional concrete, which justifies such behavior. This 
characteristic occurs due to the increase in the w/c ratio, reduction in specific mass, 
permeability, and composition of recycled aggregates [7][8][9]. The void ratio increases as 
cement consumption is reduced. The use of superplasticizers increased cement consumption 
considerably, mainly when associated with the use of fine recycled aggregate (CDWMS). 
Fixing the slump in dosage A allowed the mixtures with recycled aggregate to reach w/c 
values very close to the w/c values of the reference mixtures. Soon, the setting of the slump 

Dosage Group Mix
Ratio 
w/c

Especific 
mass

Cement 
consumption 
(kg/m3)

entrained 
air 
content

Slump 
(mm)

1:3 0,49 2.297,08 511,63 0,08

GI  1:5 0,55 2.259,32 340,18 2,58

 1:6 0,80 2.246,70 288,13 2,06

1:3 0,48 2.282,44 509,92 0,31

A GII 1:5 0,63 2.260,88 340,92 1,91 100 + 10

1:6 0,80 2.222,92 285,03 2,30

1:3 0,46 2.286,42 512,19 0,57

GIII 1:5 0,62 2.275,58 343,54 1,57

 1:6 0,78 2.241,40 287,95 1,89

1:3 0,35 2.345,11 539,54 2,36 136,67

GI  1:5 0,51 2.290,49 351,91 3,89 93,99

 1:6 0,61 2.246,10 295,23 5,24 48,33

1:3 0,35 2.347,54 540,10 1,42 21,67

B GII 1:5 0,51 2.246,26 345,11 4,95 111,67

1:6 0,61 2.252,63 296,09 4,16 18,33

1:3 0,35 2.371,07 545,51 1,01 80,00

GIII 1:5 0,51 2.268,91 348,59 4,13 153,33

 1:6 0,61 2.137,03 280,89 9,24 190,00
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seemed to function as a natural controller of the high water absorption of the recycled 
aggregate, keeping it at apparently adequate levels. As for the analysis of reductions in dosage 
B, in GI, it is noticed that the richer in cement the mix is, the more significant its reduction 
will be. In GII, the results presented variations. These variations may be related to the test 
method (trunk cone), which may hinder the flow of the mixture due to the rougher texture and 
irregular shape of the recycled aggregate, as already observed in studies by Leite (2001). 
However, even with this slump variation, the superplasticizer additive seemed to inhibit the 
high water absorption of the recycled aggregate, allowing the w/c ratio of dosage B to remain 
at more interesting values than those of dosage A.  

3.2  Analysis of the mechanical behavior of concrete 

 3.2.1  Compressive strength analysis of concrete produced in dosage A 
 The results of the average resistance to compression of the concrete of dosage A are 
shown in Table 4. At 7 days, it is observed that only the 1:3 mix from GII presented lower 
resistance than the reference concrete. This data is likely associated with the aggregate quality 
used, which brought characteristics of the composite from which it originated. In general, the 
value was close to the value of concrete with natural aggregate. 

Table 4: Results of the compressive strength test for dosages A 

 At 28 days, the average resistance of GIII was the highest, followed by GII and GI 
(reference concrete), respectively, in all mixes, Figure 1. At least three aspects justify this: 

1. GIII, because it has the highest amount of fine aggregate (natural+recycled), can 
cause, according to Leite (2001), a greater pozzolanic reactivity of the fine fraction 
due to the participation of ceramic fraction and clay on the surface and may present 
higher resistance growth rates between 28 and 91 days.

2. GII, composed of 100% mixed coarse recycled aggregate, has the second highest 
resistance, as it has unhydrated cement particles on its surface that can hydrate in the 
new mixture with recycled aggregates, increasing its resistance [10].

Dosage Group Mix
Ratio 
w/c

Compressive strength (MPa)

7 days 28 days 90 days

1:3 0,49 38,01 41,62 50,08

GI  1:5 0,55 28,17 32,62 35,23

 1:6 0,80 18,14 22,44 22,07

1:3 0,48 35,39 46,38 48,38

A GII 1:5 0,63 32,03 32,83 30,28

1:6 0,80 19,68 22,45 25,78

1:3 0,46 43,41 51,46 54,32

GIII 1:5 0,62 31,10 38,83 37,99

 1:6 0,78 20,50 25,67 24,40
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3. The greater the amount of recycled coarse aggregate in concrete, the lower its 
compressive strength when compared to other concrete with 100% recycled fine 
aggregate [11]. 

Figure 1 shows the average strength of the A dosage mixes over time, in which G3 
remains the group with the highest average compressive strengths and is the group with the 
lowest w/c ratios, confirming the strong influence of a/c ratio in the compressive strength of 
concrete, including the CAR.

 

Figure 1: Compressive strength of dosage A to 28 days 

3.2.2  Analysis of the compressive strength of concrete produced in dosage B  
 The compressive strength results are shown in Table 5. 

Table 5: Results of the compressive strength test for dosages B 

15

26,25

37,5

48,75

60

GI 1:3 GII 1:3 GIII 1:3 GI 1:5 GII 1:5 GIII 1:5 GI 1:6 GII 1:6 GIII 1:6

Dosage Group Mix
Ratio 
w/c

Compressive strength (MPa)

7 days 28 days 90 days

  1:3 0,35 57,42 68,75 79,70

GI  1:5 0,51 35,33 43,61 45,41

 1:6 0,61 30,56 34,76 34,38

1:3 0,35 50,13 57,14 67,64

B GII 1:5 0,51 34,70 38,83 39,95

1:6 0,61 28,44 32,26 34,85

1:3 0,35 79,97 59,97 82,12

GIII 1:5 0,51 35,97 43,61 47,24

 1:6 0,61 20,37 27,85 31,19
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 Analyzing the data in Table 5, it can be seen that the higher the w/c ratio, the lower the 
resistance of the concrete. Among the traits with the lowest w/c ratio, GIII obtained better 
results, and the other two groups obtained similar resistances. However, for a w/c ratio of 
0.61, the GIII presented a more pronounced drop in resistance. Although G3 showed the 
lowest resistances among the mixes of dosage B, for the mix 1:6, the use of the 
superplasticizer additive made it possible to maintain a w/c ratio below the w/c ratio of the 
same blend of dosage A, so values with higher resistances, although with higher abatements. 
This is justified because the additive inhibits the flocculation of cement particles, favoring 
hydration and strength gain, as shown. Furthermore, in the w/c 0.61 ratio, GIII presents the 
highest slump among the three traits, contributing to a lower resistance at the three ages. 

 3.2.2.1 Analysis of the compressive strength of concrete based on the relationship 
between the mix and age 

At 7 days, the mix 1:3 obtained the lowest resistance with 49.97 Mpa, and at 90 days, 
it achieved the highest result, 82.12 Mpa, with a strong tendency to grow. The more 
significant amount of recycled fine aggregate has contributed enormously to the greater 
increase in the compressive strength of GIII over time due to the fine aggregate's pozzolanic 
tendency. In traits 1:5 (figure 2), the resistances of GI and GIII showed similar behavior up to 
28 days since, at 90 days, the increase in resistance becomes more apparent for GIII.  

 

Figure 2: Relationship between compressive strength and time (mix 1:5) 

The group GIII presented the lowest resistance values among the studied groups (table 
5). GIII, despite having the lowest resistance, was the group that obtained the most significant 
growth over time in all mixtures> this can be explained by the reaction with the mortar 
content adhered to the surface of the recycled aggregate and the interaction with the clay 
contents present more intensely in recycled fine aggregates. The lowest resistances of GIII 
seem to be related to the highest slump values and the highest values of the w/c ratio in the 
group. 

4.  Conclusions 

 The fresh and hardened properties of recycled aggregate concrete were 
investigated in the present study. Based on the experimental results, the following conclusions 
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can be drawn: 1) Concretes with 1:3 ratios had the lowest levels of incorporated air in all 
groups of mixtures, among these, however, the recycled aggregate concretes had higher valu 
2) es of incorporated air, due to the characteristic of the material;The setting of the slump of 
the traces of the recycled aggregate concrete allowed w/c values close to those of the 
reference concrete, minimizing its weaknesses; 3) GIII was the group that obtained the 
highest reductions, especially when the amount of aggregates was higher in the mixture; 4) GI 
and GII showed similar trends in mechanical strength; 5) GIII, without additive and with 
recycled fine aggregate, had the highest compressive strength since the first test; however, 
when the additive was incorporated into the mixture, there was considerable variation in 
strength. This is due to the reaction of the additive being more intense in this type of 
aggregate, as its granulometry is more conducive to containing more clays in the mixture, 
causing a late growth in strength; 6) In all groups, the higher the w/c ratio, the lower the 
mechanical resistance. The optimized mixtures favored the total replacement of the natural 
aggregate by the recycled aggregate (RS), and the additive collaborated by mitigating the 
consequences of the high water absorption of the AR. 
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Abstract 

Recycling rates need to rise to save resources and landfill space. In Germany, lots of 

construction and demolition waste (CDW) is used as base-level material for roadways mainly 

because of lacking alternative high-quality utilization options. On the primary production 

side, cement clinker production contributes considerably to CO2 emissions. Here, the issue of 

high-value CDW utilization combined with CO2 savings was addressed in the practical 

application of an infrastructure concrete element. The standard mix was changed using 

recycled concrete aggregates (cRCA) and fine recycled concrete aggregates (fRCA) as a 

replacement for coarse crushed natural stone and sand, respectively. Both aggregate types 

were used in the as-received state and after accelerated carbonation. In addition, a low-clinker 

cement served to replace ordinary Portland cement in the concrete mix design. To minimize 

potentially adverse effects of RCA utilization, the water absorption (WA) was determined, 

and a multi-step mixing technique was used. Tests included workability and compressive 

strength development. The concrete with 8 vol.-% fRCA together with 30 % cRCA in 

carbonated state as a replacement for natural aggregates (NA) had a higher 1-day early 

strength than the initial concrete and showed no further loss in 28-day compressive strength 

compared to 30 % cRCA only.  

1. Introduction 

From the 1950s to the early 21st century, concrete developed into the most used material in a 

multitude of applications, 30 Gt was used worldwide in 2020 [1]. This went along with an 

increase in the production of cement, which accounts for about 8 % of CO2 emissions 

worldwide [2]. As per now, the most effective option to reduce the CO2 intensity is expected 

to be reducing clinker content [3, 4]. 
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In terms of resource use, the German concrete industry also processed more than 100 million 

tons of natural aggregates (NA) in 2018. According to data for 2018 through 2021 gravel had 

the largest share with 43,1 % followed by sand (36,6 %) and crushed natural stone (20,3 %) 

[5, 6]. Precast concrete is the second largest product category after transport concrete, making 

up 20 % or 23 million tons in 2021 [5]. Consequently, precast concrete holds considerable 

potential for saving resources. 

While sand is sufficiently available in Germany in the near future, gravel supply shortage is 

already of concern and is expected to become more strained [6]. Construction activities are 

expected to drop, while the generation rate of construction and demolition waste (CDW) is 

predicted to rise. From this perspective, coarse and especially fine recycled concrete 

aggregates (cRCA, fRCA) should be used extensively also in view of saving landfill space 

[7]. This furthermore results in the claim that the minimal substitution rates of NA by RCA 

should be higher in standard concrete applications and also considered in higher exposition 

classes [7]. However, with today's recycling methods, the quality of RCA can be unsteady. 

Adversities like higher water absorption (WA), higher porosity and lower crushing strength 

challenge high-quality uses [8]. Also, in today’s RCA there exist two interfacial transition 

zones (ITZ), which are the narrow regions between aggregate and cement matrix. These are 

differentiated between old (adherent mortar to aggregate) and new ITZ (RCA to cement 

matrix of RAC). One option to upgrade RCA is carbonation – a process by which carbon 

dioxide is incorporated into RCA as calcium carbonate [9]. Carbonation has been recognized 

to reduce the porosity and WA of RCA because the CO2 reacts with Ca-bearing compounds 

such as Ca(OH)2 and C-S-H [10]. CO2 treatment also leads to the improvement of the old and 

new ITZ [11].  

It is well known that common low-clinker cements lower the early strength, which can be a 

critical especially in pre-cast production. This is due to the correlation between the clinker 

factor and curing speed. Combining the substitution of NA by RCA and the use of a low-

clinker cement may even worsen the early strength values. Therefore, alongside the use of 

low-clinker cement this paper focusses on quantifying the impact of previously accelerated 

carbonation on the mechanical properties of an optimized concrete mix design.  

Since there is no broad consensus on the optimal compilation of a RAC mix design, this study 

demonstrates a comprehensive approach. For whatever type of RCA is used, the first step is 

preventing a disturbance of the effective water-cement ratio (w/c). This is only possible by 

monitoring the WA of the used RCA. The w/c should be kept as low as possible, to ensure 

higher early strength and durability. In contrast, workability indeed can decrease with RCA 

incorporation in some cases. A high range water reducing admixture (HRWRA) 

complementary with the used cement is needed in every respect. Differentiated mixing time in 

dependence of RCA pre-saturation state is another challenge to prevent de-mixing, as 

experience has shown, and is described in the following remarks. 

2. Materials and methods 

2.1 Concrete specifications  

Here we studied a concrete mixture for infrastructure elements in a premanufacturing plant. 

By specification, the air-entrained concrete had to meet a compressive strength of C35/45 

along with exposition classes of XC4, XD3, XF4 and XM1. Flowability should be according 

to constistency class F3-F4. To maintain the production cycle, an early strength after 20 hours 
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is required. The initial reference mixture uses a gap grading with crushed natural Diabas 

(8-16 mm) and natural river sand (0-2 mm). As shown in Erreur ! Source du renvoi 

introuvable.Erreur ! Source du renvoi introuvable., the used cRCA is sized 2-16 mm and 

has a content of concrete waste of more than 90 % (designated as Type 1 according to Table 1 

of DIN 4226-101 [12]). The fRCA (Erreur ! Source du renvoi introuvable.)Erreur ! 

Source du renvoi introuvable. has a grain size ranging from 0 to 2 mm and was produced by 

concrete waste crushing. CEM III-A 52.5 R "Variodur 40"(Dyckerhoff) was used as a low-

clinker cement. It contains 40 % of finely grained granulated furnace slag and 60 % finely 

ground clinker mixed with cement. Chryso Fluid Optima 145 was used as HRWRA as 

recommended by the manufacturer. Since a high freeze-thaw resistance is required, Sika LPS 

V was used as air entrainment admixture.  

  

Figure 1: Dry cRCA (2-16 mm). Figure 2: Dry fRCA (0-2 mm). 

2.2 Carbonation of RCA 

The accelerated carbonation of the cRCA (2-16 mm) and fRCA (0-2 mm) was carried out in 

an axially rotating drum reactor (V = 75 L) in batch operation at ambient temperature. 

20.66 kg (cRCA) and 15.13 kg (fRCA) were moistened to 5 % and 11.1 % water content and 

exposed to a pure CO2 atmosphere for one hour at a rotation rate of 6 and 5 rpm, respectively. 

Before starting the batch treatments, the reactor was purged with CO2, followed by CO2 

dosing via a solenoid valve between pressure setpoints of 950 and 1050 hPa. To optimize 

material mixing a perforated mixing cage was used in the fRCA carbonation experiments. 

Over the reaction time of one hour the in-vessel pressure was recorded and integrated to 

quantify the CO2 uptake, based on dry weight. Table 1 outlines the experimental conditions.  

Table 1: Setup of laboratory carbonation process and CO2 uptake. 

 cRCA (> 2-16 mm) fRCA (≤ 2 mm) 

Reactor type rotating drum 

Loading (solids) 20.66 kgDM 15.13 kgDM 

Water addition 5.0 % 11.1 % 

Mixing axial rotation (6 and 5 rpm) 

Operation mode batch 

CO2 dosing pressure set-points 950 and 1050 hPa 
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Duration 1 h 

CO2 uptake  0.25 wt.-% 1.95 wt.-% 

2.3 Water absorption 

The WA for fRCA was determined by pycnometry according to DIN EN 1097-6 [13]. The 

material was stored under water for 24 h, and then spread out on a steel sheet. Even drying 

was accelerated using a hot air gun with intermittent turning and mixing of the material. 

Saturated surface dryness (SSD) was determined by filling the material into a steel cone, 

compressing it lightly with a weight, and lifting the cone up. The SSD was identified with a 

drying state where the pile maintained its shape to a certain degree, between collapsing 

completely and staying firm. 

The WA by cRCA was determined in accordance with the DAfStb guideline [14]. The 

material was water flooded for precisely 10 minutes. Then the water not held against gravity 

(excess water) was filtered through a cloth. After that it was dried with a towel, while the fine 

fractions additionally with a hairdryer, until the surface appeared visually dry.  

2.4 Mixing of concrete 

The mixing procedure as shown in Figure 3 was executed with consistent mixing speed and 

time, using a programmed mixer. The aim was to achieve an optimal ITZ between the RCA 

and the matrix. A cumulative mixing time of 12 minutes was used to prevent any de-mixing 

(Table 3). This is also in line with the recommendation by [15]. The WA of cRCA after 

10 min, and 24 h for the fRCA is shown in Table 2. To ensure a constant w/c, the amount of 

additional water absorbed in 10 minutes was added to the concrete mix. [16]. Since oven-

dried RCA was used, the three-step procedure suggested by Montero and Laserna [15] was 

extended to a four-step process including a one-minute prewetting. The higher WA of RCA 

has the effect, that in concrete it accumulates cement particles around the grains, causing a 

stronger bond [17]. If complete WA capacity is reached ahead of mixing concrete, this effect 

is inhibited. In numbers, 50-65 % of the total absorption capacity is considered as optimal 

initial moisture content of the RCA [18]. Thus, to calculate prewetting, the WA curves of 

cRCA and fRCA need to be known. In our case, these were estimated based on experience 

and literature data. Because of the larger grains, the WA of coarse material takes much longer 

to reach its full capacity than fine materials. The used cRCA reached 75 % of the total WA 

capacity (WAtotal) after 10 min, and about 100 % after 24 h. The fRCA approximated WAtotal 

after 10 min absorption time  

Table 2: Experimental-based WA of native and carbonated RCA. 

Material Size 

(mm) 

WA10 min 

(wt.-%) 

WA24 h 

(wt.-%) 

Method/Norm 

fRCA 0-2 - 11.50 
Pycnometer procedure/ 

DIN EN 1097-6 2001:01 [13] 
fRCA (carbonated) 0-2 - 10.21 

cRCA 2-16 6.74 - Annex B, DAfStb Guideline 
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Figure 3: Employed mixing method of RAC manufacturing. 

Table 3: Mixing procedure as used for the laboratory manufacturing of RAC. 

Mixing step 
Time (minutes) 

Per step Cumulative 

1. Prewetting RCA (65 % of WAtotal) 1 1 

2. Dry Mixing of aggregate and cement 2 3 

3. 80 % of mixing water including 

additional water for RCA (minus 

prewetting) 

3 6 

4. Additives, remaining water, final mix 6 12 

2.5 Mix designs 

As shown in Table 3, concrete mixture calculations were made based on 1 m
3
 of the final 

product (fresh concrete). Four mix designs were considered with varied NA, RCA, and 

carbonated RCA volume fractions. The mixtures were designed depending on the aggregate 

ratio. The control mixture (C) consisted of NA only. In mix R30, 30 vol.-% of NA was 

substituted by cRCA. In mix R30S8, 8 vol.-% of natural sand was replaced by fRCA, 

maintaining a replacement rate for crushed stone of 30 vol.-% cRCA. Mix cR30S8 had the 

same composition but instead of as-received fRCA and cRCA carbonated RCA fractions were 

used.  

Table 4: RCA content of mixtures as substitute for NA in 1 m
3
 fresh concrete. 

Material Unit C R30 R30S8 cR30S8 

fRCA (kg/m³) - - 115.6 - 

fRCA (carbonated) (kg/m³) - - - 118.4 

cRCA (kg/m³) - 501.1 501.1 - 

cRCA (carbonated) 2-16 5.64 - 
"Concrete with recycled 

aggregates (…)" 2010-09 [14] 
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Material Unit C R30 R30S8 cR30S8 

fRCA (kg/m³) - - 115.6 - 

fRCA (carbonated) (kg/m³) - - - 118.4 

cRCA (kg/m³) - 501.1 501.1 - 

cRCA (carbonated) (kg/m³) - - - 501.1 

3. Results and discussion 

3.1 Fresh properties 

All mixes were prepared with a consistent air content of 7.5 ± 0.5 vol.-%. Since HRWRA 

dosage was kept constant, single flow values fell short of the target range of 420-550 mm. 

Mix C had the lowest flowability while R30S8 had the highest with values of 390 mm and 

500 mm, respectively. When the crushed natural stone was replaced by 30 vol.-% cRCA, the 

sieve curve shifted to continuous grading and the mixture's workability improved. The 

flowability of cR30S8 was reduced compared to R30S8. The additional water requirement in 

cR30S8 was lower due to lower water absorption upon carbonation of the RCA. The reduced 

flowability may be explained by a lower content of water in the early mixing stage, which 

possibly reduced the effectiveness of HRWRA. Mixes R30, R30S8 and cR30S8 flowability 

values translate into the consistency classes F3-F4, and Mix C is classified as F2. No de-

mixing was observed under these conditions. 

3.2 Compressive strength 

Figure 4 shows the compressive strength test results and deviation of the mixes after ageing 

for 1, 3, 7 and 28 days, based on the mean of three samples prepared for every test. Please 

note that the 1-day early strength was tested after 20 h to match the production cycle. Early 

strength was reduced by 4.12 % from C to R30 and decreased by further 5.87 % from R30 to 

R30S8. However, early strength values clearly exceeded 20 MPa with cR30S8 being the 

highest. From day 3 to day 7, proportions changed and the cR30S8 compressive strength was 

lower than R30 but imperceptibly higher than that of the R30S8 mixture. After 28 days 

compressive strength of C and R30 was 83 MPa and 70 MPa, respectively. The additional 

substitution of 8 % native sand by fRCA on top of the 30 % cRCA resulted in a further 

decrease in compressive strength to 63.8 MPa. However, using carbonated RCA, mixture 

cR30S8's compressive strength drew level with mixture R30. To summarize, mixture C would 

be classified as C60/75, R30 plus cR30S8 as C50/60 and R30S8 as C45/55. 
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Figure 4: Compressive strength of concrete mixtures. 

4. Conclusions 

The results of this study demonstrated that: 

• The WA of carbonated fRCA decreased by 11.21 % compared to as-received fRCA. 

The WA of carbonated cRCA decreased by 16.32 % compared to as-received cRCA. 

This emphasizes moist carbonation process effectiveness in improving RCA's 

porosity. 

• In relation to the substitution rate, the compressive strength decrease of the mix with 

NA substitution of 8 % fRCA plus 30 % cRCA compared to 30 % cRCA was 

disproportionally higher than 30 % cRCA to only NA. The reduction of 28-day 

compressive strength by additional use of 8 % fRCA beyond the 30 % of RCA could 

be alleviated and the early strength compared to C could be increased by RCA 

carbonation in the same NA replacement ratio.  

• fRCA exhibit higher CO2 uptake potential compared to cRCA. This highlighted their 

suitability as partial replacement for natural sand in concrete, allowing for enhanced 

concrete performance and reduced carbon footprint in RAC. 

• Further research on fRCA utilization in concrete is recommended because its 

beneficial effect on early strength. At higher substitution rates, possible workability 

loss due to the more polygonal shape of fRCA should be in focus. 

In summary, the utilization of carbonated RCA and low-clinker cement in ecological concrete 

mix designs offers significant potential for sustainable concrete production. The results 

highlight the CO2 uptake potential of fRCA, improved porosity of carbonated RCA, 

carbonation's impact on compressive strength, and the importance of w/c in RAC mix design. 

These results contribute to advancing the understanding and application of ecological concrete 

processes, promoting resource conservation, and carbon emissions in the construction 

industry. 
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Abstract 

Recovering mixed construction and demolition waste (CDW) is a challenge in the current 

socio-economic context. Its reuse as a secondary raw material in formulating new recycled 

concrete will contribute to achieving the concept of green, circular and hypo-carbonic 

construction.  

This research work analyses the feasibility of simultaneously recovering the fine and coarse 

fraction of mixed CDW incorporating a 10%-15% and 25% -50% percentage, respectively, in 

designing eco-recycled structural concrete (fck ≥ 25 MPa and a/c = 0.55). To evaluate this item, 

the effect of its incorporation on the fresh (consistency) and hardened (compressive strength, 

ultrasonic pulse velocity and water impermeability) properties of the new recycled concrete was 

analysed. The results obtained show that incorporating the mixed coarse and fine fraction of the 

CDW as a granular skeleton does not translate into significant loss of consistency and 

mechanical (decreases of less than 19% compared to conventional concrete) performance. Also, 

all concrete, regardless of the porous mixed recycled aggregate percentage, has a waterproof 

structure by meeting the established requirements of maximum (≤50 mm) and mean (≤30 mm) 

water penetration under pressure required by the Structural Code (CodE).   

1. Introduction 

The construction industry is one of the greatest consumers of natural resources and 

contributors to emissions and solid waste. In 2020, it was responsible for emitting 11.7 gigatons 

of CO2 and consuming 149 exajoules of energy, equivalent to 37% and 36% of the global totals, 

respectively [1]. Additionally, the environmental effects of this sector cannot be evaluated only 

from the perspective of production and construction but also from the perspective of demolition 

of the aged infrastructure that has completed their service life [2]. The construction and 

demolition waste (CDW) generates from this activity (new construction, repair, maintenance...) 

become important and needs to be rigorously considered. CDW constitute 36% of the total 

waste generated in the EU [3], and every year, around 800 Mt of CDW are generated in Europe 

[2].  
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Concrete products are second only to water as the most consumed material in the world by 

mass, with an estimated yearly consumption approaching 30 billion tonnes, which leads to per 

capita production greater than that of any other material [4]. This material is mainly made up 

of aggregates that represent between 60-75% of the volume of a concrete, as well as a smaller 

percentage of cement (10-15% of the volume of a concrete).  

In this context, in recent decades, the scientific community has evaluated the technical 

feasibility of using recycled aggregates from CDW as an alternative raw material, mainly 

focusing on the coarse fraction of recycled concrete aggregates that present greater 

homogeneity and quality than the other fractions and types of recycled aggregates (mixed 

recycled aggregates and ceramic recycled aggregates).  

Mixed recycled aggregates (MRA) represent ~67% of the total CDW in Spain, which has 

led to a greater quantity of research into the recovery of this type of recycled aggregates in the 

last decade [5, 6]. However, due to the intrinsic properties of mixed recycled aggregate (MRA), 

there is currently little knowledge of the feasibility of recovering the recycled mixed coarse 

and/or fine fraction in the sustainable concrete formulation. 

The objective of this research work is the design and classification of environmentally-

friendly structural concretes based on the simultaneous recovery of the fine (10% and 15%) and 

coarse (25% and 50%) fractions of recycled mixed aggregates from CDW. This initial 

classification entailed determining the consistency in the fresh state, as well as the compressive 

strength, ultrasonic pulse velocity and maximum and mean water depth with the concrete under 

pressure in the hardened state. 

2. Materials and methodology 

2.1 Materials  

The recycled aggregates were supplied by the ARAPLASA CDW processing plant located 

in Plasencia, Cáceres (Extremadura). These aggregates are classified into two granulometric 

fractions 6/12 mm (Gv-MRA) and 0/6 mm (Ar-MRA). Compositionally, it is a mixed recycled 

aggregate with a concrete (Rc), unbound aggregate (Ru), ceramic (Rb) and others (X) content 

of ~28%, ~44%, ~24% and ~4 by weight, respectively. Natural aggregates are siliceous crushed 

aggregates, presented in two granulometric fractions: natural sand (Ar-NA, 0/6 mm) and natural 

gravel (Gv-NA, 6/12 mm). 

Table 1: Properties of the aggregates. 

Property Gv-MRA  Ar-MRA Gv-NA Ar-NA  CodE [7] 

Density (kg/m3) 2.66 2.54 2.78 2.82 - 

Water absorption after immersion 

for 24 h (wt.%) 
7.69 7.04 0.88 1.18 

≤5 

Los Angeles coefficient (wt.%)  40 - 16 - ≤40 

Flakiness index (wt.%) 15.48 - 20.36 - <35 

Sand equivalent  - 75  73 >70 

Table 1 shows the analysed physical and mechanical properties of the aggregates used in 

this research, as well as the limits required by the Structural Code (CodE) [7] that includes the 
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requirements for aggregates used for manufacturing structural concrete. It highlights that the 

new recycled raw materials meet the requirements set forth, except for the water absorption 

values.  

The Portland cement used is a CEM I 42.5 R that meets the physical, chemical and 

mechanical requirements established in the European EN 197-1 standard [8]. It was supplied 

by the Lafarge Holcim group plant in Villaluenga de la Sagra, in the Spanish province of 

Toledo, Spain. 

The superplasticiser (SP) used for manufacturing concrete is ViscoCrete®-90 NG, supplied 

by Sika®. 

2.2 Methodology 

The experimental program includes the design and manufacture of a total of five mixes: i) 

reference concrete with natural aggregates (M1); ii) concrete with 10% mixed recycled sand 

and 25% recycled mixed gravel (M2), iii) concrete with 10% mixed recycled sand and 50% 

recycled mixed gravel (M3); iv) concrete with 15% mixed recycled sand and 25% recycled 

mixed gravel (M4); and v) concrete with 15% mixed recycled sand and 50% recycled mixed 

gravel (M5). 

The methodology used to evaluate the formulated eco-concrete was through the 

classification of its fresh and hardened state. Regarding the fresh state, only workability was 

studied according to the EN 12350-2 standard [9]. In the hardened state, the following were 

evaluated: i) compressive strength at 7 and 28 days of curing according to EN 12390-3 [10], 

determined on a cubic specimen with an edge of 150 mm; ii) ultrasound pulse velocity at 28 

days on a 150 mm cubic test tube according to EN 12504-4 [11]; and iii) mean and maximum 

depth of water under pressure according to EN 12390-8 [12] in cylindrical specimens of 

Ø150x300 mm. All the test pieces were manufactured according to the EN 12390-1 [13] 

standard and were cured under water at 20 ± 2ºC according to the EN 12390-2 [14] standard 

until they were tested. 

Table 2: Mix batching. 

Component (kg/m3) 
Mixes 

M1 M2 M3 M4 M5 

Natural sand 668.69 601.82 601.82 568.38 568.38 

Recycled sand 0.00 59.82 59.82 89.73 89.73 

Medium gravel 1017.97 763.48 508.99 763.48 508.99 

Recycled medium gravel 0.00 222.39 444.78 222.39 444.78 

Cement 313.60 313.60 313.60 313.60 313.60 

Water 187.31 203.86 216.64 205.74 218.52 

Admixture 2.82 2.82 2.82 2.82 2.82 

2.3 Design of the concretes 

The different mixes were designed using the Faury dosage method with the aim of obtaining 

eco-concretes with a characteristic strength (fck) of 25 MPa and exposure classes X0 and XC. 
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This method establishes as starting data i) granulometric distribution of the constituent 

aggregates of the granular skeleton; ii) density and shape of the aggregates; iii) soft concrete 

consistency (50-90 mm); and iv) cement content (320 kg/m3).  

Table 2 shows the dosing results of all concrete mixes. It shows how the constant effective 

ratio (a/c) of 0.55 is preserved all the mixes, in order to adequately compare the performance 

of the manufactured concretes. Corrections were therefore made using the water compensation 

by absorption of the aggregates method [15].  

3. Results  

3.1 Consistency 

Table 3 shows the consistency results in the Abrams cone of the eco-concretes, observing 

that all the mixes are within the design objective consistency (50 < S2 < 90 mm). This result 

shows that the addition of the mixed recycled fine and coarse fraction has no negative effect on 

this property. This behaviour is in line with what was proposed by Agrela et al. [16] and Medina 

et al. [17] who proposed strategies to mitigate the negative effect that the greater water 

absorption of the recycled aggregates has on this property, pre-saturating them before the 

mixing process or adding the water in the dosage initially absorbed by these recycled 

aggregates, respectively. 

Table 3: Fresh state property in concretes. 

Property 
Mixes 

M1 M2 M3 M4 M5 

Consistency (mm) 54 ± 3 66 ± 4 52 ± 2 54 ± 2 53 ± 3 

3.2 Compressive strength and ultrasonic velocity 

Figure 1 shows the evolution of the compressive strength of the different mixes analysed at 

7 and 28 days, observing that regardless of the type of concrete: i) the compressive strength 

increases as the cured age increases, the evolution of which is very similar to that shown by the 

reference concrete; ii) the relative compressive strength at 7 days is between 86.7%-89.2% of 

that at 28 days, a percentage that is within the range of values 65-93% recorded by Bravo et al. 

[18] for concretes that partially incorporate CDW; and iii) the average strength at 28 days is 

higher than the characteristic design strength of 25 MPa.  

 
Figure 1: Compressive strength at 7 y 28 days. 
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Figure 1 also shows that the addition of fine and coarse mixed recycled aggregate causes a 

performance loss, with decreases between 9.5-17.5% and 8.8-19.1% with respect to M1 at 7 

and 28 days respectively. These decreases are less than the addition percentage. The decrease 

is mainly associated with the intrinsic properties of the recycled aggregate (more porous micro-

structure and less resistance to fragmentation) and the presence of a greater number of 

interphases in the new eco-concretes (M2-M5). 

Table 4 shows the ultrasonic pulse velocity results at 28 days of curing. It shows that the 

addition of the mixed recycled aggregate decreases the speed of passage, mainly due to the 

greater porosity with respect to the natural aggregate, as previously indicated by Kwan et al. 

[19]. The minimum and maximum variation corresponds to the M4 and M5 mix by -3.1% and 

-8.3% with respect to M1, respectively. This variation range is similar to the range (5%-10%) 

obtained in concretes made with up to 60% of coarse recycled concrete aggregate [20].  

Table 4: Ultrasonic pulse velocity (UPV) in concretes. 

Property 
Mixes 

M1 M2 M3 M4 M5 

Ultrasonic pulse velocity (m/s) 4586 ± 63 4370 ± 137 4349 ± 48 4407 ± 40 4289 ± 29 

Finally, according to the results of the UPV [21], it can be considered that concretes with a 

value higher than 4575 m/s can be considered as excellent quality concretes, and values between 

3660 m/s - 4575 m/s as good quality concretes. According to the results presented in table 4, 

Mix 1 would be of excellent quality and the rest of the mixes (M2-M5) of good quality, these 

values being very close to the upper limit of this range.  

3.3 Penetration depth under pressure 

Figure 2 shows the maximum and average depth values of the eco-concretes after 28 days 

of curing, observing that regardless of the addition percentage, the values are lower than the 

maximum limit (average depth ≤30 mm and maximum depth ≤50 mm) permitted by the CodE 

[7]. It can therefore be established that all concretes have a sufficiently impermeable porous 

structure against water.    

 
Figure 2: Maximum and mean 28 days depth of water penetration under pressure in concretes. 
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4. Conclusions  

The conclusions obtained from this research work were: 

- The addition of mixed recycled aggregate (fine and coarse) does not negatively influence 

the consistency of the new eco-concretes. 

- Eco-concretes have a compressive strength greater than and equal to 25 MPa at 28 days. 

- The maximum and average depth of the eco-concretes is less than the maximum value 

allowed by the CodE.  

Finally, the formulated eco-concretes could logically be used as structural concretes for 

exposure classes X0 and XC, for which their durable properties would need to be evaluated in 

a second research phase.   
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Abstract 

The aggregate industry generates massive amounts of sludge, which are typically used in low-

value backfilling or landfilled. Given the close relationship between aggregate and concrete 

industries, using these sludges as a secondary raw material in concrete production makes a great 

deal of sense. This study examines the use of recycled wash-sludges from crushed granite 

production as secondary raw materials in self-compacting mortar mixes. Self-compacting mixes 

require a substantial amount of fines, and using secondary fines reduces the demand for virgin 

resources. However, the presence of contaminants like clay can affect the mix properties. In 

this study, slump-flow and V-funnel tests were used to optimise the water-to-powder ratio, 

filler-to-cement ratio, and superplasticizer content of the mixes. The moderate clay contents in 

the sludges showed a dual effect by increasing both water demand and cohesion, and the sludge 

content in the mixes was defined based on such an impact. Our results demonstrate the technical 

feasibility of this approach, but reducing the impact of clay content further is important for 

improved performance and cost reduction.  

1. Introduction 

The production of crushed gray granite in Norway (Velde site) from excavated material at 

demolition sites involves a washing step that generates significant amounts of sludges. These 

sludges are currently used in backfilling with relatively low added value. Therefore, exploring 

alternative applications as filler for this material in the cement and concrete industry seems 

valuable. 

Initially, the inclusion of filler might be assumed as a simple dilution effect on the performance 

of the concrete mix, but the impact on the concrete performance is tied to the specific properties 

of the filler. The dilution effect is not a critical issue for the particular case of self-compacting 

mixes as the high volume of fines is intended to provide the necessary fluidity and cohesion. 

However, secondary contributions from the filler could further help reducing the cement 

content. For instance, using fly ash in self-compacting mixes fills space in the fresh state and 

develops microstructure through pozzolanic action in the hardened state. Despite these benefits, 

fly ash does not contribute sufficiently to the cohesion of the mix, requiring the use of viscosity 
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modifiers that could increase the cost of the self-compacting concrete. Therefore, the 

assessment is more complex than a simple examination of the dilution effect. 

Li et al. [1] assumed null water demand from granite filler when adding it in concrete replacing 

paste volume (instead of the common approach of replacing cement volume). The use of granite 

dust as a paste volume replacement to reduce the cement content by up to 25% increased the 

cube strength of mortar by about 12%. However, the assumption of null water demand proved 

untrue as the approach increased the superplasticizer dosage to maintain workability.  

Results presented in [2] show a similar outcome of increased superplasticizer demand with 

granite powder, but in this case coupled with a significant dilution effect of performance in 

hardened state. The granite powder was coarser than the cement and the replacement was made 

in terms of cement content, leading to expected negative impact on strength. 

Contrasting results are presented in [3], where lower superplasticizer demand is reported for 

fine granite powder inclusion as cement replacement. When granite waste is included 

unprocessed as a replacement of sand or cement, the coarser fraction of the granite waste 

introduces significant internal friction that reduces workability. However, as the granite waste 

was fine enough, no specific demand of superplasticizer by the filler itself was noted. The effect 

on water demand is different, as it is directly related with the fineness of the material. Mashaly 

et al. [4] reported greater water demand with higher contents of fine granite powder. For the 

particular case of excavated material such as the one under study in the present research, more 

important is the presence of minor constituents, especially clays, as these will significantly 

affect both the water and superplasticizer demands. 

Nepomuceno et al. [5] propose a relatively straightforward application for granite powder as 

filler for the production of self-compacting concrete. The lack of additional processing for such 

application is a significant advantage for the valorization strategy, but this becomes arguable if 

the demand of superplasticizer is increased. When viscosity of the mix is also affected, mixes 

can no longer be compared based on same water content. An iterative process is then needed to 

determine the optimal combination of water and superplasticizer contents for adequate self-

compactibility. Potential contamination with clays is an important consideration, as these can 

negatively impact on superplasticizer demand. In a comparison of mortars with the same 

volume of powder to volume of sand, Nepomuceno et al. [5] found that granite powder was 

disadvantageous in terms of water and superplasticizer demands when compared to other fillers 

such as limestone powder or fly ash. Similar results are presented in [6] for production of 

reactive powder concrete. These results suggest that self-compacting mixes with granite powder 

would be more expensive than with other type of filler. However, considering the cost, 

environmental impact, and strength, Asadi Shamsabadi et al. [2] concluded that using granite 

waste powder as cement replacement could more advantageous if workability loss is 

compensated by increasing mixing water instead of superplasticizer content. These findings 

suggest that an appropriate tailored strategy is necessary for the sludges under study.  

In terms of compressive strength, Nepomuceno et al. [5] found no significant difference 

between using granite filler, limestone filler, or fly ash as powder in self-compacting concrete. 

These may be indirectly affected by the water demand, but if the water-to-cement ratio is 

maintained constant, the compressive strength remains unaffected, albeit at a high cost. 

Therefore, the main technical issue for the application of filler derived from the sludges in self-

compacting concrete are related to the fresh state. 
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A comparison of different types of fillers in the production of self-compacting concrete shows 

that granite filler has advantages over more reactive powders (e.g. silica fume, metakaolin, and 

even Portland cement) and limestone powder in terms of limited segregation and bleeding [7, 

8]. One possibility for explaining this is that the use of granite powder increased viscosity and 

reduced the dependence on viscosity modifiers for the production of stable self-compacting 

mixes. Karmegam et al [9] attribute the higher viscosity with granite powder to the particle 

shape (more angular than fly ash or silica fume); however this does not offer full explanation, 

as milled clinker and slags are also equally angular but still show high bleeding risks. For the 

particular sludges under study, the content of clay may as well contribute with increased 

viscosity in spite of the associated increase in superplasticizer demand. A derived advantage of 

an increased viscosity is the potential capacity of increasing the maximum aggregate size 

(usually limited to 12-19 mm) in self-compacting concrete. If a stable mix with a larger 

maximum aggregate size can be produced, less paste will be needed, and more eco-efficient 

mixes will be obtained in consequence. 

The present study explores the opportunity for the exploitation of sludges derived from gray 

granite production from excavated material in self-compacting mixes. The complex effects of 

filler inclusion are connected to the specific properties of the sludges to optimize water and 

superplasticizer content at paste and mortar level as a preliminary step to assess the economical, 

environmental, and technical benefits and decide on potential upscaling at concrete level. 

2. Materials and Methods 

The used materials were modified polycarboxylic ether-based superplasticizer (MasterGlenium 

51®, Master Builders Solutions), cement CEM I 52.5 N, standard CEN sand, and fillers 

produced with the secondary sludge. The sludge was collected in five sampling campaigns at 

the production site of Velde (Norway) to assess the variability in properties over different 

production periods. The sludge was dried out in an oven overnight and disc milled in the 

laboratory, giving origin to Fillers 1 to 5. The disc mill only grinds the material at low energy 

to disaggregate the agglomerated material and not to engineer the particle size distribution.  

Figure 1 depicts the particle size distribution (determined by sieving coupled with laser 

diffractometry for particles <90 μm) and mineralogical composition (determined by Rietveld 

analysis of XRD patterns) of the fillers. Due to the limited grinding, the particle size distribution 

is unchanged from that of the on-site sludge. The size range impedes complete classification as 

a filler or as a sand. For the purpose of this research, the material was treated as a filler because 

most of its mass is in that particle size range. The main crystalline phase groups are quartz, 

feldspars (albite and microcline), and clays (mostly muscovite, but also kaolinite and 

clinochlore). The average density and loss on ignition at 1050 °C of the filler were (2.64±0.02) 

g/cm3 and 1.86 wt%, respectively.  

First, the optimal water-to-powder ratio in pastes for each of the five fillers was determined. 

The mixing was done according to the standard procedure in EN 196-1, except that no sand was 

used. The flow of each paste was measured using a standard conic mould on a steel plate. The 

paste was poured into the mould without being compacted, and then the mould was lifted to 

allow the mix flow freely. Equation 1 was used to convert the final diameter (slump-flow) into 

the relative slump Γp/m, with d1 and d2 being the two perpendicular slump-flow values. 

��/� = �0.5 ∙ �� + 0.5 ∙ ��100 �
�
− 1 (1) 
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Figure 1: Properties of fillers: left: Particle size distribution; right: mineralogical composition. 

Pastes with sludge filler accounting for 30 to 60 wt% of the powder were tested, for water-to-

powder volume ratios (W/P) of 1.2, 1.3, and 1.4. Individual relationships for each filler content 

were constructed in a W/P versus Γp/m, and the intersection with the vertical axis was determined 

as the parameter of interest, βp.  

Following that, the superplasticizer content was adjusted in mortar mixes to achieve slump-

flow values in the range 240-260 mm (=relative slump-flow Γp/m between 4.76‒5.76), reducing 

the water content to between 85 and 95% of βp so that the targeted V-funnel time (EN 12350-

9, adapted for mortar and using an small V-funnel for mortar) was in the range 7-11 s. These 

mortar mixes were designed with the content of sand representing 50% of the mortar volume 

and optimized filler content, superplasticizer dose, and W/P (see following section).  

For the mortars that met the target slump-flow and V-funnel time, three 40x40x160 mm3 

specimens were cast without any compaction procedure to test hardened properties later: 

compressive strength, water absorption (EN 1097-6 adapted for vacuum saturation), and 

porosity.  

3. Results and discussion 

Figure 2 depicts the relationships between the relative slump-flow values and the W/P for 

various filler contents respect to total powder (P30 to P60 for 30 to 60 wt% of filler). Except 

for P30 with Filler 1, all of the other curves follow a very similar pattern. The precise reasons 

for the different outcome for P30-Filler 1 are not clear, and it is therefore assumed to be an 

outlier. The dilution of Portland cement by the filler has no effect on water demand. This result 

can be attributed to the relatively high content of clays in the sludges. This is considered a 

disadvantage in terms of costs for the application as filler, as the demand of water will limit the 

amount of filler that can be incorporated in the mixes to achieve sufficient self-compactability, 

without affecting the performance in the hardened state.  

Based on the results of slump-flow as a function of the W/P, it was decided to define a filler 

content of 40 wt% of the total powder content. This decision was made as a compromise to 

maximise the use of the filler while still achieving adequate performance in the hardened state. 

For filler allowing use ratios of 50 or 60 wt%, it appears that additional treatment of the sludges 

is required to reduce the content of clay (which may be valorized with a different approach, 

e.g., as calcined clays). Figure 3 shows the optimization of the superplasticizer content for 

mortar mixes with Filler 1 (W/P=0.85, 40 wt% filler content). The relative slump-flow appears 

to be a linear function of superplasticizer content (indicating a range below the saturation point). 

The targeted slump-flow was achieved for 0.88 wt% of (solid content of) superplasticizer 
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relative to powder (Fig 3, left). However, the viscosity of the mix was still excessively high, as 

demostrated with the V-funnel time. The W/P had to be further increased from 0.85 to 0.95 to 

achieve the required V-funnel time, and to maintain the slump flow value this increase in water 

content was compensated with a reduction in the superplasticizer from 0.88 to 0.66 wt%. 

 

Figure 2: Variation of the relative slump-flow with W/P. 

  

Figure 3: Optimization of superplasticizer and water content for target slump-flow (left) and 

V-funnel time (right), respectively. 

0,9

1,2

1,5

0 2 4 6

W
/P

Γp/m

Filler 1

P30

P40

P50

P60
0,9

1,2

1,5

0 2 4 6

W
/P

Γp/m

Filler 2

P30

P40

P50

P60

0,9

1,2

1,5

0 2 4 6

W
/P

Γp/m

Filler 3

P30

P40

P50

P60
0,9

1,2

1,5

0 2 4 6

W
/P

Γp/m

Filler 4

P30

P40

P50

P60

0,9

1,2

1,5

0 2 4 6

W
/P

Γp/m

Filler 5

P30

P40

P50

P60

0

1

2

3

4

5

6

0 0,5 1

Γ
p

/m

Superplasticizer content (wt% of powder)

6

8

10

12

14

16

18

0,80 0,85 0,90 0,95 1,00

V
-f

u
n
n
el

 t
im

e 
(s

)

W/P

152



V International Conference Progress of Recycling in the Built Environment  

10-12 October 2023 – Weimar, Germany 

 

 

The results from fresh mortar mixes show that, even though the filler has a water demand level 

higher than desired, it also contributes to the viscosity of the mix. This means that these self-

compacting mixes have greated cohesion than mixes with other materials used for the same 

purpose (e.g. limestone, fly ash). In practice, this would mean less segregation and the ability 

to design self-compacting concrete with a higher coarse aggregate content. Such abilities are to 

be proven with additional tests at concrete level. 

Figure 4 presents the properties of the mortars for the five fillers (filler content = 40 wt%, 

superplasticizer = 0.66 wt%, W/P = 0.95). The average compressive strength of the mortars is 

61.5 MPa, indicating a very promising performance considering that the effective water-to-

cement ratio of the mixes was 0.5. The porosity values (calculated from the vaccum saturated 

water absorption) are also in the expected range for a high performance mix. Overall, these 

preliminary results at mortar level indicate a promising performance that should be confirmed 

at concrete level in future research, accounting for relative production costs as well.   

 

  

Figure 4: Compressive strength and porosity (bars) (from water absorption capacity, markers), 

after 28 days of curing. 

11. Conclusions 

The variability in composition and properties of the sludges is very limited. This enables to 

consider the use of the material without additional processing for homogenization. A relatively 

high content of clays affects the water and superplasticizer demands, which may impact 

negatively on the production cost of mixes containing these fillers, but it may also contribute 

to more robust self-compacting mixes with increased cohesion. At this stage, the content of 

filler seems limited to 40 wt% of the powder. Alternatively, advanced separation techniques 

may be suitable to reduce the clay content in the sludges, allowing fine-tuned valorization 

channels to be used as both filler and supplementary cementitious material. The properties of 

the hardened mortars demonstrate a satisfactory performance, eventually leading to an 

appropriate strength level and durability of concrete mixes. Such premises are to be confirmed 

in future research at concrete level. 
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Abstract 

The availability of resources for the construction industry is becoming increasingly uncertain, 
while at the same time the amount of construction waste, but also of industrial and agricultural 
by-products, is growing. Reconciling needs and secondary resources as well as contributing to 
reuse is a useful and motivating scientific challenge. But legal and regulatory barriers have to 
be overcome in order to allow a real circular economy in the construction industry. Working 
locally and developing an appropriate treatment of Construction and Demolition Wastes is 
favouring upcycling and valorization of secondary materials for prefabricated and 3D printed 
concrete. Technical properties of recycled materials are analysed, and proposals are made for 
increasing the rate of incorporation into concrete prefabricated products. In the same time, 
minimum requirements are proposed for using recycled sand in 3D mortars. Final properties 
are compared with classical materials and durability of end products is analysed. Accelerated 
carbonation process seems to increase recycled sands and aggregates properties (before and/or 
after manufacturing concrete). But a large and systematic use of recycled materials needs to 
adapt regulations and requirements for specific applications: this is essential for lowering 
environmental impact of the construction industry.  

1. Introduction 

In 2020, the EU-27+UK countries produced a total amount of 2,135 million tonnes (Mt) of 
wastes (4815 per capita) by all economic activities and households [1]. The construction 
industry accounts for one third (37.5%) of all the generated wastes and consists of one of the 
heaviest and most voluminous waste stream in the EU. Construction and demolition wastes 
(C&DW) represent an amount of about 850 Mt generated every year by the EU-28 or 1.7 tonne 
produced per year and per EU inhabitant. Moreover, almost two-thirds (64 % or 3.1 tonnes per 
inhabitant) of the total waste generated in the EU in 2020 was major mineral waste. 

On the other side, the annual European demand in aggregates amounted to 2,99 Mt in 2021 
(Fig. 1). The European demand represents about 10% of the global demand in aggregates [2]. 
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Figure 1: EU+UK+EFTA Trend in Production in Billions of Total Tons (UEPG, 2021) [2] 

 

Aggregate and sand materials are in high demand globally for construction purposes, with an 
annual growth rate of around 5% while the availability of sand is decreasing. Figure 2 shows 
the clear increase in sand demands over the previous and coming years. The United States and 
China show overall the highest yearly demand of sand. 

 

Figure 2: World sand demands in millions of metric tons. 
https://iveybusinessreview.ca/6580/lafargeholcim-the-plastic-solution-to-the-global-sand-wars/graphic-2-world-sand-

demand/ 

 
Figure 3 provides a synopsis of the 2019 national production tonnages categorized by country 
and aggregate type. Germany emerged as the leading producer, surpassing 500 million tons, 
followed by Russia, Turkey, France, the UK, and Poland. In contrast, smaller nations such as 
Malta, Montenegro, Iceland, Luxembourg, and Cyprus exhibited production levels below 5 
million tons.  
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Figure 3: 2019 aggregates production in Europe (UEPG, 2021) 

National tonnages depend not only on economic strength, but also on geological availability of 
and access to deposits, national ambient climate, ruggedness of the terrain and local building 
traditions. 

 

Figure 4: Aggregate type percentages 

The composition of aggregate types (Fig. 4) in the EU27+UK+EFTA countries in 2019 revealed 
that crushed stone accounted for 46.9% of all production, while sand and gravel constituted 
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39.7%. Aggregate production from recycled and reused materials contributed 9.3%, with 
marine and manufactured aggregates comprising the remaining 4%. 

2. Market analysis and barriers 

The market of recycled sands and aggregates (RS&A) needs to be healthy at country scale to 
foster member states to reach the target defined in the Waste Framework Directive 
(2008/98/EC) [3]. The most cited drivers that can boost C&DW recycling are: Green Public 
Procurement, taxation on C&DW landfilling, taxation on natural sands and aggregates, 
availability and cost of natural sands and aggregates, quality certification of RS&A, better 
public perception and increased consumer acceptance and low distance with C&DW recycling 
plants (e.g. [4]). 

A recent study [5] has pointed out the three main key parameters that influence the market of 
recycled materials: the landfill of inert C&DW, the challenge with primary raw materials and 
the availability of inert C&DW recycling plants. The market context was investigated in five 
NWE countries (Belgium, France, Germany, Luxembourg and the Netherlands) towards a 
quantitative analysis of the generation of C&DW, the production of natural and RS&A, the 
density of recycling plants, the density of extraction sites for natural materials, and C&DW 
landfilling legislation.  

Results point out that the market of recycled sands and aggregates is more developed and more 
suitable in the Netherlands and in Flanders (North of Belgium) where all the three investigated 
key variables are considered as drivers. These regions are characterized by a lack of available 
local and good quality natural rocky materials, a developed framework of recycling plants for 
inert C&DW and a favourable legislation that push the waste flux to sorting and recycling. The 
market in Wallonia (South of Belgium), France, Germany and Luxembourg is challenged by 
primary raw materials where resources are locally abundant. The French market of recycled 
materials is furthermore disadvantaged by a lack of incentives that foster sorting and recycling, 
including landfilling. 

A proactive policy of support for the recycling of C&DW therefore implies stopping the 
disposal of waste in landfills, the setting up of adequate recycling techniques, in particular 
through the installation of complete sorting centres and the networking of these recycling 
centres sufficiently dense, so as to reduce the impact of transport. There is a great opportunity 
for increasing the part recycled products on the NWE market of aggregates. More generally, 
the following recommendations can be formulated [6]: 

 Enhance public procurement through the introduction of mandatory percentages of 
recycled aggregates in large civil engineering projects; 

 Develop reuse/reclaimed products programme of support and promotion (e.g. reuse 
percentage target); 

 Introduce end-of-waste criteria for recycled products; 
 Develop standards for recycled materials for various utilization for waste that did not 

meet end-of-waste criteria; 
 Facilitate material content traceability; 
 Introduce applications for recycled non-aggregates; 
 Encourage the construction products and materials supply chain to have much greater 

provision for taking back and incorporating recycled materials into new products; 
 Deploy financial incentive to use recycled aggregates. 
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3. Circular economy in construction industry 

A survey organized by Tebbat Adams et al. [7] shows (Fig. 5) that the most significant challenge 
which was highly ranked by all the stakeholders, is the lack of incentive to design for the end-
of-life issues for construction products. The low value of products at end-of-life is also an 
important economic challenge. The construction industry’s structure is also viewed to be a 
significant challenge in the form of a fragmented supply chain [8]. 

 

Figure 5: The most significant challenges for implementing circular economy in 
industrywide [7] 

As mentioned in the survey [7], “a larger obstacle is the existing stock of buildings and 
infrastructure where circularity principles have not been adopted”. However, many 
opportunities to advance the circular economy exist. A better recovery of material by means of 
viable take-back schemes and higher value markets as well as assurance schemes for reused 
materials are promising (Fig. 6). Cradle to cradle concept is nothing else: waste becomes a 
nutriment for another product. McDonough et al. [9] promote the idea that biological and 
mineral cycles have to be separate for favouring reuse and recycling. But also that we must 
design materials in such a way the end of life and end of use are timely corresponding: because 
the waste is induce by this discordance of time. 

Circular economy in construction industry is clearly a need and a wonderful opportunity [10], 
regarding the huge amount of C&DW versus the demand of granular materials: compatibility 
between deposit and market should contribute to change the paradigm and transform the wastes 
into secondary resources. Coming challenges in this area are longer-lasting materials, repairable 
products, prefabrication and off-site construction, banks of materials, circular material supply 
chain, design for adaptation and deconstruction, … 
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Figure 6: Comparison between linear and circular economy (from [10]) 

4. Upcycling of Construction and Demolition Wastes 

The needs of civil engineering can be indeed of four main types of materials, namely [11]: 
 Filling materials, on which there are low requirements and consumed in large quantities, 

for embankments but transportable over short distances due to costs; 
 Aggregates, which must meet various specifications depending on the place they will 

occupy in the structures and the treatment techniques used. The quality requirements 
can at this level become high, even severe for the surface layers, to lead to finished 
products of quality identical to that of traditional materials; 

 Binders, which must meet very precise specifications and whose properties must remain 
constant over time. Employed in small quantities and competitive with expensive 
products (cement & bitumen), they may experience pre-employment packaging and 
bear higher transportation costs; 

 Activators, which will be used in small quantities, which can cause problems of 
collection, storage, distribution and regularity. 

Specific sorting and grinding process [12], original applications [13], incorporation of 
production waste into the final product [14], prefabricated products [15] tend to increase needed 
performances and upcycling of C&DW. 

5. Example: 3D printing with recycled fine aggregates 

Concrete 3D printing is an innovative technique allowing for the quick production of easily 
customizable elements. Yet, it is also facing a lot of criticism targeted in part to its 
environmental impact. To address it, the entirety of the granular skeleton has been replaced 
with washed concrete Recycled Fine Aggregates (RFA). 
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The research [16] investigates the influence of RFA on the mechanical and durability 
performances of 3D printing mortars. This investigation involves a comparison of mortar 
samples produced using two types of fine aggregates: virgin fine aggregates and recycled fine 
aggregates (RFA). The aim is to determine how the incorporation of recycled fine aggregates 
affects the properties of the mortar. Additionally, the study assesses the impact of the 3D 
printing process itself on mortar properties. To do this, the performance of mortar samples that 
were 3D printed are compared with those of samples that were cast using conventional methods. 

A battery of tests is conducted to assess various mechanical and durability properties, including 
compressive strength, tensile strength, flexural strength, porosity, water absorption, and 
resistance to environmental factors like freeze-thaw cycles. Direct tensile tests have also been 
used to assess if the cracking pattern followed the interface between two printed layers which 
would indicate the existence of a structural weak point in the material. 

 

                                        (a)                                                                    (b) 

Figure 7: Influence of the use of RFA (a) and of the printing process (b) on the compressive 
strength of mortars 

The research findings indicate that substituting natural sand with RFA does not lead to 
significant alterations in either the mechanical properties (cf. Figure 1(a)), or the durability 
aspects, such as resistance to freeze-thaw cycles and carbonation, in the context of 3D printing 
mortars. However, elements produced through 3D printing exhibit lower mechanical strength 
compared to samples cast using traditional methods which is assumed to be caused by poor 
curing conditions during the first 48 hours. Moreover, these 3D-printed samples display 
anisotropic properties. Specifically, when a load is applied parallel to the printed layers (as 
shown by "oz" in Figure 1(b)), the resistance is lower compared to when the load is applied 
perpendicular to the layers (indicated by "ox" in Figure 1(b)). This finding is somewhat 
counterintuitive because it challenges the assumption that the interface between layers in 3D 
printing is typically weaker than other parts of the material. These results are supported by the 
direct tension test, which indicates that the failure plane never corresponds to the interface 
between two layers. These collective findings suggest that there may not be a pronounced weak 
point at the interface between layers in 3D-printed mortar elements. 
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Abstract 

Washing slurry powder (WSP) is a fine powder waste (finer than 63µm) generated from the 
washing process during the production of high-quality recycled concrete aggregate (RCA), 
which is currently disposed of in landfills. This paper aims to investigate the characteristics and 
composition of WSP and explore its potential as a substitute for cement. The physical 
properties, chemical and mineral composition of WSP were characterized by multiple 
techniques. The impact of WSP on cement hydration was assessed through isothermal 
calorimetry and quantitative XRD. The fresh and hardened properties of blended cement 
mortars were thoroughly examined. The results reveal that WSP is a mixture of soil and 
hydrated cement, with primary mineral phases of calcite and quartz. A small amount of clay 
minerals, like illite and kaolinite are also detected. Incorporating up to 15% of WSP exhibited 
negligible negative effects on mortars’ performance. Notably, a promoting effect on cement 
early-age hydration was observed in WSP blended cements. The presence of calcite leads to the 
formation of hemicarbonate and monocarbonate instead of monosulfate, which is less stable. 
This research demonstrates the feasibility of recycling WSP as a sustainable cement substitute 
and disclosing the waste management gap in the green cycle of high-quality recycled concrete 
aggregate. 

Keyword: washing slurry powder (WSP); supplementary cementitious material (SCM); 
composite cement; low-carbon cementitious products; recycling/upcycling 

1. Introduction 

Construction and demolition waste (C&DW) is massively generated every year and its eco-
disposal has become a big concern. It is reported that around 820 million tonnes C&DW are 
generated yearly accounting for nearly half of the total solid wastes in EU [1]. In China, it is 
reported that around 1600 million tonnes of C&DW were produced in only 2016 [2]. The 
recycling of C&DW after treatment as secondary raw materials in construction is currently the 
most efficient way to manage this waste stream and represents one of the priorities for achieving 
circular economy and sustainable development [3]. For instance, the use of recycled aggregates 
produced by sorting, crushing, cleaning and sieving of C&DW to partially or completely 
substitute natural aggregate in concrete production has offered a good solution to preserve 
natural resources and reduce the environmental impact. Particularly, recycled concrete 
aggregate (RCA) is especially well documented and developed in various countries and regions, 
given the advantages of its massive amounts, constant quality and less influence on concrete 
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performance when properly incorporated [3][4][5]. Whilst the reuse of RCA in concrete is often 
described as the most promising way, its application in concrete still largely depends on its 
quality. Certain specifications have been proposed in different regions to confine the quality of 
RAs [6][7][8]. The content of cementitious components and unbound natural aggregate is often 
considered as the predominating indicator. However, the variability of building methods 
naturally leads to the fact that RA derived from C&DW will vary in quality and composition. 
Depending on the origin of C&DW, old concrete, unbound aggregate, brick, asphalt, wood, 
plastics, soil and other contaminants are often found. The existence of highly porous materials, 
like adhered mortar, brick, wood and soil, highly relates to the water absorption (WA) of RA 
and therefore, severely degrades the performance of concrete. Thus, an effective sorting and 
removing technique is required to reduce the content of those materials [9][10]. Especially, to 
produce high-quality RCA, a secondary crushing and washing process is normally required to 
further remove the adhered mortar and fine particles. During this washing process, fraction finer 
than 4 mm fines is sieved out and the washing slurry is oriented to a sedimentation tank. The 
very fine powder of this washing slurry is settled down and then pressed into cake, often known 
as filter cake, which is currently disposed in landfills. 

This research investigates the characteristic properties of washing slurry powder collected from 
a recycling plant in Belgium and evaluates its performance in cement blends. The physical 
properties, chemical and mineral composition were examined by laser diffraction particle size 
analyser, XRF and QXRD. Its effect on cement hydration, and the performance of blended 
cement mortars were also assessed. This research aims to provide some information for 
understanding and exploring the possibility of using this kind of material in cement and 
therefore reduce the environmental pressure and economic costs. 

2. Materials and research protocols 

2.1 Raw materials  

The washing slurry powder used in this research was collected from a local recycling plant in 
Flanders region, Belgium, where a large amount of high-quality recycled concrete aggregate is 
produced each year. During the last washing process, the floating materials (e.g. plastics, woods) 
and fine aggregates are washed out. After sieving and sedimentation, fine fraction less than 
63µm washing slurry is dewatered and pressed into filter cake. The washing equipment and 
washing slurry powder after filtering and pressing process are given in Figure 1. In this 
recycling plant, at present, the annual production of WSP (dry matter) is about 5000-6000 tones, 
which is currently disposed of in landfilled with a cost of € 30 – 40 per ton.  

   

Figure 1: Aggregate washing equipment (left) and washing slurry powder (WSP) (right) 
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The collected washing slurry pieces (filter cake) was firstly dried in the lab to reduce the 
moisture content and milled by means of a ball mill to break the blocks and obtain less than 63 
µm fine powder, namely, WSP. A commercial CEM I 52.5 R HES Portland cement and CEN 
standard sand conforming to EN 197-1 [11] and EN 196-1 [12] were used in this research. 

2.2 Characterization of WSP and effects on cement blends 

2.2.1 Characterization of raw materials 

Particle size distribution of WSP was tested by a Beckman Coulter LS 13 320 laser diffraction 
particle size analyzer. The chemical composition of WSP was characterized through X-Ray 
Fluorescence (XRF) using a Bruker S8 TIGER wavelength dispersive spectrometer. The 
mineral composition was characterized by quantitative X-ray Diffraction (Q-XRD) using 
Rietveld refinement method. The XRD pattern was obtained through Bruker Advanced D8 
Phaser equipped with Cu Kα radiation operated at 40 kV and 20 mA. Samples were scanned 
between 5o and 65o 2θ with a step size of 0.02° 2θ and a counting time of 2 s. In order to quantify 
the potential amorphous content, 10% ZnO by mass was added in the sample as internal 
standard prior to the analysis.  

2.2.2 Fresh and mechanical properties of blended mortars 

Compressive and flexural strength development of standard mortar prisms was tested according 
to EN 196-1 [12]. In addition to reference Portland cement mortar, blended mortars in which 
cement was replaced by 10%, 15% and 25% of WSP by weight, were tested. The water-to-
binder ratio was fixed at 0.5 for all mixtures. The fresh mortars were cast in 40x40x160 mm 
moulds. All samples were demoulded at 24h and further cured in water at 20 °C for 1, 3, 7 and 
28 days. All tests were performed in triplicate. The flowability of fresh mortar mixes was tested 
in accordance with EN 1015-3 [13].  

2.2.3 Hydration kinetics and products 

Pastes with and without 25% cement replaced by WSP were produced to investigate its effect 
on cement hydration. WSP and cement were mixed firstly to reach a homogeneous powder. All 
pastes were mixed with deionized water at water-to-binder ratio of 0.5 by an overhead mixer at 
1600 rpm for 2 min. The pastes for hydration products study were cast and sealed in a 
cylindrical polyethene vessel with a diameter of 21 mm. The samples were cured at 20 °C for 
28 days.  

Isothermal conduction calorimetry was used to follow the heat release revolution of WSP 
blended cement and that of the reference cement during the hydration process. An eight-channel 
TAM Air isothermal calorimeter was used and operated at a controlled temperature of 20 °C. 
Around 10g paste was cast in the ampoule after mixing. 

QXRD was used to identify and quantitatively analyse the hydration products at 28 days. 
Solvent exchange method as indicated in [14] was adopted for hydration stoppage. Slices were 
sawn from the middle of the hardened sample. To avoid potential carbonation, 2-3 mm of the 
edges of the slices were also discarded. The slices were further crushed by a mortar pestle into 
less than 1 mm. 3 g of the fine samples were immersed in 100 mL isopropanol for 15 min and 
then vacuum filtered. The filtered residues were dried in a ventilated oven at 40 °C for 8 min. 
For the XRD test, the dried samples were further milled with 10 % ZnO as internal standard.  
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3. Results and discussion 

3.1 Characteristics of WSP 

As shown in Figure 2, WSP possess a very fine particle size with an upper limit of 60 µm. It 
has a slightly higher fraction of fine powders than cement, for instance, the d50 value of WSP 
and cement is 9.15 and 9.47µm. Interestingly, WSP shows a characteristic multimodal particle 
size distribution. This is ascribed to WSP’s intrinsic multi-components. For instance, some hard 
particles, such as quartz, generally tend to be the coarse fraction.  

 

Figure 2: Particle size distribution of washing slurry powder (WSP) 

The chemical composition of WSP and OPC are listed in Table 1. As shown in Table 1, WSP 
is rich in silicon, calcium and aluminium oxides. Given that WSP is originated from old 
concrete, it could be derived from hydrated cement phases (like calcium silicate hydrate) and 
the aggregate minerals (quartz and calcite) as well as other potential materials, such as soil. 

Table 1: The chemical and mineral composition of washing slurry powder and Portland cement 
used in this research (results is reported in oxides and by mass ratio (wt.%) 
Oxides WSP OPC Minerals OPC Minerals WSP 
SiO2 37.8 18.7 Alite (C3S) 51.8 Quartz 24.1 
CaO  27.6 62.8 �-C2S 14.6 Calcite 31.9 
Al2O3 4.7 5.7 C3A 8.0 Vaterite 6.8 
Fe2O3 3.1 4.2 C4AF 12.78 Illite 5.8 
K2O 0.9 0.6 Anhydrite 6.29 Kaolinite 1.2 
MgO 1.2 1.0 Calcite 3.01 Gypsum 1.4 
Na2O 0.4 0.4   Feldspar 3.8 
SO3 1.6 3.7   Dolomite 3.3 
LOI 20.4 3.9   Amorphous  21.7 
d50(µm) 9.15 9.47     

The mineral compositions obtained by quantitative XRD analysis are listed in Table 1. WSP is 
characterized with multiple phases, in which calcium carbonates (calcite and vaterite) and 
quartz are the dominate minerals. Some minor phases, such as dolomite, feldspar and gypsum 
were also identified. Those minerals are mainly attributed to the aggregate and mortar portions 
in RCA. As for gypsum, it could be originated from different components of the raw C&DW, 
such as plaster boards. Additionally, some clay minerals such as illite and kaolinite was also 
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detected, which could be resulted from soil. The mineral composition result indicates that WSP 
is a high mixture of RA powder and soil.  

3.2 Fresh and mechanical properties of blended mortars 

The influence of replacing cement with different ratios of WSP on the flowability and 
compressive strength development of blended mortars were tested, and the results are presented 
in Figure 3 and Figure 4. 

 
 

Figure 3: Flowability of cement mortars 
without and with different portion of WSP  

Figure 4: Compressive strength of cement mortars 
with different portions of WSP   

The flow table results show a reducing trend on the flowability of mortars with the increase of 
WSP portions. However, negligible impact can be observed with replacement ratios up to 15%. 
In spite of that, a noticeable reduction in flowability appears at 25% replacement ratio. The 
reduction in flowability with increasing replacement ratios with WSP is attributed to its fine 
particle size and irregular particle shapes considering that it was resulted from the crushed 
aggregates. The existence of porous materials (e.g. old mortars) and clay minerals, such as illite 
and kaolinite could be the other reason. Thus, appropriate selection of water reducer or milling 
process is necessary when incorporating high contents of WSP. 

Compared with the reference cement mortar, WSP blended mortars showed obviously lower 
early-age strength, irrespective of the replacement ratios. However, it is interesting to see that 
the difference in the compressive strength of the mortar specimens varies with the curing age. 
At the longer term, however, the difference becomes negligible for 10% and 15% replacement 
ratios. While for 25% WSP blended cement mortar, an increase of the curing age does not 
always effectively decrease the strength loss. The lower early age strength (1 day) of WSP 
blended cement mortar is mainly attributed to the dilution effect. However, up to 15% 
replacement ratios, the blended cement mortar can catch up the strength of reference mortar at 
late age. This can be ascribed to the combination of filler effect and potential reaction of WSP 
in cements, which can therefore offset the dilution effect. 

3.3 Hydration kinetics 

Figure 5 illustrates the heat flow and cumulative heat release of WSP blended cement hydration 
versus that of the reference cement. The incorporation of WSP impacts the early-age hydration 
largely, especially during the first 48h. Higher heat release is observed in WSP blended cement 
during both the induction period and main hydration peak. The maximal heat flow value for 
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WSP was observed after 9.4h, while for OPC this was observed after 10.5h.  What’s more, the 
induction period is significantly shorter, and the onset of acceleration period is clearly 
accelerated.  As a result, a higher cumulative heat release is transformed. The results indicate 
that the presence of WSP yields an acceleration of the cement hydration. This is largely due to 
the “filler effect”, which contributes to the cement hydration by providing more water and 
increased space for cement hydrates to precipitate [16][17][18]. What’s more, as previous 
reported, the presence of calcite in WSP would also promote early-age hydration by promoting 
C-S-H gel precipitate in the particle surface [19][20]. This result is consistent with the 
compressive strength results in the last section. 

 

Figure 5: Hydration heat flow and cumulative heat of cement pastes without/with 25% WSP 

3.4 Hydration products 

As shown in Figure 6, WSP blended paste show similar primary hydrate phases as pure cement 
paste, such as C-S-H, ettringite and portlandite. The main difference is that both hemicarbonate 
(Hc) and monocarbonate (Mc) were determined in WSP while only Hc was detected in OPC. 
The transformation of ettringite to Hc and Mc is related to the presence of calcite. As mentioned 
above, about 38% Calcium carbonate was determined in WSP. The present results are in good 
agreement with the previous research that the addition of calcite affects the mineralogical 
variant of the AFm phase(s) [21].   

 

Figure 6: XRD patterns of hydrated cement pastes with 0 and 25% WSP at 28 days 
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4. Conclusions 

This research investigates the physical properties, chemical and mineral composition of WSP, 
which is a secondary waste from the production of high-quality RCA, and the potential of using 
it as a cement substitute for developing low-carbon cementitious composites. The influence of 
WSP on cement hydration kinetics and products, as well as the performance of blended cement 
mortars were also studied. Based on the test results, the following conclusions can be drawn: 

(1) WSP particles are produced from crushing of old concrete, thus an irregular particle shapes 
with high angularity and low sphericity are expected, indicating potential negative effect 
on the flowability of fresh pastes and mortars. A fine particle size with upper limit less than 
63 µm is tested.  

(2) WSP is rich in Ca, Si and Al. The primary mineral phases are characterized as calcite 
(vaterite) and quartz. Some minor phases of feldspar, gypsum, dolomite and clay minerals 
(illite, kaolinite) are also determined.  

(3) Incorporating up to 15% of WSP in cement shows negligible effect on the flowability and 
compressive strength development, while high amount addition would cause a reduction 
in the performance of the mortar mixtures. 

(4) The presence of WSP significantly enhances the early-age hydration of cement. The 
presence of calcite in WSP affects the mineralogical variant of AFm, leading to both 
formation of Mc and Hc, which can indirectly stabilize ettringite. 
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Abstract 

This article aims to contribute to the paradigm of recycling earth material, in this case the reuse 
of earth from a rammed earth house demolition in a new building construction. 

Earth from excavations corresponds to a considerable percentage of urban waste. Its transport 
and storage raises a set of challenges that need to be solved. One possible solution is to recycle 
and reuse earth, transforming it into construction materials with low energy embodied. For this, 
it is necessary that constructive processes adapt to the existing material. 

In this work, the procedure adopted for earth reuse was based on a set of laboratory experimental 
tests, guided by reference values established in the specialized literature. Indication for earth 
granulometric correction was followed and new tests were carried out to compare values.  

This work points towards the appreciation of earth, from its status of waste to construction 
material, improving the circular economy. 

1. Introduction 

The use we currently make of the planet's natural resources has taken society to a growth level 
that has become unsustainable. Serious environmental changes indicate that, unless urgent 
measures are taken, humanity will face considerable difficulties in adapting to new contexts. 
These environmental alterations influence or imply climate change, the imbalance of 
ecosystems, shortage of mineral resources, and a decrease in soil fertility. In 2018, the 
construction sector was responsible for 39 per cent of carbon dioxide (CO2) emissions from 
processes and energy, and 36 per cent from end-use energy; of these, 11 per cent resulted from 
products such as cement, steel, and glass, and from the manufacture of construction materials 
[1]. Even so, in 2018 and for the second consecutive year, global emissions from buildings 
increased by 2 per cent, corresponding to 9.7 gigatons of carbon dioxide (GtCO2) released into 
the atmosphere [1]. 

Agenda 21 for Sustainable Construction [2] identified the improvement of environmental 
parameters and the reengineering of the construction process, including sustainable 
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development, as one of the major challenges for the construction sector. Analysis of these 
numbers allows us to conclude that the construction sector contributes massively to the 
degradation of the environment. One example is the cement industry, considered to be among 
the most polluting, responsible for around 60 per cent of total CO2 emissions worldwide [3]. 
By weight, cement is the second most consumed product in the world, second only to water. A 
building material that is opposed to cement is earth. Earth is non-toxic, ecological, recyclable 
and has low embodied energy when used for the construction of buildings, offering several 
advantages [4, 5]. If earth has not been chemically changed or contaminated, its reuse is 
unlimited, promoting the circular economy. As a way of reducing the carbon footprint in the 
civil construction sector – largely caused by the extraction of raw materials, processing and 
transporting them – it becomes advantageous to use local raw materials and to reuse materials, 
namely from construction and demolition waste. 

Earth building construction presumes the use of raw materials from the place (or in a nearby 
area) where the building will be implemented. In an urban context, this possibility is more 
conditioned because the amount of earth needed to construct a building is not always available 
in the area where it will be located. In such situations, the construction of earth buildings would 
be facilitated by taking advantage of earth from the excavations of other building works, 
similarly to what is happening in Paris, with the expansion of the public transport network 
Grand Paris Express, for which it is expected that 45 million tons of earth [6] will be excavated 
by 2026. A public competition of ideas was launched to solve the problem that arose on what 
to do with the excavated earth from the expansion of the subway network, which resulted in a 
set of solutions for earth reuse. One of the winning ideas was Cycle Terre, a circular economy 
project aiming to recycle the excavated earth from the works of Grand Paris Express,  
transforming it into earth building materials, namely clay panels, bricks, and plaster [6]. What 
would have been considered a problem became an opportunity. Solutions like these can 
contribute to the reduction of landfills and, as mentioned before, may serve as resources to 
produce natural low-cost building materials, and thus actively participating in the 
decarbonisation which Europe intends to achieve by 2050. 

This article aims to discuss the reuse of an earth material obtained from an old rammed earth 
house to build a new one. To this end, it was necessary to study the earth and if this would fulfil 
the reference values described in the specialized literature. Physical and mechanical 
characterization tests were carried out on the material sample collected from the rammed earth 
walls of the existing house, which pointed to the existence of a granulometric correction to the 
original earth.  

Results confirmed that it is possible to reuse earth from an old rammed earth house which would 
have been usually treated as demolition waste, thus benefitting the construction and recycling 
sectors, and contributing to reduce greenhouse gas emissions. 

2. Materials and methods 

This section presents the material and laboratory tests carried out to determine the final 
composition of the material used to build a new rammed earth building.  

To perform all of the laboratory tests, samples were collected from an old rammed earth 
building. After carrying out preliminary tests on this original earth [7], such as some laboratory 
testing to characterize soil properties, it was decided to change the sample’s granulometric 
composition in order to meet the specifications and recommendations in the literature for 
rammed earth construction [8].  
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Thus, in this paper, the results of laboratory tests in order to obtain the indices of soil properties 
and the mechanical resistance of the rammed earth will be presented.  

2.1 The material 

The material used in this study was collected from the walls of an old rammed earth building 
(Figure 1a), located in Aljezur (south-western Portugal), which we will name “original earth”. 
The new rammed earth building (Figure 1b), was built on the same site as the old rammed earth 
building, reusing the earth from it. The representativeness of the material, in terms of the 
proportions and size of particles, was recognized when collecting the material for testing. As 
can be seen in Figure 1a, walls no longer displayed traces of plaster.  

 

     

Figure 1: Rammed earth building located in Aljezur, Algarve: (a) old building (July 2021), 
photograph by Catarina Pereira; (b) new building under construction (December 2021), 

photograph by Bruno Coutinho   

2.2  The laboratory tests 

Two samples were used to carry out physical and mechanical characterization tests, the original 
earth (OE) and corrected earth (CE) in a 2:1 volumetric ratio (original earth:sand) proportion. 

Physical characterization was determined through standard laboratory tests that enabled us to 
determine index properties, earth classification, and characteristics after earth compaction. This 
included determining the grain size distribution curve, determining the Atterberg limits (i. e., 
the liquid limit (LL) and plastic limit (PL)), and the modified Proctor compaction test 
(performed only on corrected earth). Mechanical characterization tests were performed for both 
earth materials, the original and corrected. 

2.2.1  Physical characterization  

To complete the grain size distribution curve, two test methodologies were used: (1) sieve 
analysis for coarse materials of particle size greater than 75 m, and (2) hydrometer analysis 
for finest materials with particle size smaller than 75 m. Sieve and hydrometer analysis were 
determined in accordance with methods indicated in LNEC Specifications E239 [9] and 
E196 [10]: respectively, wet sieving of the coarse fraction (pebbles, gravel, and sand), and 
sedimentation of the fine fraction (silt and clay). 

The physical and mechanical behaviour of clayey soil depend on its water content, and it is 
linked to four different states: solid, semi-solid, plastic, and liquid. Water content is the measure 
that the soil changes from liquid to plastic state, and from plastic to semi-solid state, and is 

(b) (a) 

173



V International Conference Progress of Recycling in the Built Environment  

10-12 October 2023 – Weimar, Germany 

 

defined as liquid limit (LL) and plastic limit (PL). These limits are referred to as Atterberg 
limits. To classify the original and the corrected earth plasticity, liquid limit (LL), plastic limit 
(PL), and plasticity index (PI) were obtained in accordance with Portuguese Standard NP 143 
[11]. These tests were performed on the soil segment passing through a Nº 40 ASTM sieve 
(< 0.425 mm). LL was determined by the Casagrande cup method and is defined as the water 
content, in percentage, at which a groove closure of 10 mm occurs at 25 blows in a liquid limit 
device. PL is defined as the water content, in percentage, at which the earth crumbles when 
rolled into a thread of 3 mm in diameter. PI is the range of water content where soil remains 
plastic, which is calculated by the difference between a soil’s liquid limit and plastic limit 
(PI = LL-LP). 

A Proctor compaction test was also performed to determine the compaction characteristics of 
corrected earth (i.e., the maximum dry density (MDD) and optimum water content (OWC)). As 
per LNEC Specification E197 [12], the modified Proctor compaction test was carried out in a 
mould of 102 mm in diameter and 116 mm in height, with the soil being compacted in five 
layers where each layer received 25 blows from a 4.535 kg rammer falling freely from a height 
of 475 mm. 

2.2.2  Mechanical characterization  

To carry out the mechanical characterization, it was necessary to manufacture rammed earth 
specimens. Six cylinders were prepared: three specimens with original earth; and for the 
remaining three, corrected earth was used. The cylindrical specimens were compacted in five 
layers inside a metallic mould with the dimensions of 200 mm in height and 150 mm in 
diameter. A metallic pestle was used for layers compaction, and when the process was finished 
specimens were demoulded immediately. The corresponding to OWC measurement was added 
to all earth specimens. This quantity was determined in the Proctor test (results can be seen in 
Chapter 3), so as to obtain the MDD (corrected earth values were used). The compressive 
strength tests were carried out after the specimens had been kept in a room with a temperature 
of 20 to 22 ºC, and a relative humidity of 55 to 65 per cent (the drying out period consisting of 
40 days). Before testing, the six specimens had their top and bottom capped by a layer of 
gypsum to level the faces of the test pieces. Mechanical characterization was made by 
compressive strength test which consists of subjecting the specimens to simple compression 
until complete rupture. For mechanical test, specimens were taken to compression by a press 
under a load without shock at a constant speed. It was necessary to adjust the equipment 
manually without impact. Breaking force corresponded to the maximum recorded force. Load 
was applied under displacement control at a rate of 0.5 mm/min. Compressive strength consists 
of the individual values average, and it is calculated from the quotient between force and the 
specimens area on which the force is being transmitted.  

3. Results and discussion 

3.1  Physical characterization  

In rammed earth construction, particle sizes can be distributed over a wide range – well graded, 
to result in higher mechanical density and greater durability and strength [7]. Original earth 
presents very high values of clay (particles finer than 0.002 mm) of about 22 per cent; this is 
above what is referred in the literature, as can be seen from three recommended papers in this 
field [13, 14, 15] (Figure 2). The literature recognizes that clays become unstable in the presence 
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of water, so water should be limited in earth building construction. Clay will serve as a binder 
and must be present in small quantities only [8]. Since the original earth lies outside the 
recommended limits, it was necessary to proceed with earth correction, in order to reduce its 
fine level particles, siliceous sand with gravel were added. As the proportion of sand (dimension 
up to 2 mm) has a value of 60% we will designate, for this mixture, the name of 
"sand" (curve represented in Figure 2). The granulometric curve of the new mixture, called 
“corrected earth”, presents a volumetric ratio of 2:1 (original earth: sand) (curve also 
represented in Figure 2). More information about the earth correction can be found in Pereira 
et al [7]. It is common to add other types of stabilizers, including cement and lime, among 
others; but one of this study’s objectives would be the sustained earth reuse to ensure a circular 
economy of this fully reusable material. Corrected earth does not respect the lower limit, for 
particles larger than 0.2 mm, for one of the studied references [15]. However, Keable [15] 
presents restrictive limits for large particles; nevertheless, corrected earth respects both the 
upper and lower limits of two other literature references [13, 14]. 

 

 

Figure 2: Grain-size distribution curves of the materials analyzed and the recommended 
values 

Table 1 shows test results to determine the Atterberg limits of the original and corrected earth 
specimens. As expected, corrected earth due to sand addition, shows a decrease in LL and PL 
values, when compared to those obtained in original earth. Still, PI remained identical because 
particles of a size below 0.425 mm remain with the same plasticity characteristics (namely clay 
fraction) of the original earth. 

 

Table 1: Physical properties of materials analysed in this study 

Parameters Original earth Corrected earth 

Atterberg 
limits 

Liquid limit, LL (%) 41 30 

Plastic limit, PL (%) 30 21 

Plasticity index, PI (%) 11 11 

Proctor 
compaction 

Maximum dry density, MDD (kg/m3) - 2090 

Optimum water content, OWC (%) - 10 
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Several studies [8, 14, 16-20] recommend the following range of values for rammed earth 
construction: LL between 35-45 %; PI between 15-29 %. Values obtained in the present study, 
when compared with these limits’ values, allow us to conclude that only the LL value of original 
earth is within the indicated recommendations. Table 1 also shows parameters obtained in the 
Proctor compaction test, where a maximum dry density (MDD) of 2.090 kg/m3 corresponds to 
an optimum water content (OWC) of 10 per cent; the compaction curve for the corrected earth 
can be seen in another paper done by the authors [7]. Despite compaction of rammed earth soils 
being described as an important feature, Houben and Guillaud [13] are the only authors 
indicating a range of values between 1.750 kg/m3 and 2.000 kg/m3 for MDD and 3.5 to 14 per 
cent for OWC. Registering a small deviation in dry density, the results obtained show that the 
analysed material fits in these proposed ranges. 

3.2  Mechanical characterization 

One essential principle to consider in earthquake-resistant earth construction is the 
homogeneous distribution of structural elements. Indeed, an adequate geometry is of great 
importance in construction stability – the more compact the structure and more homogenous 
the material are, the more stability it will have. Rammed earth constructions work through 
gravity, so their walls have reasonable, even good, resistance to vertical (compression) stress 
because of very thick walls, around 0.50 to 0.60 m (on average). Compressive strength results 
can be seen in Table 2, for original and corrected earth.  

 

Table 2: Results for the compressive strength for the six specimens 

Material Designation 
Compressive strength (MPa) 

Value Average  Standard deviation 

Original earth (OE) 

OE1 1.32 

1.75 0.28 OE2 1.94 

OE3 1.98 

Corrected earth (CE) 
2:1 volumetric proportion     
(original earth:sand) 

CE1 2.45 

2.58 0.15 CE2 2.81 

CE3 2.47 

 

Average compressive strength was about 1.75 MPa for original earth and 2.58 MPa for 
corrected earth. Compressive strength of corrected earth achieved values above 50 per cent (on 
average), which is much higher than the values of original earth. CE values are also more 
consistent, presenting a standard deviation of 0.15 MPa, while in OE the standard deviation is 
of 0.28 MPa. The lowest value obtained in OE was 1.32 MPa, meaning that the compressive 
strength obtained meets the minimum requirements of NZS 4298 [19] for standard grade 
rammed earth constructions, which indicates values of 1.30 MPa. Therefore, it appears that the 
values fall within the specifications even for original earth, where the lowest values are found. 
Walker et al. [20] mention values between 0.50 and 4.00 MPa for compressive strength of 
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unconfined rammed earth and higher values for stabilized rammed earth, of about 10 MPa, after 
7 days. Experimental studies carried out in rammed earth buildings in Portugal recorded the 
following compressive strength values: 0.80 to 2.70 MPa, obtained from buildings in south-
western Portugal, in the Barlavento Algarvio region [17]; and 1.26 MPa, an average of five 
rammed earth specimens with modified soils from the Odemira region [18]. From the values 
presented (Table 2), it is concluded that all specimens present values higher than the ones 
recommended, for both original and corrected earth. 

4. Conclusion 

This study addressed the characterization of a soil sample collected from old rammed earth 
building walls, located in Algarve, Portugal. This work aimed to verify whether collected earth 
can be used in new building constructions, according to specifications and recommendations 
for this earth building technique; focusing on adding natural materials not to compromise earth 
reuse. 

After a set of tests, it was found that adding sand is necessary to reduce the amount of clay, thus 
complying with the specifications and recommendations for the granulometric curve, obtaining 
a corrected earth. Although the tests carried out on corrected earth, LL and PI values were 
obtained below the range indicated by the reference bibliography, very satisfactory values were 
obtained for mechanical resistance (values much higher than shown for original earth). This 
allows us to conclude that corrected earth presents an extensive granulometry where clay 
fraction functions as a binder.  

Corrected earth complies with almost all the recommendations in the documents analysed, 
similar to those for new rammed earth buildings, without the need to add a mineral binder, such 
as cement or lime. 

Our main conclusion is that results confirmed it possible to reuse earth from old rammed earth 
housing – which would otherwise be treated as demolition waste – to construct new earth 
building housing. This benefits the construction and recycling sectors, contributing to the 
reduction of greenhouse gas emissions and to the circular economy. Moreover, identical 
processes can be replicated with earth retrieved from construction and demolition waste to 
renovate and build buildings. 
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Abstract 

Construction and demolition waste (CDW) represents more than a third of waste generated in 

Europe Union economic activities and households. Its valorisation as a raw material is urgent 

to achieve sustainability in the construction sector, reducing its deposit in landfills and the 

extraction of natural raw materials, promoting the circular economy. 

This work intends to compile several studies carried out in recent years, focusing on the 

recycling of CDW and its incorporation as fine recycled aggregate in mortar matrices. Several 

formulations of mortars produced with the replacement of different percentages of sand by 

CDW of concrete, brick and mix are presented. For the different mixtures considered, the 

mechanical properties and durability are analysed, a comparison is made with reference 

mixtures produced only with natural aggregates, and the collected results are discussed. 

It is concluded that the various analysed solutions have favourable characteristics for the use of 

this type of waste as a construction material and are viable options for use in current 

construction works. Produced mortars replacing natural aggregates (NA) by recycled 

aggregates (RA) is certainly viable for constructive purposes. 
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1. Introduction 

In 2007, the world's population became, for the first time, more urban than rural, and it is 

estimated that by 2050, 68% of the total population will live in urban centres (1). This 

population growth in urban regions, and the degradation of its buildings, has been a concern all 

over the world. (1,2).  

The accelerated pace of urbanization and urban renewal has intensified construction and 

demolition activities, which in turn has led to increased use of non-renewable resources, and 

increased CDW production (3–6). Currently, these correspond to about 37% of waste generated 

in economic and domestic activities in the European Union, representing one of the heaviest 

and most voluminous flows (7). This factor influences aspects of sustainable development with 

regard to environmental, economic and social concerns (8). In several countries, CDW is a 

growing problem for the construction sector, due to the rapid pace of infrastructure development 

and construction (9). 

The valorisation of CDW is economically viable and essential to reduce dependence on finite 

natural resources, such as geological and energy reserves, and to promote a sustainable 

environment (8–10). But as most countries do not have a specific processing plan for CDW, 

these are generally sent to landfills instead of being reused and recycled in new constructions 

(11), which in addition to causing environmental problems is also a waste of resources (12). In 

order to maximize its use, the forms of treatment must be changed to methods that maximize 

resource efficiency (13). It is particularly important to try to reintroduce CDW, through reuse 

or recycling, in new construction, thus helping to close the material loop and reduce the 

environmental impact (14). The valorisation of CDW as recycled aggregates (RA) decrease the 

excessive use of natural aggregates (NA) and, consequently, reduce the environmental impact 

associated with the extraction of raw materials and with the deposit of CDW in landfills (12). 

The recycling of aggregates must be done through an optimized process to achieve 

sustainability in construction and to reduce resource consumption and other environmental 

impacts in the approaching years (15). The proper use of recycled materials can generate 

financial and environmental benefits, by reducing the volume of natural resources used and the 

waste volume sent to landfills (16). In addition to the environmental and economic gains in the 

use of RA, it was found that they have potential for use as RA to replace NA (17–20).  

The present study intends to analyse different mortars produced by several authors, with RA of 

CDW, in terms of mechanical properties, compressive and flexural strength. This analysis has 

as main objective to validate the replacement of NA by RA in the production of mortars, grouts 

and screeds.  

2. Mortars Composition 

In the present study, several types of mortars produced with RA of concrete CDW (European 

Waste Code - EWC 170101), bricks CDW (EWC 170102), and mixture CDW (EWC 170107), 

with different binders and with several ratios (Binder/aggregate - B/A), by different authors, 

are analysed (Table 1 to Table 3). 
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Table 1 – Compositions of mortars with RA of CDW concrete (Co-Concrete; Br-Bricks; Mix-

Mixture; M-Mortar; C-Cement; HL-Hydraulic Lime; LF-Limestone Filler; F-Filler) 

Code (B/A) RA  Binder Ref.  Code (B/A) RA  Binder Ref. 

1/3coC1 1/3 Co C (21)  1/5coCL1 1/5 Co C+HL (22) 

1/3coC2 1/3 Co C (21)  1/5coCF1 1/5 Co C+LF (22) 

1/3coC3 1/3 Co C (23)  1/5coC1 1/5 Co C (24) 

1/4coC1 1/4 Co C (25)  1/5coC2 1/5 Co C (26) 

1/4coC2 1/4 Co C (27)  1/5coC3 1/5 Co C (26) 

1/4coC3 1/4 Co C (21)  1/5coC4 1/5 Co C (26) 

1/4coC4 1/4 Co C (21)  1/6coC1 1/6 Co C (24) 

1/4coC5 1/4 Co C (28)  1/7coC1 1/7 Co C (29) 

1/4coC6 1/4 Co C (24)  1/10coC1 1/10 Co C (30) 

Table 2 – Compositions of mortars with RA of CDW Bricks (Co-Concrete; Br-Bricks; Mix-

Mixture; M-Mortar; C-Cement; HL-Hydraulic Lime; LF-Limestone Filler; F-Filler) 

Code (B/A) RA  Binder Ref.  Code (B/A) RA  Binder Ref. 

1/3brC1 1/3 Br C (23)  1/4brC4 1/4 Br C (21) 

1/3brC2 1/3 Br C (21)  1/4brC5 1/4 Br C (31) 

1/3brC3 1/3 Br C (21)  1/5brC1 1/5 Br C+HL (22) 

1/3brC4 1/3 Br C (32)  1/5brC2 1/5 Br C+LF (22) 

1/3brC5 1/3 Br C (32)  1/5brC3 1/5 Br C (33) 

1/3brL1 1/3 Br HL (32)  1/5brmC1 1/5 Br+M C (29) 

1/3brL2 1/3 Br HL (32)  1/5brcoC1 1/5 Br+Co C (34) 

1/3brcoC1 1/3 Br+Co C (35)  1/6brC1 1/6 Br C (33) 

1/4brC1 1/4 Br C (36)  1/7brC1 1/7 Br C (37) 

1/4brC2 1/4 Br C (36)  1/7,5brcoC1 1/7,5 Br+Co C (34) 

1/4brC3 1/4 Br C (21)       

Table 3 – Compositions of mortars with RA of CDW mix (Co-Concrete; Br-Bricks; Mix-

Mixture; M-Mortar; C-Cement; HL-Hydraulic Lime; LF-Limestone Filler; F-Filler) 

Code (B/A) RA  Binder Ref.  Code (B/A) RA  Binder Ref. 

1/3mixC1 1/3 Mix C (21)  1/4mixCF1 1/4 Mix C+F (38) 

1/3mixC2 1/3 Mix C (21)  1/4mixCF2 1/4 Mix C+F (38) 

1/3mixC3 1/3 Mix C (39)  1/5mixC1 1/5 Mix C (24) 

1/3mixL1 1/3 Mix HL (39)  1/5mixC2 1/5 Mix C (40) 

1/3mixC4 1/3 Mix C (23)  1/6mixC1 1/6 Mix C (24) 

1/3mixC5 1/3 Mix C (41)  1/6mixCL1 1/6 Mix C+HL (42) 

1/4mixC1 1/4 Mix C (21)  1/6mixCLf1 1/6 Mix C+HL (42) 

1/4mixC2 1/4 Mix C (21)  1/6mixCL2 1/6 Mix C+HL (43) 

1/4mixC3 1/4 Mix C (44)  1/7mixC1 1/7 Mix C (44) 

1/4mixC4 1/4 Mix C (31)  1/8mixC1 1/8 Mix C (45) 

1/4mixC5 1/4 Mix C (28)  1/8mixC2 1/8 Mix C (45) 

1/4mixC6 1/4 Mix C (24)  1/8mixC3 1/8 Mix C (45) 
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3. Mechanical Properties 

3.1 Compressive Strength 

The compressive strength values of the different identified mortars incorporating RA of CDW 

studied by the aforementioned authors are presented. Figure 3.1 shows the compressive strength 

variation graphs depending on the type and percentage of RA used, the type of binder and the 

proportion B/A; graph (a) shows the values of mortars in which part or all of the NA was 

replaced by RA of concrete CDW; graph (b) shows the values referring to samples where NA 

was replaced by RA of brick CDW, including mixtures of brick and concrete 

(1/3brcoC1;1/5brcoC1; 1/7,5brcoC1) and brick and mortar (1/5brmC1); graph (c) presents the 

data referring to the samples where the NA was replaced by RA of CDW mix. In most mixtures 

it is possible to observe a decrease in compressive strength with the increase in the replacement 

percentage of NA by RA, except for the mortars produced with concrete CDW in a 1:5 ratio, 

where there is an increase in compressive strength. For mortars with reduced paste strength, 

when a decrease in strength is observed with the increase in the percentage of replacement of 

NA by RA, it is often insignificant or negligible, resulting in a reduction of the influence of RA. 

   
(a) (b) (c) 

Figure 3.1 - Compressive strength – (a) mortars with RA of concrete CDW; (b) mortars with 

RA of bricks CDW; (c) mortars with RA of mix CDW. 

 

3.2 Flexural Strength 

The flexural strength values of the different mortars incorporating RA studied by the 

aforementioned authors is presented in Figure 3.2, where the graphs show the flexural strength 

variation depending on the type and percentage of used RA, on the type of binder and on the 

ratio binder/aggregate: graph (a) shows the values of mortars with RA of concrete CDW; graph 

(b) shows the values of samples with RA of brick CDW including mixtures of brick and 

concrete (1/3brcoC1;1/5brcoC1; 1/7,5brcoC1) and brick and mortar (1/5brmC1); graph (c) 

presents the data of samples with RA of CDW mix. In terms of flexural strength, the influence 

of RA is identical to that regarding compressive strength, generally observing a decrease in 

strength with the replacement increase of NA by RA, excepting for mortars produced with 

concrete CDW at a ratio of 1:5, where there is an increase in strength. Despite some decreases 

in strength with increasing replacement of NA by RA, this is almost imperceptible in most 

mixtures where the matrix has low strength, due to the low influence of the RA in these cases. 
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(a) (b) (c) 

Figure 3.2 - Flexural strength – (a) mortars with RA of concrete CDW; (b) mortars with RA of 

bricks CDW; (c) mortars with RA of mix CDW. 

4. Discussion and Final Considerations 

The type, volume, and properties of the incorporated aggregates influence the behaviour of the 

mortars in different ways, as noted by several authors (28,46–49). Well-distributed 

granulometry ensures good particle packing and good performance in cementitious mixtures 

(48). Similarly, the irregular shape of the particles and the increase in the proportion of finer 

material contribute to the increase in inter-particle friction and consequently the viscosity of the 

paste (46). If the particle size curve of recycled aggregates is determined based on that of the 

original aggregate, the mortar can achieve better compressive and tensile strength values (49). 

It is conclusive that, in some mixtures, the replacement of NA by RA result in an increase in 

mechanical strength, which is most probably related to the high quality of RA and to water 

absorption that may reduce w/c effective ratio. 

For all types of mortar, the mixtures with the highest cement content (1:3) are those with the 

highest mechanical performance, both in terms of flexural strength and compressive strength. 

The mixture 1/3mixC5, made with RA of CDW mix and single used cement as binder, presents 

the highest values. Although this mortar was produced with CDW mix (EWC 170107), it is 

important to highlight that the CDW used was composed of 80% concrete, 10% stone, 7% 

masonry and 3% other; the high proportion of RA in the concrete improves the mechanical 

performance. 

In addition, mortars made with binder matrices that initially have high values of compressive 

and flexural strength do not change significantly when NA is replaced by RA, regardless of the 

type of used CDW. In the future, a more detailed analysis will be carried out to study and assess 

the strength gradients associated with the incorporation of different types of CDW. In general, 

there is a slight decrease in strength proportional to the increase in the replacement of NA by 

RA, as previously stated by Marinkovic et al. (50), with the exception of RA of CDW concrete, 

where it is verified that some mixtures present an increase in mechanical strength with the 

replacement of NA by RA. This tendency may be related to a possible deviation of the 

absorption water, eventually reducing the effective w/c ratio; the mechanical performance tends 

to be maintained or improved with a lower w/c ratio, as noted by Silva et al. (51).  
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With the replacement of NA by RA, of up to 30%, the loss of strength is residual, as already 

mentioned by Evangelista et al. (18) and Llanes et al. (34), mainly in the RA of CDW concrete. 

The exception is for mortars made with higher proportions of aggregate, such as the case of the 

1/10coC1 mixture, where there is a significant loss, around 30%, both in compressive and 

flexural strengths. 

The quality of the RA affects the mechanical properties, as mentioned by Kim (12); however, 

RA have a high potential to replace NA in the production of mortars in terms of mechanical 

strength, and their use in the production of mortars is undoubtedly viable for construction 

purposes, as concluded by Silva et al. (51). 
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Abstract 

Gypsum is used in interior building construction. In addition, building materials containing 

calcium sulfate are used as gypsum board, gypsum wallboard and also as screeds for floors and 

on wall and ceiling surfaces as plaster. Around 60% of the demand for raw gypsum in Germany 

is still covered by flue gas desulfurization gypsum (FGD gypsum). About 40 % is supplied by 

mining natural gypsum. The supply of FGD gypsum as a by-product of coal-fired power plants 

will decline very sharply generation. Recycling of gypsum building materials will become an 

important contribution to effective resource utilization. Currently, gypsum board is the main 

supply source for gypsum recycling. A second source could be calcium sulfate screeds. This 

resource is not recycled until now. In a joint research project, companies and universities are 

engaged in evaluating various calcium sulfate resources and investigating them in terms of 

application. Initial results on the processing and reuse of calcium sulfate screeds are presented. 

The objective was to process (crush, screen) and calcine calcium sulfate screeds on the basis of 

different calcium sulfate binders and aggregates. The focus was on achieving the highest 

possible strength contribution from the recycled thermal anhydrite to fit application 

requirements. 

1. Introduction 

Around 60% of the demand for raw gypsum in Germany is covered by flue gas desulfurization 

gypsum (FGD gypsum). About 40 % is supplied by mining natural gypsum [1]. With the 

environmentally necessary phase-out of coal-fired power generation, this valuable secondary 

raw material will disappear and new sources of calcium sulfate building materials must be 

found. According to an estimate by Altmann et.al. [2], [3], 75 million m² of calcium sulfate 

flowing screed and 75 million m² of screed were installed in East Germany from 1976 to 1989. 

This corresponds to a total of about 6 million m³ with an assumed installation thickness of 4 

cm. In 1989, calcium sulfate screed accounted for only 9% of the total screed market in the 

former West Germany and 3% of the flowing screed market. After 1990, however, the share 

rose very sharply. Today, calcium sulfate screeds have a screed market share of just under 50% 

in Germany, with an annual volume of 1.3 million m³ [4]. The average service life of floating 

screeds is estimated at 40 to 80 years, and up to 80 years for composite and separating layer 

screeds [5]. In the future, therefore, considerable quantities of calcium sulfate screeds will 
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accumulate during the refurbishment or demolition of buildings, and depending on the type of 

installation (floating screed, separating layer), they can also be separated from the floor slabs 

and covering layer relatively easily and without leaving residues. This provides a good starting 

point for potential recycling.  

2.  Own tests 

From commercially available calcium sulfate flowing screeds, factory dry mortars and calcium 

sulfate binder compounds for factory fresh mortar flowing screed, screed slabs with a thickness 

of 4 cm were produced. Based on the existing technology in the lab scale processing at Bauhaus-

Universität Weimar (jaw crusher, roller mill, screens), two crushing and separation stages were 

carried out to achieve maximum utilization as a recycling binder (recycled thermoanhydrite 

RTA). The achieved degrees of separation of binder and aggregate (sulfate content) and particle 

distribution were controlled. First, the screeds were crushed and dried at 40°C. Dried coarse 

material was fed to a jaw crusher and particles smaller than 1mm were separated by screening. 

The particles larger than 1mm were fed to a roller mill and separated into the fractions <1mm, 

1- 2 mm and 2 - 4 mm. There were 2 recycled (RC) screed fractions 0 - 1 mm available (1st 

crushing stage jaw crusher, 2nd crushing stage roller mill), which were fired for 4 hours at 

500°C in a lab scale chamber furnace. 

 

2.1 Calcium sulfate flow screed 

The variation for the tests was according to the type of calcium sulfate binder (alpha 

hemihydrate, synthetic anhydrite, natural anhydrite and thermo-anhydrite) and the aggregate 

(natural anhydrite or natural sand). The screeds were mechanically crushed and the recycled 

aggregate was fractionated. Table 1 shows the water of crystallization and dihydrate contents 

of the recycled aggregate 0-1 mm of the calcium sulfate flowing screeds. The calcium sulfate 

dihydrate content (DH) between 39 % and 48 % of the recycled fraction 0-1 mm indicates the 

recyclable gypsum content. 

Table 1: Chemically bound water (water of crystallization) - and dihydrate content (DH) of the 

recycled grain (RC) 0-1mm of the calcium sulfate flowing screeds.  

binder aggregate  free 

moisture 

crystal 

water 

gypsum 

content 

(40 °C) (350 °C) (Dihydrate %) 

% % % 

RC1 35% synth. 

anhydrite  

65% quartz sand 0-2mm 0,1 8,3 38,9 

RC2 Natural anhydrite 

+ Alpha HH 

natural anhydrite grain 

size 0-2mm 

0,1 9,5 44,6 

RC3 Natural anhydrite 

+ Alpha HH 

 natural sand 0-2mm 0,1 10,2 48,1 

RC4 Alpha HH natural sand 0-4mm 0,1 9,8 45,8 
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2.2 Recycling thermo-anhydrite 

The recycled aggregate (RC) smaller than 1 mm was fired in a chamber furnace for 4 hours at 

500 °C to form a recycled thermo-anhydrite (RTA) (Ex: RC1 to RTA1). RTA contains about 

30% to 40% gypsum content (calcium sulfate phases), depending on the CSFE. Wet-chemical 

gypsum phase analysis (table 2) detects a proportion of poorly soluble anhydrite (AIIs) of 10% 

(RTA2) to 25% (RTA4). Without aggregate, this corresponds to about 25% AIIs (RTA2) and 

60% AIIs (RTA4). Calcium sulfate hemihydrate and AIII are present in small amounts. 

Table 2: Determined gypsum phases of the RTA fraction 0 - 1 mm, wet chemical analysis 

gypsum phase    RTA 1 RTA 2 RTA 3  RTA 4 

AIII % 0,1 0,8 1,3 1,0 

HH (1h) % 4,3 3,0 4,3 6,4 

AIIs (72h) % 12,4 9,5 16,5 24,5 

crystal water (350°C) % 0,4 0,2 0,4 0,5 

 

The RTA was subsequently mixed with a basic and acidic accelerator, 3 % white hydrated lime 

CL 90 and 0.6 % potassium sulfate, in order to accelerate the hydration (hardening). The 

influence of different superplasticizers on processing time, slump and strength was also tested. 

 

2.2.1 Hydration, hardening up to 24 hours 

The hardening process of the activated recycled thermo-anhydrite (RTA) is shown in figure 1. 

The ultrasonic velocity was measured over a period of 24 hours. All four recycling thermo-

anhydrites show a similar hardening process in the first 10 hours with a slower increase up to 

20 hours. 

 

Figure 1 Ultrasonic speed up to 24 h, activated RTA with white hydrated lime and potassium 

sulfate as accelerator. 
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The hardening times were measured according to DIN EN 13279-2 (Vicat cone method) (Table 

2). The water solids value was set to 0.4 (exception RTA1 0.35) and the consistency was 

determined by the spreading flow factor. The onset of hardening was measured to be 60 min 

for all RTAs, except 150 min for RTA 2 (Table 3). 

Table 3: Water solids value (W/F value), flow spread value acc. to DIN EN 1015-3 and 

hardening start acc. to DIN EN 13279-2 

  w/s value Spread [cm] 

Start hardening (VB) 

[min] 

RTA1 0,35 203 60 

RTA2 0,4 205 150 

RTA3 0,4 170 60 

RTA4 0,4 202 60 

 

Figure 2 shows the ultrasonic velocity of the RTAs of the first 5 hours. Also marked is the onset 

of cure (VB), which shows that VB corresponds to an ultrasonic velocity of about 500 m/s. 

Compared to all other RTA`s, RTA 2 has a significantly slower hardening course. 

 

Figure 2: Ultrasonic velocity up to 5 h, for RTA1 and RTA2 the onset of cure (VB) according 

to DIN EN 13279-2 (Vicat cone method) plotted. 

 

2.2.2 Influence of superplasticizer on processing time 

Superplasticizers are a very important additive for the mortar calcium sulfate flowing screed. 

The stability of the flowable consistency determines the processing properties. Based on DIN 

EN 13454-2 (calcium sulfate binder, calcium sulfate composite binder and calcium sulfate 

ready-mixed mortar for screeds), the processing time (consistency retention) was determined. 

The working time is the time in which the original flowability of the mortar is reduced by 20 
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mortar, the spread dimension must not fall below 130 mm [6]. The initial consistency in all tests 

was about 210 mm for the slump and 270 mm for the spread. Four different superplasticizers 

(F1, F2, F3, F4) were tested with a dosage of 0.1 wt.% in the activated recycled thermo-

anhydrites, partly in combination with retarders (V1, V2) (Figure 3). The superplasticizer base 

for F1 is a spray-dried powder based on melamine sulfonate and for F2, F3, F4 spray-dried 

powders based on modified polycarboxylate ethers (PCE). The flow measurement is marked 

[FM] in Figure 3 as a consistency measurement. The unmarked values are results of the 

spreading measure. RTA1 has a processing time of 40 min to 55 min for all 4 superplasticizers. 

In contrast, RTA2 only achieved a processing time of 18 min with F2 superplasticizer. RTA3 

and RTA4 were mixed with a retarder and are therefore not comparable with RTA1 and RTA2. 

RTA3 was provided with a retarder V1 based on a phosphonate mixture. Superplasticizer F3 

resulted in the longest processing time of 85 min in this system. RTA4 was provided with a 

retarder V2 (modified amino acid). Nevertheless, only very short processing times (20 min to 

30 min) were achieved with all four superplasticizers. 

 

Figure 3: Measurement of consistency retention following DIN EN 13454-2, time at 20 % 

decrease of spreading value or slump flow, superplasticizer (F1, F2, F3, F4) partly in 

combination with retarder (V1, V2) [7]. 

 

2.2.3 Strengths RTA 

For floating screeds, the flexural strength is relevant, the activated recycled thermo-anhydrites 

RTA1, RTA2 and RTA4 reach 2.5 MPa to 3 MPa (RTA2). For a calcium sulfate flowing screed 

of strength class CAF-C25-F5, this would be a 50% contribution of the flexural strength. For 

separating layer or bonded screed, the compressive strength is decisive, RTA 1 reaches 6 MPa, 

RTA2 8.5 MPa, which corresponds to a 30% contribution in the compressive strength of a CAF-

C25-F5. 
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Figure 4: Activated RTA, flexural tensile strength (BZ) and compressive strength (DF) after 

28 days of storage. 

3. Conclusions 

Recycled thermo-anhydrite from screeds containing calcium sulfate makes an appreciable 

contribution to the strength of a calcium sulfate flowing screed. Further processing in factory 

dry or factory fresh mortars by a proportional addition to calcium sulfate flowing screeds is 

very promising according to the current results. In addition to the water-binder value and the 

flowability, superplasticizers also influence the processing time (consistency retention) of 

recycled thermo-anhydrite and calcium sulfate flow screeds. The chamber furnace used in lab 

scale is not a typically used in industrial scale. Further investigations are needed for the scale 

up and for optimization of mechanical and thermal processing of the calcium sulfate flowing 

screeds.  
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Abstract 

Finite resources, climate change and high carbon emissions are the main challenges facing the 

contemporary building industry. As a result, the industry tends to design energy efficient 

buildings through the implementation of technical systems and highly insulated building 

envelopes.  

Efficient in operation, but intense in grey emissions and material consumption - a look at the 

55,4% of construction and demolition waste in Germany 2020
1
 shows that this cannot be the 

only strategy to make the building sector carbon neutral. 

A holistic approach that considers the entire lifespan of our buildings is needed to reduce 

carbon emissions as well as resource consumption. This starts with precise programming, 

flexible floorplans, a focus on pre-use and post-use of materials, and the possibility to adapt 

entire buildings to future needs and climate change. 

This research, based on a real building project, provides an overview on how reuse and 

recycling can become part of a fluid design process through parametric modelling. It 

illustrates how to create buildings that are easy to repair and adapt and how this enhances user 

acceptance. It shows how secondary materials can be used and reused with low energy input 

to transform the so called “Urban mine”
2 

into a circular environment. 

 

1.0 Introduction 

For the last decades, the predominant thinking around sustainable design and construction has 

been driven by the ambition to make buildings more energy-efficient, in particular during the 

operational period of their lifecycle. In response, the construction market has focused on 

developing   efficient technical building equipment, while designers strive to create buildings 

that require less energy to operate - a compelling strategy because it simultaneously reduces 

energy consumption and minimizes the costs of operation. To increase energy efficiency, the 

standards for technical equipment and building envelopes were continuously raised which led 

to a significant increase of new building material used in construction and renovation.   

Thus, reduced carbon emissions during operation, led to an increase in grey emissions during 

construction which should pay off over the buildings’ lifespan.   
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“However, as buildings become more energy efficient, the embodied environmental impacts 

stemming from production, construction, maintenance and disposal of building materials 

represent an increasing share of a buildings’ total environmental burden“ according to 

Leonora Charlotte Malabi Eberhardt.
3 

 

The 2022 UN Global Status Report for Buildings and Construction states “(…) the observed 

emissions and energy consumption have continued to increase in 2021 even beyond pre-

pandemic levels, indicating the decarbonization of building stock is “not on track” to reach 

the Goals of the Paris Agreement”.
4
 Furthermore, the building sector is facing a significant 

resource and waste problem. Minerals and waste are traded and shipped around the world.
5
 

Besides the important environmental impact, the resulting social injustice caused is apparent. 

Therefore, a holistic approach for the future of building is needed, which takes into account 

not only the operational energy, but also the embodied energy over the whole lifespan of our 

buildings and beyond.  

 

As a reaction to this, the building industry has to change its approach towards sustainability 

and seek to develop circular construction strategies which focus on the Pre-Use as well as the 

Post-Use-Potential of materials. This fosters the implementation of reused, recycled and 

renewable materials as well as the creation of adapted construction methods and design 

strategies. Throughout the industry two major approaches to this topic can be observed. 
 

One concept is based on the current predominant linear planning process. First the orientation, 

shape, functional organization and appearance of a building are developed. After that, 

materials are selected, produced and delivered on site in a timely manner. Where possible 

conventional materials are replaced by recycled ones, adapted to the specific project. This 

enables a large-scale applicability with minimal effect on planning and design what makes 

this an interesting approach for big scale developments. But the overall environmental impact 

can be subject to discussion.  
 

The second approach reverses the above-mentioned linear process. In this case the projects’ 

start is characterised by harvesting the buildings components, either through professional 

reuse-material-sellers or a selected host building that can be deconstructed and reassembled 

into a new project. The resulting design is based on the re-assembly of the previously found 

objects. Attractive in terms of carbon efficiency, because of its high capacity to implement 

existing materials, this approach is impacted by the missing knowledge about our building 

stock and the lack of warranty regulations for circular materials.
6
 The dependency on material 

availability and the guarantee risk result in the predominant application of this concept in 

small scale projects.  

As a result, “wide-scale adoption is still lacking, and the current development and imple-

mentation of circular economy building design and construction strategies is fragmented.”
3
  

The following research based on a real housing project in Hamburg Wilhelmsburg pushes the 

boundaries of circularity through an integrated circular design process which is sustainable 

and scalable. The project is embedded into Hamburg’s Circuit – Horizon 2020 research 

project which aims to improve the practical applicability of secondary materials in the 

building sector. 
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2. Sustainable and scalable – An integrative approach 

Dealing with the availability and existing properties of materials and their possible places of 

implementation must be considered right from the start. Therefore, the design process needs 

to be transformed from a linear into an interlaced, holistic process. (Figure 1) This design 

research project in Hamburg Wilhelmsburg, will illustrate how design decisions in different 

project stages and scales can enhance a diverse and extensive implementation of circular 

materials in building construction. It shows how a holistic approach effects all design stages 

from how much (Reduce) and how we build (Reuse / Recycle / Renewable), how our 

buildings can evolve over time (Repair) and adapt to future needs (Super-Use). 

 

Figure 1: Circular design methods 

 

2.1 Reduce and Super-Use:  Designed to be circular 
 

The existing building codes, especially fire and thermal regulations (in Germany), can limit 

the use of circular materials. To enhance the implementation of those materials, special 

attention to the buildings’ fire classification is needed. According to current norms, a high-rise 

building classification can result in various limiting regulations. For example, structural 

elements as well as ceiling and façade constructions are required to be non-combustible and 

must be technically proven to achieve certain fire resistance through standardized testing, 

which can be either cost prohibitive or unfeasible when utilizing reused or recycled materials. 

In timber construction, this leads in most cases to a complete encapsulation of the wooden 

structure or the installation of a sprinkler system. In the present project in Hamburg 

Wilhelmsburg, the cities masterplan proposed an 8-story building, which is considered as a 

high-rise-building by only one floor. In this case the design team, including the client, decided 

against this additional rental area in order to avoid the high-rise classification in favour of a 

circular design, which provided more flexibility in the choice of materials and special systems 

requirements.  
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Moreover, this project promotes the creation of spaces with lower requirements in terms of 

thermal regulations which allow the implementation of reused façade elements with outdated 

U-values. Loggias are transformable into thermal buffer zones, which help the building to 

adapt to seasons and future climate change, through a secondary layer of reused windows. 

Outside, weather-protected outdoor staircases enable reduced fire regulations and the use of 

reused facade elements whilst becoming a social gathering space for the residents.      

In addition, the buildings’ functional organization plays a major role for the future lifecycle. 

Flexible floorplans, shared spaces and apartments that can easily be adapted over time help to 

transform the building into a vivid organism with a maximized lifespan (Super-Use). 

These examples show that circularity is far more than the implementation of recycled 

materials. Sustainable urban structures which can adapt to user needs and climate change as 

well as constructions that allow the reuse of building materials can promote circularity and 

lead to new, surprising design results. 

2.2 Reuse, Recycle, Renewable: Circular material parameters  

Following the above-mentioned holistic approach, it is important to develop the buildings’ 

construction elements based on their global warming potential (GWP) and material 

consumption as well as their re-use potential, flexibility and space requirements. Thus, in a 

first step construction elements with a significant influence on the buildings’ environmental 

performance are identified. Secondly the impact of different material choices on the overall 

building design is evaluated.  

 

Concerning the carbon footprint, the buildings’ primary structure, the ceiling and the façade 

elements have a major influence, as they represent a significant portion of the building mass.
7 

Therefore, early design decisions on these elements have an irreparable impact on the 

buildings’ carbon footprint.  

Efficient in primary resource consumption and carbon footprint, the implementation of reused 

construction elements can be an interesting option due to the missing production process. 

Only transport distances and de- and reconstruction influence the GWP.
6
 Thus, the most 

carbon efficient way of building with secondary materials is either to keep them installed or 

store them on site until subsequent reuse is possible. Besides the low climate impact, the 

choice reuse components can provide a solution for the crucial construction waste problem. 

But looking at e.g. the City of Hamburg’s construction waste management plan, the challenge 

of this option becomes clear, though more than 80% of the available stock are crushed 

mineral materials such as soil, stone, concrete, brick,
8
 which can be recycled but not reused.  

Dealing with recycled (RC) construction components, particular focus needs to be set on the 

GWP of the recycling process. For instance, the simple replacement of “traditional” concrete 

with a RC alternative reduces on the one hand primary resource consumption, such as gravel, 

but it increases on the other hand the carbon emissions.
9
 Concerning RC concrete, more 

sustainable formulas are in development. RC-steel for example can be already manufactured 

with renewable energies. If recycled components are chosen special attentions should be paid 

on their installation to enable future reuse of these elements.  

Another alternative is the use of renewable construction materials such as wood. The material 

itself has a negative carbon footprint, but in this case the fabrication process is also crucial, 

though load-bearing applications often require industrial wood such as GLT (glued laminated 

timber) or CLT (cross-laminated timber) though construction wood would lead to increased 
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material dimensions. This has an impact on the GWP and limits their fabrications to 

specialized companies what mostly results in large transportation distances.   

This comparison between reuse, recycling and renewable construction elements highlights 

that besides the GWP of the material itself, various parameters have to be coordinated to 

create a structure with the lowest possible emissions and the highest possible recyclability, 

Pre- and Post-Use. 

Figure 2: Circular material parameters 
 

In the present design research project in Wilhelmsburg, the major construction elements were 

analysed based on material characteristics as well as their overall impact on the buildings’ 

sustainability. Developing the primary structure reused steel, recycled concrete and wood 

were compared with the result that a skeleton structure based on wooden columns (GLT 

36x36) and recycling steel supports (HEB 280) were selected.  

 

Due to its anisotropic behaviour, wood has very different properties in terms of compressive 

and tensile strength, depending on the direction of the grain. The characteristic compressive 

strength in the grain direction is between 17 and 32 N/mm² and therefore comparable to 

concrete C25/30, which has a characteristic compressive strength of 30 N/mm². This means 

that wood is just as suitable as concrete for the use of pressure-loaded components such as 

columns.  

If subject to bending or tensile loads, as required for ceiling beams, wood is significantly less 

effective compared to e.g. steel (tensile strength of wood 10-36 N/mm² compared to steel 235-

500 N/mm²). As a consequence, a wooden beam compared to steel would increase material 

consumption by twenty times and through that raise the construction height of each floor by 

35 centimetres. This would result in a major increase in carbon emission in construction and 

operation of the building due to an increased column and façade height and heated volume. 

(Figure 3) Following the Urban Mining Index
9
 standard steel profiles are considered as 

largely reusable if attention is paid to detachable joints. In this project standard steel profile 

dimensions promote the implementation of reuse steel beams. If no reuse components can be 

found RC-steel fabricated with renewable energies will be installed.  
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Figure 3: Wood vs. RC-Steel, overall environmental impact
 

 

The secondary structure such as ceiling components were designed as removable wooden 

elements with a focus on reuse and easy regional fabrication. Depending on the fire protection 

and load requirements, they are planed either as stacked planks or as wooden beam ceilings 

without any glue. With a span of 6.2 m, material-efficient cross-sections can be used for both 

timber constructions. 
Similar to the ceiling construction, the facade construction consists of prefabricated wooden 

frame elements filled with reused or biobased insulation. Compared to a solid wooden wall, 

the frame construction saves up to 75% of wood. By placing the façade elements between the 

floor slabs steel components and joints can be reduced. The facade cladding is designed to be 

reused one-to-one in the next building in the event of demolition. In order to always maintain 

the same detail for suspension, frames form the basis of the elements. They can be filled with 

different reuse materials (clinker, wood, metal facades, etc.) and are suspended from the 

wooden substructure using the principle of wedge lathing/ battens. This gives the ability to 

react to changing future material stock.  

All connections are designed to be disassembled. Furthermore, it is elementary for the design 

that all materials and components, regardless of whether they were created from new building 

materials or from reuse materials, can be fed back into a post-use later.  

Figure 4: Selected circular construction components  
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2.3 Consideration processes and benefits of the advance in technology (BIM) 
 

In the course of the analysis and development of the "Circuit Wilhelmsburg" project, a large 

number of parameters arose which had an impact on the final outcome. It turned out that it 

was not always easy to predict from the beginning on which part of the project a single 

parameter would have an influence. A representative example is the decision-making process 

for the system of beams described in chapter 2.2. This decision affects the flexibility of the 

building, the height of the building and consequently the building class and height of the 

facade and interior walls.  Some of these parameters imply a functional impact on the 

building, while others are reflected in higher CO2e or the inability to disassemble. 

In the research project, the effects were calculated individually at the beginning and the 

decision-making process was supported, for example, in the form of spider charts. In order to 

be able to profit from the results obtained in the future and to optimize decision-making 

processes, the critical parameters were summarized in a script based on the example of the 

facade. The choice of program was Grasshopper in Rhino, in order to also visually illustrate 

the geometric effects. In the further project it is planned to extend the script to all relevant 

fields of the building. 

Figure 5: Decision making process based on parametric modelling  

3. From Recycling to Circularity 

At the beginning of the project "Wilhelmsburger Rathausviertel" the design team was tempted 

to take a small-scale, boutique approach to circular construction. According to the theme, 

“one building is deconstructed and the next one arises from it.” Ideally, with exactly the 

materials that were envisioned in the design process of the building. The analysis of the data 

of the waste management plan of Hamburg and the statement of the study injected by the TU 

Hamburg about buildings available for demolition in the future show, that in the next few 

years mainly mineral recyclates will be available, and in a form that is difficult to "harvest". 

Two things can be deduced from this for this purpose. First, it is easiest to make circular use 

of the existing building stock if old concrete structures are not demolished, but the primary 

structures are retained as a basis for rebuilding. Second, if the building cannot be preserved, it 

must be used to create building components that can be easily reused when it is deconstructed 

again. The intent is to shift the act of recycling into one of reuse. 

The calculation of the life cycle shows that the use of recycled and renewable raw materials 

saves a high proportion of the CO2 equivalent, if the construction and the future 

deconstruction of the building are factored in. It should be noted that the improvement 

depends on many parameters, which means that the most obvious solution does not always 

automatically have the most positive effect. A holistic approach is therefore preferable 

201



V International Conference Progress of Recycling in the Built Environment  

10-12 October 2023 – Weimar, Germany 

 

  

  

compared to an individual consideration of the relevant problems. The interconnection of the 

individual parameters is thereby not always recognizable at first sight or simple to calculate. 

Computer scripts can help to absorb the amount of data and to validate different scenarios 

faster. When trying to show the impact of a building on our environment, one is confronted on 

the one hand with different calculation and presentation models, such as life cycle 

calculations, material loop or different certification programs. On the other hand, there are 

supporters of the statements that buildings are particularly sustainable if they are perceived as 

"beautiful" by their environment and thus remain longer or if they are particularly flexible. In 

our eyes, these approaches should not contradict each other. There should not be either 

ecological or flexible or aesthetic architecture, but always a combination of all of these 

approaches. This is the only way we can master the challenges of the future together. 

Figure 6: Visualization of the final project  
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Abstract 

Cement concrete is an indispensable construction material, but its production uses a large amount of 
limestone and emits a large amount of CO2.  To fundamentally solve these problems, Ca in cement 
concrete is regarded as a potential unused resource capable of capturing CO2.  By developing a 
technology to regenerate cement concrete demolition waste and CO2 in the air as calcium carbonate 
concrete (CCC), a new resource recycling system called “C4S”, Calcium Carbonate Circulation 
System for Construction will be realized.  An efficient crushing method and an efficient CO2 capture 
and storage method for concrete waste were developed.  After crushing, the powders were used to 
produce calcium bicarbonate solution and the large particles were densely packed with pressure in a 
container as aggregate.  Calcium bicarbonate solution was flowed or impregnated between the 
aggregate particles, and calcium carbonate crystals were precipitated and bonded the aggregate 
particles to form CCC.  In addition, various studies were conducted to implement C4S in society, 
including studies on structural design, optimum recycling scenario, and analysis of LCCO2 reduction 
effect.  Through these series of research and development, CO2 in the atmosphere is expected to be 
efficiently captured and stored, and the energy required for manufacturing does not matter. 
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1. Introduction 

Cement concrete is an indispensable construction material for social capital development, but its 
production uses a large amount of limestone, which is by no means an unlimited natural resource, and 
emits a large amount of CO2, which is a global warming substance. It is estimated that Japan's total 
limestone reserves are roughly 24 gigatons. Assuming that about 60% of the reserves is a recoverable 
resource, 14 through 15 gigatons of limestone can be utilized in the future. On the other hand, 150 
megatons of limestone are consumed annually in Japan, including use in cement production. If this 
consumption continues, limestone will be depleted in 100 years. To solve these problems 
fundamentally, C4S (Calcium Carbonate Circulation System in Construction) moonshot project started 
in the autumn of 2020 with a 10-year plan with financial support from the Japanese government. In 
the project, Ca in cement concrete accumulated as construction is regarded as a potential unused 
resource capable of absorbing CO2, and the calcium carbonate made from Ca absorbing CO2 is 
expected to bind aggregates to create hardened concrete, which can be recycled many times. 
Technologies are being developed to regenerate cement concrete waste, which is generated by 
construction demolition, and CO2 in the atmosphere as calcium carbonate concrete (CCC) which will 
be put into practical use as a main construction material to replace conventional cement concrete. As 
a result, a new resource recycling system will be realized. 
As shown in Figure 1, the project is developing technology to produce rapidly carbonated CCC raw 
materials from demolished concrete waste, technology to produce structural CCC using the raw 
materials, and technology and systems to implement CCC in buildings. Through these series of 
research and development, most of the CO2 released by calcination of limestone is recovered and fixed 
as CCC, and CCC will be recycled as a main construction material many times with low energy. As a 
result, the environmental impact caused by utilization of cement concrete after the Anthropocene will 
 

 

Figure 1: Overview and organization of CCC development 
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be restored, and the amount of CO2 generated by the material loop of cement concrete will gradually 
approach zero. Consequently, it is expected that global warming will be greatly suppressed, and the 
global environment will be regenerated. 

2. Manufacturing of CCC raw materials 

2.1 Production of carbonated raw materials 
In general, high humidity conditions (>80% relative humidity) accelerate carbonation of cement paste 
powder (CPW). On the other hand, carbonation of coarse CPW with a certain particle size (e.g., 0.6 to 
1.18 mm), assuming crushed concrete waste from demolition, partially progresses in the initial stage 
but is suppressed after a few days due to the improved gas barrier properties caused by the formation 
of calcium carbonate. Therefore, for practical application of CO2 absorption into concrete waste, it is 
essential to develop technology for direct air capture (DAC) acceleration into coarse hardened cement 
paste powder, assuming crushed concrete waste. To improve the gas permeability of concrete waste, 
basic experiments on DAC acceleration technology are underway, focusing on a wet-heat cycle using 
natural ventilation. Comparing the RH60% and RH80% constant humidity and RH60-80% cycle 
conditions shown in Table 1, Figure 2 shows that carbonation of coarse CPW can be accelerated when 
exposed to RH60-80% cycle humidity, rather than RH60% or RH80% constant humidity conditions. 
Larger scale studies are currently being conducted to implement these techniques. 
 
Table 1. Experimental conditions 
Relative humidity RH 60% RH 80% RH 60-80% 
Cycles - - 0.5 h, 1 h, 2 h, 4 h 
Temperature 20℃ 
CO2 concentration 0.03% (concentration in the atmosphere) 
Particle size of CPW 0.6 - 1.18 mm 
Periods 3 days, 7 days, 14 days 
 

 

Figure 2: Calcium carbonate production rate by each source of calcium 
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2.2 Production of bicarbonate solution 
Calcium bicarbonate solution for CCC manufacturing can be produced by blowing carbon dioxide 
into water in which calcium hydroxide or calcium carbonate has been added. In general, the Ca 
solubility in calcium bicarbonate solution is highly dependent on temperature [1], and the rate of 
increase in Ca solubility is affected by the particle size of solid particles containing Ca. Therefore, 
calcium bicarbonate solutions were produced using carbonated cement paste and carbonated mortar 
simulating powders and grains obtained from concrete waste, and the changes in Ca2+ concentration 
and pH at 5°C and room temperature (20°C) were measured. In the experiments, ion-exchanged water 
was placed in a container, cooled to a predetermined temperature, and stirred while CO2 gas of a 
predetermined concentration was blown into the container for 18 hours, after which the carbonated 
cement paste and mortar were added and the changes in Ca2+ concentration and pH were measured 
over time. The results are shown in Figures 3. As expected, Ca solubility was higher at 5°C than at 
20°C. The smaller the grain size, the greater the dissolution rate of Ca and the higher the Ca solubility. 
 

  
Figure 3: Effects of temperature and particle size on Ca solution 

3. Manufacturing of CCC 

3.1 Precipitation method 
The carbonated concrete waste particles and the powder portion that remains after the calcium has 
been extracted are packed into a container, and the calcium bicarbonate solution is poured between the 
particles/powder and the container is heated. Since the solubility of calcium carbonate decreases with 
increasing temperature, calcium carbonate precipitates when the container is heated. This precipitation 
forms a cross-linked structure between the particles/powder, which gives strength to the CCC. When 
calcium carbonate is precipitated from calcium bicarbonate solution, CO2 is generated again. To 
capture and utilize this CO2 efficiently, it is desirable that some of the filled particles/powders have 
hydrates with uncarbonated calcium that contribute to further carbonation. Therefore, even if the 
concrete waste is not fully carbonated, the process of wet carbonation can efficiently carbonate the 
calcium in the concrete waste. Since the production process currently under development involves 
heating, the dominant precipitating phase of calcium carbonate is aragonite in needle-like crystals [2], 
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as shown in Figure 4. This differs from naturally occurring concretions. Previous studies have shown 
that the precipitation of aragonite is useful in the development of CCC strength [3]. 

3.2 Pre-loading method 
Another method of manufacturing CCC is to apply pre-loading to concrete waste particles packed in 
a mold. Figure 5 shows an overview of this production method. CCC raw material, carbonated mortar 
powder of 0.6 mm or less, is mixed with water (10-15% of the powder’s mass), packed in a mold, and 
loaded at 10 MPa. The mold is removed, and the specimen is immersed in a calcium bicarbonate 
solution with a calcium ion concentration of 0.5 g/L and total carbonate concentration of 1.3 g/L for 2 
hours, and then dried for at least 12 hours to form a CCC hardened body. Up to now, compressive 
strength of up to 56 MPa has been obtained with a specimen of φ10 x 20 mm. It has been confirmed 
that the addition of magnesium sulfate or seawater during immersion in the calcium bicarbonate 
solution can further increase the strength of the material. Currently, optimization of the manufacturing 
process is underway with the aim of increasing the size of CCC hardened specimens. 
 

 
Figure 4: Precipitation method for CCC manufacturing 

 
Figure 5: Pre-loading method for CCC manufacturing 
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4. CCC structural members 

A possible structural form of CCC is to manufacture unit members filled with CCC in a thin-walled 
steel tube and connect them by tensioning materials, as shown in Figure 6. As a fundamental study for 
the realization of this structural form, compression tests were conducted on simulated members filled 
with low-strength concrete in thin-walled steel tubes. The relationship between the restrained steel 
ratio and strength is shown in Figure 7. Even when the strength of concrete was about 5 MPa, the thin-
walled steel pipe provided a confining effect, resulting in a strength of 10 MPa or higher, and the 
relationship between the strength of the member and the restrained steel ratio was linear. Therefore, 
the strength of CCC member can be estimated from the strength of CCC and the specifications of steel 
tube for structural design. 
 

 
Figure 6: An example of a CCC structural form 

 
Figure 7: Confining effect of steel tube on strength 

5. Social implementation of CCC structures 

5.1 Resource circulation 
To stably manufacture CCC in the future, a stable supply of concrete waste generated by demolition 
of structures is needed. Therefore, based on various statistical information, the amount of concrete 
waste generated by building demolition in Japan from 2018 to 2050 was estimated. The results are 
shown in Figure 8. It is also known that the amount of concrete waste generated from civil engineering 
structures is about 80% of that from buildings. Taking this into account, the total amount of concrete 
waste generated in Japan by 2050 is expected to be about 6.9 gigatons, which can be effectively used 
as raw material for CCC. 
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If CCC completely replaces conventional cement and concrete in the future, the material flow related 
to concrete is expected to be as shown in Figure 9. In other words, concrete waste generated every year 
from the demolition of structures will become a source of CO2 absorption, and by using all concrete 
waste as raw materials to produce CCC, 20.4 megatons of CO2 will be absorbed every year in Japan. 
And all CO2 released into the atmosphere to date from calcination of limestone during cement 
production, i.e., about 2 gigatons in Japan and 55 gigatons worldwide, will be recovered and fixed as 
CCC. CCC is then recycled repeatedly with energy savings. 
 

 
Figure 8: Concrete waste generation 

 
Figure 9: Concrete related material flow in Japan after replacing with CCC  

5.2 CO2 emission and sequestration 
In manufacturing CCC raw materials and CCC, CO2 is generated in crushing of concrete waste, rapid 
carbonation by wet and dry cycles, pressure molding, and cooling and heating of calcium bicarbonate 
solutions. On the other hand, crushed concrete waste sequestrates a large amount of CO2. Ideally, the 
sum of these should be carbon negative. The balance of CO2 emissions and absorption in 
manufacturing CCC raw materials and CCC at laboratory level to date and in actual plants in the future 
is shown in Figure 10. In the future, carbon negative CCC can be achieved by increasing the scale of 
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CCC, improving the efficiency of CCC production, reducing CO2 emissions using waste heat energy, 
and increasing the carbonation rate of the CCC raw material. 
 

 
Figure 10: CO2 emission and sequestration in CCC 

6. Conclusions 

Since CCC is a structural material that is completely different from conventional concrete, it is 
necessary to establish guidelines and standard specifications for CCC manufacturing methods, as well 
as design, construction, and maintenance methods for CCC structures, to promote CCC widely in the 
world. Furthermore, if CCC is to be applied to the main structural components of buildings, it will be 
essential to investigate the legalization of CCC. CCC turns back the clock on the environmental impact 
caused by cement and concrete since the Anthropocene, and concrete has since been converted to a 
carbon-neutral construction material. In ancient times, hundreds of millions of years ago, CO2 was 
fixed in the process of raising the Himalayas and the Alps, creating a cool earth where living organisms 
could live. There are great expectations for C4S project, which is a grand attempt to reproduce this 
event in modern civilized society and save the earth again. 
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Abstract 

Concerning the role of ordinary Portland cement (OPC) production towards carbon emissions, 

the cement and concrete sectors are forced to implement eco-efficient solutions. An 

innovative approach relies on the recycling of cement from waste concrete. Various 

researchers have made efforts to recover the cementitious part of waste concrete through 

thermal treatment and thus highlighted the recycling possibility of cement. This research 

intends to better understand the recovery of the cementitious mineral phases through a thermal 

treatment approach. Different batches of 28-day-hydrated waste cement paste powders 

(WCPPs) are prepared using source material, OPC (CEM 1, 52.5R). WCPPs are then 

thermally treated at temperatures 600°C, 650°C, 700°C, 750°C and 800°C to prepare 

reactivated cements (RCs). RCs are again re-hydrated for 28 days. Furthermore, RCs and their 

re-hydration ability are studied using X-ray diffraction (XRD) supported by scanning electron 

microscopy (SEM). The results show the reformation of calcium silicate clinker phases in the 

RCs in the tested temperature range which is much lower than the actual sintering temperature 

of 1450°C used at the industrial scale. The re-hydration of RCs reproduces typical 

cementitious hydration mineral phases.  

Keywords: Carbon Emissions; Waste Concrete; Thermal Reactivation; Recycled Cement; 

Analytical Techniques 

1. Introduction  

Industrially produced ordinary Portland cement (OPC) is a vital building material. It majorly 

consists of reactive tri-calcium silicate (C3S = 3CaO.SiO2) and di-calcium silicate (C2S = 

2CaO.SiO2) clinker phases which are responsible for the hydraulic reactions and thus the 

development of mechanical properties [1, 2]. The main step in the formation of these calcium 

silicate phases is the decarbonation of the primary raw material, limestone (CaCO3). Only this 

step is responsible for almost 60% of total carbon emissions related to cement production. As 

a result, cement production contributes about 5-8% of global CO2 emissions [3, 4]. Therefore, 

researchers and the cement and concrete sectors are forced to introduce sustainable and eco-

friendly solutions [5]. One of the eco-friendly solutions is concrete recycling. This technique 
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has been investigated for many years but the main idea was to use the waste or old concrete as 

a replacement for natural aggregates [6] or the waste concrete fines as a filler for partial 

cement replacement [7]. Recently, several researchers have made efforts to recover the 

cementitious part of the waste concrete through thermal treatment at the laboratory scale. 

They subjected hydrated cement paste (HCP) to different temperature steps and have seen the 

inversion phenomenon of cement hydration which leads to the reformation of anhydrous 

compounds with similar physiochemical characteristics as the original clinker phases [8–10]. 

Thus, they have highlighted the recycling possibility of cement. 

Hydrated cement paste (HCP) mainly consists of hydration products such as ettringite (Aft = 

3CaO·Al2O3·3CaSO4·32H2O), portlandite (CH = Ca (OH)2), calcium silicate hydrates (CSH = 

CaO.SiO2.H2O), and calcite (CC = CaCO3). These hydration products start to decompose 

when HCP is exposed to elevated temperatures. It has been reported in various works that the 

decomposition range of ettringite (AFt) is 80°C - 120°C. Portlandite (CH) decomposes 

between 450°C – 550°C and the calcium silicate hydrates (CSH) decompose or 

depolymerized in the temperature range of 120°C to 450°C. In the end, calcite decomposes at 

600°C to 900°C, to free lime (C = CaO) in the system liberating CO2 [5, 8, 10]. The 

decomposition or in other words the de-polymerization of calcium silicate hydrates (CSH) is 

very important in the whole dehydration process as its onset promotes the formation of new 

nesosilicates with similar stoichiometry as dicalcium silicate phase (C2S) [5]. According to 

Real et. al [8] and Serpell et. al [11], there is a direct de-polymerization of calcium silicate 

hydrates (CSH) into the alpha
/
 polymorphic form (  - C2S) of the dicalcium silicate mineral. 

The   -C2S can be characterized as alpha-low dicalcium silicate (  
 
-C2S) or alpha-high 

dicalcium silicate (  
 

-C2S) depending upon the phase transition temperature of dicalcium 

silicate [2]. In case of thermally treated recycled cements, such   -C2S polymorphs form at a 

lower temperature range of 600°C – 800°C and represent higher reactivity because of their 

higher surface area and lower crystallite sizes. Above 800°C, the   -C2S polymorphs start to 

transform into the beta polymorphic form (β-C2S) of dicalcium silicate which is known as a 

less reactive product [8, 11]. Due to the high reactivity of    -C2S in the 600°C – 800°C, 

various authors have linked the better physical performance of recycled cement to this 

polymorphic form [4, 10–12].  

This paper aims to contribute to a better understanding of the chemical transformations during 

the laboratory-scale preparation of thermally reactivated cements and their re-hydration. 

Various authors [4, 5, 8] agree on the optimum temperature range. Thus, the reactivated 

cements are prepared at 600°C, 650°C, 700°C, 750°C and 800°C. Furthermore, the phase 

transformations of these reactivated cements and their re-hydration ability are studied using 

X-ray diffraction (XRD) supported by scanning electron microscopy (SEM).  

2. Materials and characterization 

2.1 Preparation of reactivated cements (RCs) and re-hydrated cement pastes (RCPs) 

Ordinary Portland cement (OPC) type CEM I 52.5R from Wittekind (Hugo Miebach Söhne 

KG) was used as source material. The OPC was mixed with water (water-to-cement ratio = 

0.5) for 4 minutes as per EN DIN 196-1 to produce hydrated cement paste (HCP) specimens. 

These specimens were stored for 1 day at laboratory conditions (20 ± 5°C & 60 ± 5% relative 

humidity) and cured underwater (100% relative humidity) for 27 days. After a total of 28 days 

of hydration, the specimens were firstly crushed using a jaw crusher and then grounded to 
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powder in a disc mill for 1 minute. Afterwards, the milled powder was sieved to a particle size 

< 250µm. Different batches of milled powders (< 250µm) were prepared and labelled as 

waste cement paste powders (WCPPs). The thermal reactivation of WCPPs was carried out in 

a muffle furnace (Nabertherm AG, Germany) by heating at 5°C/min up to the desired 

treatment temperature. Different temperature steps: 600°C, 650°C, 700°C, 750°C and 800°C 

were selected. A constant holding time of 1 hour for every treatment temperature was 

maintained. The powders treated at the corresponding reactivation temperatures were allowed 

to cool down to room temperature inside the furnace. The dehydrated powders thus obtained 

were called reactivated cements (RCs) and labelled as RC 600°C to RC 800°C referring to the 

reactivation temperatures. The entire process for the laboratory scale preparation of RCs is 

represented in Figure 1. 

 

Figure 1: Process for reactivated cements (RCs) preparation: (a) Mixing; (b) Crushing; (c) 

Material after crushing; (d) Milling; (e) Sieving; (f) Waste cement paste powder (WCPP); (g) 

Furnace heating; (h) Heating regime; (i) Reactivated cement (RC 800°C) 

Thermally produced reactivated cements are known for their higher reactivity and water 

demand [8]. Therefore, to ensure maximum workability, a water-to-cement ratio of 0.75 was 

chosen for all RCs 600°C – 800°C. RCs were mixed with water for the standard 4 minutes of 

mixing (EN DIN 196-1) and the re-hydrated cement paste (RCP) specimens were produced. 

The RCP specimens were cured for 1 day at laboratory conditions (20 ± 5°C & 60 ± 5% 

relative humidity) and a further 27 days underwater (100% relative humidity). After 28 days 

of total hydration, the RCP specimens were named RCP 600°C to RCP 800°C. To compare 

the hydration ability of the RCs to OPC, a reference 28 days hydrated cement paste (HCP-

0.75) was also produced at a similar water-to-cement ratio, mixing, and curing procedures as 

RCPs.  

2.2 X-ray diffraction (XRD) and scanning electron microscopy (SEM) analysis  
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 Characterization of OPC and RCs 

The mineral phases in OPC and the RCs were analyzed qualitatively using an Empyrean 

powder diffractometer (Panalytical) with CuKa radiation source. Powder samples of OPC and 

RCs (<250µm) were scanned in the 2θ range of 5°- 90° with a step size of 0.013° and 

scanning speed of 0.018°/s.  

 Characterization of HCP-0.75 and RCPs 

Before characterizing (HCP – 0.75) and RCPs, the hydration phenomenon was stopped after  

28 days of hydration using the solvent exchange method [13]. The hardened paste specimens 

of size 1 – 2 cm were immersed in isopropanol for 24 hours to remove the free water followed 

by 24 hours of oven drying at 40°C. After that, the specimens of HCP-0.75 and RCPs were 

stored in a desiccator under a vacuum (200 mbar) until studied. For XRD analysis, the 

specimens were gently grounded to a powder (< 250 µm) using a mortar and pestle. For SEM 

analysis, the hardened specimens (1-2 cm in size) were made surface conductive by being 

coated with gold-palladium alloy (Au80Pd20) using a sputtering device (Sputter Coater 

Cressing-ton MTM 10) before the morphological studies.  

3. Results and discussion 

3.1 Characterization of the RCs 

Figure 2 represents the qualitative XRD analysis of OPC, WCPP, and RCs 600°C – 800°C. 

The diffraction pattern of OPC (Figure 2a) indicates the presence of traditional clinker phases: 

tri-calcium silicate (C3S = 3CaO.SiO2), dicalcium silicate (β-C2S = 2CaO.SiO2), aluminate 

(C3A = 3CaO.Al2O3), brownmillerite (C2AF = 2CaO.Al2O3.Fe2O3)  and gypsum (CS = 

CaSO4) [1]. The diffractogram of WCPP (Figure 2b) indicates the presence of hydration 

mineral phases: ettringite (Aft), portlandite (CH), calcite (CC), and calcium silicate hydrates 

(CSH).  

For RC 600°C (Figure 2c) the presence of an intense peak of portlandite (CH) roughly at an 

angle of 18.06° can be observed. The dehydroxylation of portlandite (Ca(OH)2 CaO + 

CO2) would be expected to occur below 600°C but the presence of portlandite highlights its 

re-crystallization ability while cooling down the heated powders to room temperature in the 

furnace and such behavior has also been reported by other authors [5, 11]. The peak intensity 

of portlandite almost disappeared for RC 800°C (Figure 2g), indicating its complete 

decomposition into free lime (C) [8]. Similarly, the calcite (CC) peak that appeared at a 

diffraction angle of 29.38° is more intense for RC 600°C (Figure 2c) but it becomes less 

intense with increasing temperature and completely varnishes for RC 800°C. This supports 

the decarbonation of calcite (CaCO3 CaO + CO2) and thus RC 800°C (Figure 2g) contains 

sharp peaks of free lime (CaO) at angles 2θ = 37.33°C and 53.84° approximately [10, 11]. In 

the case of RCs 600°C – 800°C, the hump region between angle 2θ = 32°- 34° is interesting to 

study as the formation and phase transition of calcium silicate mineral phases can be observed 

in this region. For all RCs, the peak position at angle 33.18° matches with the diffraction 

pattern of the high-temperature polymorphic form of di-calcium silicate: alpha low dicalcium 

silicate (  
 
-C2S). The formation of this reactive polymorph is related to the de-polymerization 

of calcium silicate hydrates (CSH) and is in line with the literature [8, 11]. For RC 600°C 

(Figure 2c),   
 
-C2S represents the less intense peak and this peak becomes highly intensive 

and well-defined in the case of RC 750°C (Figure 2f) indicating its higher crystallinity level. 
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This shows the dominance of    
 
-C2S in the temperature range between 600°C – 750°C in the 

RCs system. 

 

Figure 2: Qualitative XRD analysis of OPC and RCs 600°C – 800°C 

Parallelly, the presence of beta-dicalcium silicate (β-C2S) polymorphic form is also identified 

at an angle roughly 32.45° for RCs 600°C – 800°C and its peak intensity also increases with 

increasing temperature but still, it is less intense than the   
 
-C2S up to RC 750°C (Figure 2f). 

In the case of RC 800°C (figure 2g), the peak intensity and thus the crystallinity of β-C2S is 

higher than   
 
-C2S and represents the dominance of the poorly reactive polymorph for RC 

800°C. This phenomenon is related to the transformation of highly reactive   
 
-C2S into less 

reactive β-C2S above 750°C [8, 11]. 

3.2 Characterization of the RCPs 

Figure 3 represents the XRD analysis for the hydrated cement paste (HCP-0.75) and re-

hydrated cement pastes (RCPs 600°C – 800°C) after 28 days of hydration. By comparing the 

diffractogram of RCPs (Figure 3 b-f) with HCP (Figure 3a), it can be noticed that the RCPs 

consist of similar hydration products as HCP-0.75 [4, 8]. The reformation of the hydration 

products such as ettringite (Aft), portlandite (CH), and calcium silicate hydrates (CSH) can be 

confirmed roughly at diffraction angles 9.05°, 18.01°, and 49.45°, respectively. The 

reformation of cementitious hydration mineral phases highlights the re-hydration capability of 

thermally reactivated cements. Furthermore, as discussed in section 3.1, the reactivated 

cements (RCs) consist of two polymorphic forms of di-calcium silicate:   
 
-C2S and β-C2S. 

Only the less reactive polymorph β-C2S is still present in RCPs. It can be estimated that the 
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-C2S polymorph has almost completely reacted with water due to its higher surface area 

and smaller crystalline size, providing portlandite (CH) and calcium silicate hydrates (CSH) 

to the system [8, 11]. Therefore, the performance of reactivated cements (RCs) is largely 

related to this reactive mineral phase [5, 8].  

 

Figure 3: Qualitative XRD analysis of HCP-0.75 and RCPs 600°C – 800°C 

Figure 4 shows the SEM analysis for the HCP-0.75 and RCPs 600°C – 800°C. The presence 

of typical mineral phase-containing structures: needle-like ettringite (AFt), plate-like 

portlandite (CH), and gel-like calcium silicate hydrates (CSH) can be seen for HCP-0.75 

(Figure 4a). In the case of RCP 600°C, the prominent dominance of needle-like ettringite can 

be seen (Figure 4b). These structures become short-length ordered and reduced in quantity 

with increasing treatment temperatures (Figure 4c-f) [4, 8]. But, in general, the SEM images 

for re-hydrated cement pastes (RCPs) confirm the reformation of similar hydration products 

as hydrated cement paste (HCP-0.75).  
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Figure 4: SEM Images – (a) HCP-0.75; (b) RCP 600°C; (c) RCP 650°C; (d) RCP 700°C; (e) 

RCP 750°C; (f) RCP 800°C 

4. Conclusion 

The research study aimed to investigate the chemical transformations during the preparation 

of thermally reactivated cements (RCs) and their re-hydration phenomena using analytical 

methods: X-ray diffraction (XRD) and scanning electron microscopy (SEM). The mineral 

phase development in RCs was compared with the reference OPC (CEM I, 52.5R). Similarly, 

the re-hydration capability of the RCs was compared with hydrated cement paste (HCP-0.75). 

From the results, the following conclusions can be drawn:  

 The XRD qualitative analysis shows that the OPC mainly consisted of tri-calcium silicate 

(C3S) and di-calcium silicate (C2S) mineral phases. In the case of reactivated cements 

(RCs), only the di-calcium silicate mineral phase is present in two polymorphic forms: 

highly reactive alpha-low dicalcium silicate (  
 
-C2S) and less reactive beta-dicalcium 

silicate (β-C2S). The reactive   
 
-C2S form dominates up to RC 750°C and the dominance 

of β-C2S is observed in the case of RC 800°C. Also, at RC 800°C, the intensive lime (C) 

was generated mainly by the complete decomposition of portlandite (CH) and calcite 

(CC), thus releasing bound CO2 into the atmosphere. This phenomenon is unfavorable as 

it contributes negatively to the CO2 emission control concept. Therefore, according to this 

study, the optimum temperature range for reactivated cements (RCs) is between 600°C – 

750°C which is half of the sintering temperature of 1450°C required for cement 

production at an industrial scale.  

 The XRD qualitative analysis of re-hydrated cement pastes (RCPs) supports the 

reformation of similar hydration products as hydrated cement paste (HCP-0.75) for 28 

days of the hydration period. The SEM images of RCPs again confirm the rehydration 

ability of RCs and represent the development of the same hydrated mineral structure as 

HCP-0.75.   
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Abstract 

Waste glass is a significant problem with almost 200,000 tonnes of glass from construction sites 

in the UK alone sent to landfill in 2018. Furthermore, proper recycling of all building glass 

waste could avoid 925,000 tonnes of landfilled waste every year and save around 1.23 million 

tonnes of primary raw materials annually. This study was undertaken to find an alternative use 

of waste glass cullet as an activator for alkali activated materials. Not only will this make use 

of waste glass otherwise destined for landfill, but alkali activated materials have shown a 

possible reduction of 30% - 80%  of global warming compared to Portland cement concrete. 

The study used a mixture of waste domestic glass and flat glass from a local refuse collector. 

The waste glass was milled to a powder and combined with sodium hydroxide to form a crude 

glass-derived sodium silicate activator. This activator was successfully used for the activation 

of blended precursors containing Ground Granulated Blast Furnace Slag (GGBS) and Fly Ash 

(FA) that performed similarly in terms of compressive strength to the same precursors activated 

with commercial activators. Furthermore, the activator was used for the casting of normal 

density concrete building blocks that reached an impressive strength of 15.6 MPa.   
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1. Introduction 

Within the first 3 months of 2023, over 500 million tonnes of solid waste has been generated 

[1]. Globally the construction and demolition industry is the largest contributor of solid wastes, 

accounting for 36% [2]. Within the construction industry, waste glass is a significant issue with 

almost 200,000 tonnes of glass from construction sites in the UK alone sent to landfill in 2018 

[3]. Furthermore, proper recycling of all building glass waste could avoid 925,000 tonnes of 

landfilled waste every year and save around 1.23 million tonnes of primary raw materials 

annually [4]. This high amount of unrecycled glass within the UK is due to the significant 

imbalance in the amount of green glass collected for recycling and the amount used in container 

manufacture. UK container glass production focuses on clear glass and currently, a significant 

amount of green cullet is used in secondary applications such as aggregates or is disposed to 

landfill due to a low demand for manufacturing green glass bottles.  

Not only is the construction industry the largest contributor of solid waste but the production 

of Portland cement (PC) contributes to between 6% - 8% of CO2 emissions on a global scale 

[5]. The amount of CO2 released is mainly due to the calcination of calcium carbonate (CaCO3) 

which is used to form calcium oxide (CaO) whilst releasing CO2 and also indirectly through the 

energy required to heat the kilns to between 1400°C – 1450°C for the calcination process [5].  

Alkali activated materials (AAMs) are emerging as a promising alternative to PC because they 

have the potential to consume considerable amounts of waste materials and significantly reduce 

the carbon footprint of the concrete industry [5]. AAMs are usually derived from the reaction 

between a chemical activator, typically sodium silicate and sodium hydroxide [5, 6], and an 

aluminosilicate based precursor material which is typically waste derived. Geopolymer is a sub 

group of AAMs and is defined as aluminosilicate polymers which consist of amorphous and 

three dimensional structures formed from the geopolymerisation of aluminosilicate monomers 

in alkaline solutions [7]. 

However, there are drawbacks with AAMs and these drawbacks are associated with the reliance 

on chemical activators that are normally used in the chemical industry, therefore the cost of 

AAMs can be more than 15% compared PC based binders. Furthermore, the production of 

activators such as sodium silicate are energy intensive. With the most widely used method being 

direct fusion which requires the melting of soda ash (Na2CO3) and a source of silica, typically 

quartz sand (SiO2) above 1100-1200 °C in a suitable oil, gas or electrically fired furnace [8]. 

This process is not overly different to the calcination of calcium carbonate for the production 

of Portland cement and therefore current research has begun to look into the synthesis of sodium 

silicate from silica rich waste streams for the use in AAMs. 

This study was undertaken to find an alternative use of waste domestic glass and flat glass by 

synthesising an activator at much lower temperatures, i.e. 160 °C instead of > 1100 °C which 

can be used for the activation of AAMs. This activator was then used for the activation of 

blended mixes containing GGBS and FA for the use in building mortars and normal density 

concrete building blocks.   

2. Experimental Programme  

The materials used for the research will firstly be described, followed by the methodology used 

for the synthesis of the sodium silicate from waste glass and the mix proportions used for the 

casting of mortar specimens and concrete building blocks. Mixing and sample preparation will 

then be described, followed by the presentation of testing procedures. 
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2.1 Materials  

Glass cullet was supplied by a local recycler in Northern Ireland, which contained a mixture of 

different coloured bottle glass and plate glass from car windscreens and windows. The glass 

cullet was milled to a powder with a mean particle size (D50) < 32 µm using a Retsch planetary 

ball mill PM400. The chemical composition of the glass powder was analysed through X-Ray 

fluorescence (XRF) and is shown in Table 1. Commercial grade sodium hydroxide (Atznatron 

caustic soda from AkzoNobel, Germany) in microprills with a purity greater than 99% was used 

for the reaction with the glass powder. For control samples a commercially available sodium 

hydroxide solution (30% by mass) supplied by William Clements Chemicals Ltd and a 

commercially available sodium silicate solution, Betol 52 T (produced by Woellner Group, with 

the composition: 15% Na2O, 30% SiO2) were used.  

FA conforming to BS EN 450–1:2012 was supplied by Kilroot power station, Northern Ireland. 

Kilroot powder station is a coal fired power station, with significant production of fly ash. In 

addition significant amounts of FA are stored within a lagoon and research has begun in order 

to extract, process and use  lagoon ash [9]. The GGBS conformed to BS EN 15167-1:2006 and 

was supplied by ECOCEM, Ireland. The major oxides for each of the precursor materials were 

determined through XRF and are shown in Table 1 below. The fine aggregate used for the 

mortar mixes was a siliceous lake sand with abundance in quartz, sourced locally in Northern 

Ireland. It had an oven dried particle density of 2700 kg/m3 and water absorption of 0.9 % at 

24-hours. Both density and water absorption were determined according to BS 812-2:1995. The 

aggregates used for the normal density concrete building blocks were supplied by T&J 

recycling in Dungannon and consisted of 10mm round stone, crushed quarry dust and quartz 

sands. 

Table 1: Oxide compositions and loss on ignition (LOI) of glass, fly ash FA and GGBS 

Oxide SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K20 S03 LOI 

Glass 69.9 0.087 1.37 0.61 0.042 3.33 9.5 13.2 0.44 0.148 1.34 

FA 46.78 1.05 22.52 9.15 0.05 1.33 2.24 0.89 4.09 0.9 3.57 

GGBS 29.38 1.05 11.23 0.36 0.51 6.94 43.72 1.05 0.93 1.76 2.4 

 

2.2 Synthesis of Sodium Silicate  

For the synthesis of sodium silicate the waste glass cullet was ground to a fine powder and then 

mixed with sodium hydroxide and only sufficient water to form a paste, following the process 

proposed by R. Vinai [10]. A ratio of 11 parts glass, 10 parts sodium hydroxide and 3 parts 

water were used to form the paste. This allowed for the creation of a Sodium Metasilicate where 

the ratio of Na2O and SiO2 was 1 and therefore there was no need for extra sodium hydroxide 

to be added during the mixing stage to reach satisfactory compressive strengths. The 

glass/sodium hydroxide paste was prepared in batches of approximately 400 g and placed 

within an electric muffle furnace (Nabertherm LT 15/13/P330) for 2 hours at 160 °C. Following 

heating the resulting material was ground to a powder using a mortar and pedestal and the 

resulting powder became the glass-derived sodium silicate that could then be used as an 

activator for cement free building products. 

221



V International Conference Progress of Recycling in the Built Environment  

10-12 October 2023 – Weimar, Germany 

 

  

  

2.3 Mix Proportions  

The mix design was carried out following the guidelines presented by A. Rafeet [11] and for 

the mortar mixes the paste percentage was kept constant at 50 % for comparison purposes. Two 

different mortar mixes were investigated, firstly a geopolymer with a precursor consisting of 

100 % FA and an alkali activated blend consisting of 70 % GGGBS + 30 % FA. These mixes 

are represented by C100, M100 and C70, M70 respectively. Where the “C” represents the 

control mix created with commercially available sodium silicate and sodium hydroxide and M 

represents the mixes with the glass-derived activator. The concrete mixes for the alkali-

activated blocks are shown as “AAB1” and “AAB2”. AAB1 contained a mixture of 70% GGBS 

and 30% FA while AAB2 contained a mixture of 50% GGBS and 50% FA. The glass-derived 

sodium silicate activator was used to activate all the mixes and therefore the alkali modulus 

(Na2O/SiO2) was constant at 1.0 while the alkali dosage (M+) varied from 7.5 for the blended 

mortar mix (M70) and 10 for the 100% FA mix (M100). Both AAB1 and AAB2 had an alkali 

dosage (M+) of 9.0. The water to solid ratio was 0.39 and 0.44 for the 100% FA mix (M100) 

and the blended mix (M70) respectively while the water to solid ratio of the blocks was constant 

at 0.40. 

2.4 Procedure for mixing, casting and curing  

Mortar samples were prepared using a 10 L capacity planar-action high shear mixer. While the 

concrete mixes for the normal density building blocks were prepared using a 25 L capacity 

forced action pan mixer. For mortar samples, the aggregates and precursors were placed in the 

bowl and mixed by hand, the activator and water were then added. The mortar was mixed for 2 

minutes at slow speed, 2 minutes at high speed and finally 1 minute at slow speed. For concrete 

samples, the aggregates and half the water were added and allowed to mix for 1 minute. The 

precursors were then added and mixed for 3 minutes subsequently the activator was added and 

allowed to mix for 1 minute. Finally, the remaining water was added and mixing continued for 

4 minutes. The workability for the mortar mixes was tested by measuring the jolted spread in 

accordance with ASTM C 1437: 2020. 

Following mixing, the mortar samples were cast in two layers into 50 mm three-gang plastic 

moulds and compacted using a vibrating table. The samples were wrapped in plastic wrap and 

placed into the appropriate curing conditions, where the 100 % FA samples were oven cured 

for 24 hours at 70 °C and then stored in the constant temperature room at Queen’s University 

Belfast (QUB) where the temperature remained at 20 °C ± 1 °C with a relative humidity greater 

than 90 %. While the blended mixes were stored in the constant temperature room following 

casting and until compressive strength testing.  

Following concrete mixing, a “squeeze” test was carried out to check the workability, then 10 

kg of fresh concrete was placed into steel moulds and compacted to a height of 220 mm (half 

the height of commercial blocks) using a vibro-compaction rig, which was used to simulate the 

compaction used during the casting of normal density blocks in the factory. The steel moulds 

were then placed within the constant temperature room at QUB until the relevant testing age 

was reached. Both mortar and concrete samples were demoulded after 24 hours and returned to 

the constant temperature room. 

2.5 Testing procedure 

Compressive strength testing of the mortar cubes was carried out at 1, 7 and 28-days and was 

determined by crushing three 50×50×50 mm cubes each time at a constant loading rate of 0.83 

kN/sec and determining the average.  
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Compressive strength testing of the normal density concrete building blocks was carried out at 

7, and 28-days. The average compressive strength was determined by testing at least six samples 

(using a continuous loading rate of 50 kN/min). The loading surfaces were protected with soft 

board to reduce the effect of unevenness. 

3. Results and Discussion  

3.1 Compressive strength of mortar samples  

Two mixes were investigated to determine if the glass-derived activator could be successfully 

used for the activation of a geopolymer containing 100% FA see Figure 1(a) and for the 

activation of a blended GGBS/FA mix see Figure 1(b). The compressive strength results of both 

mixes are shown in Figure 1 below.  

From Figure 1 it is clear that the glass-derived activator can successfully be used for the 

activation of both 100% FA and a blended mix containing 70% GGBS + 30% FA. While there 

is a negligible difference of only 10% between C70 and M70, there was, however, a 35% 

reduction in the compressive strength between C100 and M100.  

3.2 Normal density concrete building blocks 

Laboratory mixes were carried out prior to the factory trials. Several mixes were carried out to 

achieve the desired workability and surface finish on the cast blocks, and these resulted in the 

initial mix “AAB1”. The average compressive strength at 7 days was determined to be 15.8 

MPa. This mix was then optimised to find a balance between compressive strength and cost, 

which resulted in mix “AAB2” which had an average compressive strength at 7 days of 11.5 

MPa whilst providing a saving of 8%. Mix AAB2 was then selected for upscaling in the T&J 

factory in Dungannon. The main facilities utilised for the trials were the mixing tower, the block 

machine loader and the block compacting machine.  

Figure 1: Compressive strength results of mortar specimens (a) containing 100% FA (b) 

containing 70% GGBS and 30% FA. 
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The concrete was batched in volumes of 1 m3 which allowed for approximately 110 full sized 

building blocks (440 x 220 x 100 mm) to be cast per batch. The precursor materials and glass-

derived activator were weighted and batched in buckets and carried to the mixing tower while 

the aggregates and water were pre-stored in silos and added by the automatic system within the 

mixing tower. The aggregates were pre-wet and mixed together before the precursor materials, 

activator powder and remaining water were added. The process followed for the factory trial is 

shown in Figure 2. 

During batching it was observed that the glass-derived activator contained large clumps of 

activator and it was thought that this activator would break down during mixing. Following 

casting of the first batch, “clumps” of activator were visible in the cast blocks and during the 

later compressive strength testing “clumps” of activator were also observed, see Figure 3. This 

clearly implied that the activator clumps were too large and they were not dissolving during 

mixing. This resulted in an activator solution with a lower pH, with the undissolved clumps 

acting as a type of weak aggregate in the blocks and this is believed to be the reason for the 

significant reduction in compressive strength compared to the laboratory trials. For this reason, 

the activator powder was broken down and a second batch was cast. 

During the second batch, due to fears of flash setting, the added water was reduced and an issue 

in dispensing the concrete into the block loader resulted in a significant delay to the casting of 

the blocks.  

Figure 2: factory trials for the production of alkali activated blocks (a) “clumps” of glass-

derived activator (b) squeeze test for workability (c) block making machine (d) cast blocks. 

Figure 3: (a) Visible clumps of glass-derived activator in the cast blocks and (b & c) visible 

clumps of glass-derived activator in the core of blocks following compressive strength testing. 
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It is believed that the reduction in added water, the activator clumps not dissolving properly and 

the technical difficulties encountered during casting were responsible for the reduced 

compressive strength of batch 2.  

This became clear when the actual water to solid ratio was calculated for the factory trials and 

compared with the laboratory trial. The calculated water to solid ratio at the factory was 0.346 

whereas the water to solid ratio used for the laboratory trial was 0.40. This reduced water 

content affected the proper dispersion of the activator solution and therefore reduced the ions 

released from the precursor materials which in turn affected the system’s ability to form the 

reaction products leading to the hardened matrix. The average compressive strengths are shown 

in Figure 4 below. 

4. Conclusions  

This paper has described the experience gained from the creation of a sodium silicate activator 

from waste glass and its application as an activator. The upscale of the laboratory process 

confirmed that AAMs can be used for the manufacture of concrete building blocks with the 

smooth transition from the laboratory to the lab emphasising that the technology is easily 

transferrable. Furthermore, this research has proven that waste glass can be utilised for the 

synthesis of sodium silicate, which can be used as an activator for cement-less concrete 

products. The main conclusions from this research are presented below: 

1. This new process for the synthesis of sodium silicate from waste glass, regardless of 

colour or source, has been successfully implemented using significantly lower 

temperatures compared to the commercial approach of melting soda ash and silica sand 

at 1100-1200 °C. Using waste glass and sodium hydroxide at 160 °C is much less energy 

intensive and demanding.   

2. The glass-derived activator can be successfully used for alkali activation of both, 100% 

FA mixes and blended mixes containing 70% GGBS + 30% FA. 

3. At laboratory scale, normal density concrete building blocks have successfully been cast 

and significantly exceeded the target compressive strength of 7 MPa, which is required 

for building blocks within the UK. 

4. The water content and particle size of the glass-derived activator is critical. Large 

particle size can be difficult to dissolve and results in lower compressive strength. In 

addition, providing enough added water is critical for the activation process and without 

Figure 4: (a) Average compressive strength (b) density Note: 28-days testing not completed for 

lab blocks. 
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the necessary water, the alkali solution will be less effective at breaking down the 

structure of the precursors leading to lower compressive strengths.  

5. Based on the findings, further trials should be carried out and more care should be taken 

to ensure the water to solid ratio is correct. Furthermore, trials to reduce the paste 

content should also be carried out to reduce the cost of the finished building blocks.  
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Abstract 

Cementitious materials have a considerable global warming footprint. This is due mainly to 

the cement incorporated. For a tonne of cement produced other 800 kg of CO2 [1] are released 

into the atmosphere. 

According to the European Sustainable Development Goals, cement industry should become 

carbon neutral by 2050. To meet this goal, the European Cement Association (Cembureau) 

developed a Roadmap with specific guidelines by 2050 based on five approaches (5C). The 

first four are focused on improvements in clinker production, cement formulation, 

construction processes and concrete formulations. The last 5C is re-carbonation of the 

cementitious materials. 

This research investigates the CO2 absorption capability of recycled aggregates (RA) from 

construction and demolition wastes (CDW), when submitted to a forced carbonation. It is 

known that CDW still have some potential to CO2 capture, which is a long-term and secure 

carbon storage. For that purpose, several CDW were collected from recycling plants, from 

selective demolitions and from concrete plants. 

It was concluded that RA when submitted to forced carbonation absorb between 47 to 315 kg 

of CO2 per tonne of cement paste, which has a potential to meet the re-carbonation targets 

established by the roadmaps to carbon neutrality. 

Introduction 

The concentration of atmospheric CO2 is at its highest level ever. Cement industry, among 

others, is responsible for considerable CO2 emissions to atmosphere. 

Cement plants need to achieve carbon neutrality by 2050, in accordance with the 13th United 

Nations Sustainable Development Goals. In order to meet this goal, the European Cement 

Association (Cembureau) developed a Carbon Neutrality Roadmap 2050 [2]. This roadmap is 

divided on 5 approaches (“5C”) to reduce the CO2 emissions due to the cement production. 
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These 5C focus improvements on: Clinker, Cement, Concrete, Construction and Carbonation. 

5C approaches include the use of alternative decarbonated materials as fuels in kilns, the 

reduction of clinker in cement production, the reduction of cement used on cementitious 

materials and a more efficient design for constructions. Besides these strategies acting directly 

in clinker, cement, concrete and constructions, it is necessary to account the amount of CO2 

re-absorbed through carbonation to achieve the carbon neutrality. 

Cementitious materials, such as mortars and concretes, can re-absorb part of the CO2 emitted 

in their production. This occurs because these materials contain portlandite (Ca(OH)2), 

ettringite (AFt) and calcium silicate hydrate (CSH), which under certain conditions react with 

atmospheric CO2. This carbonation reaction depends on the type of material, type and content 

of cement, porosity of cement paste, temperature, moisture, and exposure to CO2 conditions 

(Bastos et al. [3] [4]). Cementitious materials absorb CO2 in two difference phases: during 

their life cycle in building environment and after demolition [5]. After demolition, these 

materials have higher surface area promoting the carbonation reaction more easily. 

In this research, the forced carbonation of cementitious materials after the demolition phase 

is investigated. These materials are recycled aggregates (RA) from construction and 

demolition wastes (CDW). The RA already absorbed CO2 during building environment and 

during demolition and storage, however even after these phases it still have some potential to 

CO2 capture through forced carbonation Nedunuri et al. [6], Ivanica et al. [7], Ueno et al. [8] 

and Ho et al. [9]. Therefore, RA forced carbonation comes as an additional source of CO2 

absorption, since natural carbonation process may be hindered by the accumulation of the RA 

in stockpiles at recycling plants and do not reach their full carbonation potential. 

Materials and methods 

In this research recycled aggregates (RA) were collected from three different sources: RA 

from recycling plants (RP), collected in-situ (IS) and from industrial wastes (IW) generated 

in a concrete plant. Three mixed recycled aggregates (MRA-RP) and two recycled concrete 

aggregates (RCA-RP) were collected from recycling plants and one RA was collected from a 

specific demolition site (RCA-IS) of the concrete structure from an old plant of prefabricated 

concrete. It was also collected a RCA in a concrete plant (RCA-IW), that came from testing 

samples of commercial concrete (cubic specimens) for quality control. Due to its source, the 

latter RCA is a low carbonated aggregate.  

The constitution of each recycled aggregate was determined according to EN 933-11 [10] and 

it is summed up in Table 1. Only the constituents that are included in Rc (concrete products, 

mortar and concrete masonry units) have cementitious paste and contribute for CO2 absorption. 

It was estimated that only 11%-16% (in weight) of Rc is cement paste, meaning that the RA 

have between 5.0% to 12.2% (in weight) of cement paste in its composition (Table 1). 

The CDW analysed in this research were crushed, and only particles smaller than 2 mm were used 

since their future application should be for rendering mortars. 

RA were submitted to forced carbonation in a climatic chamber (ARALAB Fitoclima 300 EP) 

at 23 ºC, 60% RH and 25% [CO2]. For MRA the exposure time was defined by 5 hours and 

the RCA was submitted to forced carbonation for 12 hours based on previous testing to 

evaluate the time needed for maximum CO2 capture (Bastos et al. [3] [4]). 
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Table 1: Recycled aggregates constitution (wt.%) 

Adapted from Bastos et al. [3] [4] and Gomes et al. [11] 

Recycled 

aggregates 

Rc 

(%) 

Ru 

(%) 

Rb 

(%) 

Ra 

(%) 

Rg 

(%) 

X 

(%) 

Fl 

(%) 
 

Cement paste 

(%) 

MRA-RP1 42.5 27.5 21.7 9.6 0.2 0.8 Fl5-  5.7 

MRA-RP2 61.5 26.7 9.2 0.2 0.0 2.4 Fl5-  8.3 

MRA-RP3 37.4 16.3 26.6 6.2 6.9 6.7 Fl5-  5.0 

RCA-IS 62.1 18.0 18.4 0.0 0.1 0.5 Fl5-  8.4 

RCA-RP1 57.8 28.4 12.4 0.0 0.2 0.4 Fl5-  7.8 

RCA-RP2 89.0 10.6 0.4 0.0 0.0 0.0 Fl5-  12.0 

RCA-IW 90.4 9.6 0.0 0.0 0.0 0.0 Fl5-  12.2 

Classification: Rc - concrete, concrete products, mortar and concrete masonry units; Ru - unbound aggregates, 

natural stone and hydraulically bound aggregates; Rb - clay masonry units; Ra - bituminous materials; Rg - glass; 

X - other materials, including cohesive, metals, plastic, rubber, non-floating wood and gypsum plaster. 

To quantify the CO2 capture of these aggregates the thermogravimetric analysis (TGA) 

technique was used. TGA measurements were performed with a simultaneous TGA-DTA 

thermal analyser manufactured by SETARAM. The samples were ground with mortar and 

pestle until all materials passed a 106 m sieve. Then, a sample from the sieved material was 

placed in a Pt-Rh crucible and introduced into TGA-DTA instrument where it was heated 

from 25 to 1000 °C at a uniform rate of 10 °C min−1, with an argon atmosphere (3 L/h). 

Results and discussion 

TGA measurements were carried out on RA samples before and after forced carbonation. In 

Figure 3 and Figure 4 the DTG curves are illustrated before and after carbonation of a MRA 

and a RCA, respectively. 

In MRA-RP2 sample the main difference between the DTG curves (pre and post carbonation) 

is the peak formed between 500-900 ºC that is greater after carbonation. This peak corresponds 

to the carbonates decomposition indicating that the sample absorbed CO2 during forced 

carbonation. From the mass loss between 500-900 ºC, the amount of CO2 present in the 

samples is obtained. 

In RCA-RP1 sample some differences can be noticed between the DTG curves before and 

after forced carbonation. The first difference are the 2 peaks formed between 80 º and 200 ⁰C, 

which decreased with carbonation. These peaks correspond to the dehydration of ettringite 

(Aft) and calcium silicate hydrate (C-S-H) (Bastos et al. [3] [4]), meaning that those 

compounds reacted with CO2 during forced carbonation. At 400-500 ⁰C it as also noticed that 

the peak that was present before carbonation disappeared after carbonation. This peak is 

related to the presence of portlandite (Ca(OH)2) that reacted with CO2 forming CaCO3. Thus, 

it is possible to conclude that there was CO2 capture during forced carbonatation. 

229



V International Conference Progress of Recycling in the Built Environment  

10-12 October 2023 – Weimar, Germany 

 

  

  

 

Legend: 1-Dehydration of ettringite; 2-Dehydration of C-S-H; 3-Decarbonation of calcium carbonate 

Figure 1: DTG curves of MRA-RP2 before (0 h) and after 5 h of forced carbonation 

(Adapted from Bastos et al. [3] [4]) 

 
Legend: 1-Dehydration of ettringite; 2-Dehydration of C-S-H; 3-Dihydroxylation of portlandite; 4-Decarbonation of 

calcium carbonate 

Figure 2: DTG curves of RCA-RP1 before (0 h) and after 12 h of forced carbonation 

(Adapted from Bastos et al. [3] [4]) 

By TGA it was possible to conclude that mixed recycled aggregates capture between 0.6% to 

1.8% of CO2 per tonne of aggregate (Figure 3), while RCA capture between 0.6% to 4.1% 
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(Figure 4), when exposed to forced carbonation [3] [4]. The values are low because the cement 

paste present in the RA is limited to 5.0 wt.% to 12.2 wt.% (Table 1). 

 
Figure 3: CO2 capture by tonne of aggregate and by tonne of cement paste in MRA 

The cement paste is the RA’s constituent that contributes the most for CO2 emissions. 

However, it is also able to re-absorb CO2 not only during its life cycle in the built environment 

but also after demolition during storage and with forced carbonation. Per tonne of cement 

paste, it is possible to re-absorb between 5.2% to 34.8% of CO2 (Figure 3 and Figure 4). The 

amount of CO2 re-absorbed by RA depends on its initial carbonation level. RCA-RP2 was the 

RA that less CO2 re-absorbed with forced carbonation. It probably absorbed more CO2 in 

other phases, such as during its life cycle or during demolition and storage. On the other hand, 

RCA-IW was the RA that re-absorbed the highest amount of CO2 per cement paste. This is 

explained by its low degree of carbonation before being exposed to forced carbonation. The 

remaining five RA re-absorbed between 11.1% to 22.5% of CO2 in this stage. 

The significant difference between the CO2 uptake of MRA and RCA is due to their 

composition and their pre-carbonation state, which are very variable. In particular, the RCA-

IW, being a concrete based RA includes a higher amount of cement paste compared to MRA 

and additionally it is a concrete not much exposed to natural carbonation, which also 

contributes to a higher CO2 capture. In general, RCA can capture higher amounts of CO2 by 

tonne of aggregate compared with MRA. However, as MRA present much lower cement paste 

contents, the captures by tonne of cement paste are similar and may in some cases be higher 

than in the case of RCA. 

According to the roadmaps to carbon neutrality [2] [12] construction sector may re-absorb 51 

kg of CO2 per tonne of cement paste by 2050. This re-absorption includes the phases in 

building environment and after demolition. With forced carbonation, it was concluded that 

RA re-absorbed from 52 to 348 kg of CO2 per tonne of cement paste (Figure 5). All RA just 

with forced carbonation may meet the goals stablished, independently the building 

environment and demolition phases. This means that RA have a great potential to re-absorb 

CO2 emissions produced by cement industry, being sources of CO2 absorption and storage. 
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Figure 4: CO2 capture by tonne of aggregate and by tonne of cement paste in RCA 

 
Figure 5: kg of CO2 re-absorbed per tonne of cement paste 

Conclusions 

In this research the forced carbonation of recycled aggregates from construction and 

demolition wastes was investigated. These materials have carbonated during their lifetime in 

a building environment and then immediately after when they were demolished and stored. In 

this research an additional CO2 capture by forced carbonation in a climatic chamber with 

higher concentrations of CO2 was investigated. From this research it was concluded that: 

• Recycled aggregates have potential to absorb CO2 by forced carbonation, even after 

the building environment and demolition carbonation phases; 
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• Mixed recycled aggregates can absorb between 0.6% to 1.8% of CO2 per tonne of 

aggregate while recycled concrete aggregates capture between 0.6% to 4.1%; 

• Considering only the cement paste, it was concluded that RA can re-absorb between 

5.2% to 34.8% of CO2, that corresponds to 52 to 348 kg of CO2 per tonne of cement 

paste; 

• The roadmaps to carbon neutrality goals aim the construction to re-absorb 51 kg of 

CO2 per tonne of cement produced by 2050. It was concluded that forced carbonation, 

independently of the building environment and demolition carbonation phases, has a 

potential to meet the goals stablished. 

Therefore, CDW come as source to CO2 capture, re-absorbing part of the CO2 emitted in the 

production of cement. 
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Abstract 

Construction is one of the industries with the greatest environmental impact in the world, 

highlighting the emission of CO2 and the generation of waste. In this sense, reducing, reusing, 

and recycling materials is a sustainable alternative to mitigate this problem. This study aims to 

evaluate the use of Recycled Concrete Powder (RCP) as a substitute for Portland cement, 

considering two sources of RCP: demolition and laboratory waste. Cement pastes containing 

10, 20, and 30% RCP from both sources were prepared. Workability was evaluated through the 

mini-slump test. Compressive strength was determined for 7 and 28 days. The modulus of 

elasticity and microstructure were analyzed after 28 days. With increasing substitution of 

Portland cement by RCP, there is a downward trend in the properties evaluated, regardless of 

source. However, the compressive strength of 10% RCP and reference was statistically similar, 

indicating that the use of lower proportions is feasible. Using a scanning electron microscope 

(SEM), various hydration products, such as ettringite (AFt), calcium hydroxide (CH), and 

calcium silicate hydrates (C-S-H) were observed in all pastes containing RCP. The source of 

RCP does not affect the properties evaluated, and its use can be indistinct. 

1. Introduction 

Cement-based materials are the most widely used in the construction industry and their demand 

is growing every year [1,2]. Therefore, ways to improve the performance of these materials are 

being investigated, both technically and in regards to reducing their environmental impact, 

which is mainly associated with the production of Portland cement [3]. It is estimated that 

Portland cement requires 125 kW/h of electricity and emits 800 kg of CO2 during its production 

[4]. As such, recent investigations have investigated recycled concrete powder (RCP) as a 

supplementary cementitious material (SCM) [5-7].  

The RCP comes from the production of recycled concrete aggregate (RCA), considering 

particles smaller than 150 µm [8]. However, it is recommended that the particle size of the RCP 

be close to the granulometry of Portland cement, in order to improve its reactivity [6,9]. 

Therefore, it is suggested that RCP be finely ground to obtain adequate performance in cement-
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based materials [10].  Various studies have shown the potential of using RCP as a sustainable 

SCM within a construction and demolition waste (CDW). Rangel et al. [11] suggest that due to 

its physical and chemical characteristics, RCP can be used as an auxiliary material in cement. 

He et al. [12] found that up to 30% replacement of Portland cement with ultrafine RCP 

(D50=2.3µm) could equal or even improve the mechanical strength of the reference paste. Kim 

and Jang [13] point out that the use of 10% RCP reaches 95% of the reference mechanical 

strength, and 20% RCP can achieve the target strength. Oliveira et al. [14] recommend that a 

replacement of up to 25% can be viable in mortars and concretes without affecting their 

mechanical properties, considering it a sustainable material. 

Although RCP can be used to replace Portland cement, substitution rates are low and RCP 

sources, e.g., demolition [8,10,12] and laboratory [4,14,15], have not been compared. The 

objective of this study is to compare two sources of RCP (demolition and laboratory) in the 

mechanical properties of cement pastes. For this, Portland cement was substituted in 

percentages of 10, 20, and 30% by RCP. The workability of the pastes was studied by means 

of the mini-slump test; the modulus of elasticity was evaluated at 28 days; compressive strength 

was analyzed at 7 and 28 days, and the microstructure of the pastes was analyzed at 28 days. 

2. Materials and methods 

The cement used was a CP II-F32 from Lafarge Holcim, classified as ASTM type II according 

to ASTM C150 [16]. Two sources of RCP were used: a) demolition of a hospital in Rio de 

Janeiro (RCP-D) and residues of concrete samples tested in the laboratory (RCP-LAB). The 

RCP went through a sieving process and the material that passed the #100 sieve, maximum size 

of 150 µm, was selected. Subsequently, in order to achieve a granulometry close to Portland 

cement, a metal ball mill was used for 30 minutes. 

By means of X-ray fluorescence (Shimadzu EDX-720 spectrometer) the chemical composition 

of the materials was established. The loss on ignition (LOI) was calculated using the procedures 

of NBR NM 18 [17]. The density of the materials was quantified using a helium pycnometer. 

The particle size was established through laser diffraction and the specific surface area (SSA) 

was calculated following ASTM C204 [18] standard. 

The pastes were molded with a water-cement ratio of 0.4. Portland cement was replaced in three 

percentages by RCP (by weight): 10, 20, and 30%, in addition to the reference. Table 1 presents 

the mixtures analyzed and the proportions of the materials. 

Workability was measured using the mini-slump test, considering the average of four 

measurements per mixture. The compressive strength was established at the age of 7 and 28 

days using a Shimadzu UH-F (100 kN), with four specimens per mixture. The modulus of 

elasticity was determined at 28 days, according to ASTM C469 [19], in which the longitudinal 

displacement was measured using electrical transducers (LVDT). Finally, the microstructure of 

the pastes at 28 days was analyzed using a scanning electron microscope (Hitachi TM3000). 

The results were statistically evaluated by an analysis of variance (ANOVA) and Tukey test for 

a significance of 0.05. 
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3. Results and discussion 

3.1 Materials properties 

The chemical composition of the materials is detailed in Figure 1. The largest component of 

Portland cement is CaO, followed by SiO2 and Fe2O3. Regarding the loss on ignition (LOI), this 

was 11.78%, which is within the recommendations for the type of cement (CP II - F), according 

to NBR 16697 [20]. The RCP has a lower content of CaO and a higher content of SiO2, Fe2O3 

and Al2O3, in relation to cement; however, the sum of these components does not reach 70% 

and the LOI is greater than 4.5% to comply with ASTM C618 [21] to be within the pozzolanic 

material classification.  

Table 1: Proportion of materials (by weight) 

Mixture Cement Porland RCP-D RCP-LAB 

CP 100 - - 

D10 90 10 - 

D20 80 20 - 

D30 70 30 - 

LAB10 90 - 10 

LAB20 80 - 20 

LAB30 70 - 30 

 

Figure 1: Chemical composition of materials 

The physical properties of the materials are described in Table 2. The grinding time was 

adequate to achieve a particle size close to that of Portland cement (D50). The RCP (D and 

LAB) have D10 and D90 values lower and higher than those of Portland cement, respectively. 

Regarding density, Portland cement has the highest density, followed by RCP-D and RCP-

LAB. The specific surface is higher for RCP-D and RCP-LAB, in that order.  
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The morphology of the RCP-D and RCP-LAB particles is presented in Figures 2a and 2b, 

respectively. In both, crystalline particles can be observed, referring to the quartz present in the 

RCP, as well as hydration products, the latter both separately and adhered to larger particles. 

Table 2: Physical properties of materials 

Parameter Cement Portland RCP-D RCP-LAB 

D10 (µm) 2.06 1.77 1.71 

D50 (µm) 14.14 13.19 13.82 

D90 (µm) 47.79 57.23 62.49 

Specific gravity (g/cm³) 3.05 2.66 2.61 

Specific surface area (cm2/g) 3762.77 8614.72 7988.73 

 

Figure 2: Morphology of the particles of a) RCP-D and b) RCP-LAB 

3.2 Workability 

The workability was expressed in spreading area (Figure 3). The results show that the greater 

the replacement of Portland cement by RCP, the workability decreases. The smallest reduction 

occurs for 10% of RCP, 20.38 and 22.76% for RCP-D and RCP-LAB, respectively. The 

maximum reduction occurs for pastes with 30% RCP, 43.10 and 48.42% for RCP-D and RCP-

LAB, respectively. This negative trend is due to the morphology of the RCP particles (Figure 

2) and their SSA (Table 2), increasing water requirement [7].  

 

Figure 3: Spreading area 
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Through an ANOVA, it can be concluded that there are significant differences between the 

means of the mixtures (p value<0.05). The Tukey test established that the reference had greater 

workability than all the mixtures with RCP, regardless of the source. These results indicate that 

even 10% RCP had a significant negative influence on this property.  

When the results between the two sources of RCP are compared by substitution percentage, it 

can be established that the results are statistically similar (p value˃0.05). The p value for D10-

LAB10, D20-LAB20 and D30-LAB30 were 0.615, 0.928 and 0.999, respectively. Therefore, 

the loss of workability is influenced by the substitution percentage and not by the RCP source. 

As observed in Figure 2, the morphology of the particles from both RCP sources was similar, 

in addition to their physical characteristics (Table 2); therefore, it can be expected that their 

influence on workability is the same, indicating a predominant physical effect of the RCP. 

3.3 Compressive strength 

The compressive strength of the pastes with RCP-D and RCP-LAB are presented in Figures 4a 

and 4b, respectively. For both sources, a negative trend is observed as Portland cement is 

replaced by RCP. In the case of RCP-D, for a substitution of 10%, the reduction is 5.13% and 

3.11% for the ages of 7 and 28 days, respectively. The greatest reduction occurs for the 

substitution of 30%, with 31.40% and 20.76% for the ages of 7 and 28 days, respectively. The 

same behavior occurs for RCP-LAB; for a 10% substitution, the reduction is 2.25% and 3.56% 

for 7 and 28 days, respectively. For the case of 30% RCP, the decrease is 30.27% and 23.96% 

for 7 and 28 days, respectively. The negative effect on compressive strength is due to dilution 

effect of Portland cement and the low reactivity of the RCP particles [5,13]. 

  

Figure 4: Compressive strength for a) RCP-D and b) RCP-LAB 

By ANOVA and Tukey test it is concluded that there are differences between the mixtures (p 

value<0.05). As previously mentioned, there are small differences between the reference and 

10% RCP, regardless of the source, being similar for 7 days and 28 days. The results indicate 

that up to 10% replacement of Portland cement by RCP has no influence on this property. In 

the comparison between the results of RCP-C and RCP-LAB, it is observed that the results are 

similar, with a p value>0.05 for both ages and all substitution percentages. The p value for 7 

days of the D10-LAB10, D20-LAB20 and D30-LAB30 mixtures was 0.844, 0.879 and 0.998, 

respectively. While, for 28 days, the p value of D10-LAB10, D20-LAB20 and D30-LAB30 was 

0.999, 0.144 and 0.121, respectively. Therefore, the RCP source does not have a direct influence 
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on this property, although they differ in their chemical composition; the results show that most 

of the RCP components are inert, demonstrating predominantly a physical rather than a 

chemical effect. 

3.4 Modulus of elasticity 

Figure 5 presents the values of the modulus of elasticity of the pastes. As with the compression 

strength, a tendency to decrease is observed with the increase in the content of RCP-C and RCP-

LAB. It has been established that there are significant differences between the tested samples 

(p value<0.05). According to the Tukey test, the modulus of elasticity of the mixtures with 10% 

RCP, regardless of the source, is equal to the reference (p value>0.05), indicating that this 

percentage does not affect the modulus of elasticity. The decrease in the modulus of elasticity 

for high percentages (20 and 30%) The decrease in the modulus of elasticity for high 

percentages (20 and 30%) can be attributed to the lower hardness and rigidity of the RCP 

particles and to the dilution effect [14]. 

  

Figure 5: Modulus of elasticity 

When comparing the results between both sources of RCP, it can be established that there are 

no differences in the modulus of elasticity, corroborating the results of the previously analyzed 

properties. The p value for D10-LAB10, D20-LAB20, and D30-LAB30 were 0.961, 1, and 

0.999, respectively. 

3.5 Microstructure 

Figures 6 shows the microstructure of the pastes with 10, 20 and 30% RCP. It is observed that 

in all the pastes, hydration products were generated: hydrated calcium silicate (C-S-H), 

ettringite (AFt) and calcium hydroxide (CH), attributing that the RCP does not influence the 

formation of the different types of hydration products, but reduces the quantity.  

 

240



V International Conference Progress of Recycling in the Built Environment  

10-12 October 2023 – Weimar, Germany 

 

 

Figure 6: Microstructure of a) D10, b) D20 c) D30, d) LAB10, e) LAB20, and f) LAB30 

For 10% RCP pastes, there is the formation of traditional products with a relatively dense 

microstructure. Additionally, the presence of RCP covered by hydration products is observed, 

indicating a nucleation and filling effect in the cement matrix, characteristics that maintained 

the mechanical strength (Figure 4). In the case of pastes with 20 and 30% RCP, a loose 

microstructure is observed, especially for 30% RCP, explaining the significant reduction in 

compressive strength and modulus of elasticity. 

4. Conclusions 

An experimental investigation was conducted to assess the use of two sources of RCP: 

demolition and laboratory. Cement pastes were made with RCP as a replacement of Portland 

cement, leading to the following conclusions: 

The RCP, regardless of the source, yielded the same results in the evaluated properties, 

indicating that, although this material can be considered heterogeneous due to its physical and 

chemical characteristics, it is composed of inert material, acting more like a filler. The 

morphology and SSA of the RCP particles reduce the workability (increase in water 

requirement), indicating a negative trend with increasing RCP. 

The compressive strength was compromised with the inclusion of RCP, particularly at high 

percentages (30%), which can be attributed to the formation of fewer hydration products 

(dilution effect); however, 10% RCP did not significantly affect this property. The modulus of 

elasticity also exhibited similar behavior, with a non-significant reduction for 10% of RCP, 

indicating that the use of RCP would be feasible up to this percentage. The microstructure 

revealed the formation of hydration products in the pastes with RCP: C-S-H, CH, and AFt; 

however, a loose microstructure may become evident as the RCP content increases. 
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Abstract 

The project Zero Emission Circular Concrete develops a CO2-neutral, high-quality, and 

resource-efficient concrete cycle starting with end-of-life concrete. A cement clinker with a 

reduced CO2 footprint is processed from waste concrete fines at a strongly reduced temperature 

of approximately 1000°C. The main clinker mineral is belite, Ca2SiO4. The residual CO2 is 

released in concentrated form and used for the technical carbonation of either waste concrete 

fines as supplementary cementitious material or of coarse crushed waste concrete. The coarse 

fraction is treated in a new process based on a pressurized autoclave, where hardening by 

carbonation improves the properties of the recycled aggregate. Both carbonation options are 

investigated on a laboratory scale. 

Recycling cement is developed from belite cement clinker, Portland cement clinker, and 

other substitutes in a joint project with the industry. A 30% substitution rate of Portland cement 

clinker compared to European cement standards is targeted. Subsequently, formulations for 

recycling concrete will be developed from recycled cement and recycled aggregate. The 

processing of concrete products and precast concrete elements will be tested in plant trials. 

A pilot plant for belite cement clinker is currently under construction to bring its technology 

readiness level to four. 

1. Introduction 

The production of concrete is responsible for about 6 to 9 % of all man-made CO2 emissions, 

whereby these emissions are almost exclusively linked to the upstream production of Portland 

cement clinker (PCC). CO2 from the clinkering process originates to about 60% from the 

calcination of limestone (process emissions) and about 40% from fuels. 

Waste concrete, on the other hand, could capture up to 80% of the process emissions generated 

during cement manufacture by recarbonation. During service life, demolition, and subsequent 

crushing, a value of about 5% is observed [1]. 

Today's standard procedure for the recycling of concrete waste neither includes its use for 

carbon sequestration nor for the production of cement clinker. Waste concrete is usually 

processed into crushed aggregate as a substitute for natural aggregate in road construction. 

Therefore, an excess of crushed concrete fines remains, which is hardly usable. In Germany, 
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the economic value of the recycled product is currently about 1/3 of fresh concrete, which is 

why it's called downcycling. In the considered case, downcycling reduces the demand for 

natural raw materials but does not contribute to reducing CO2 emissions in the cement industry. 

In principle, it is possible to use waste concrete fines in particular as a raw meal component for 

cement clinker production in existing cement plants, whereby CO2 emissions could be slightly 

reduced. Economically, however, the transport of concrete waste is limited to a distance of 

about 20 km, so at best a very small proportion of concrete waste could be used. The situation 

will become even worse in the future, when the need to implement carbon capture, use, and 

storage (CCUS) will require investments in expensive infrastructure for the transport of CO2, 

which, according to the current state of the art, is only economical for very large plants. A 

technical solution for high-quality closed-loop recycling of waste concrete with an average 

transport distance of 20 km of secondary raw materials is missing.  

2. Zero Emission Circular Concrete at KIT 

The KIT project for the production of zero-emission circular concrete is therefore aiming at 

technologies that are designed for stand-alone plants with a cement clinker capacity of about 

50,000 t/a, far smaller than existing cement plants. The objective of the project is to reduce CO2 

emissions from clinker production by using crushed concrete fines as a second component 

besides limestone in the production of cement clinker (figure 1). The unavoidably released CO2 

is then to be fixed as completely as possible in other mineral wastes, preferably in crushed 

aggregate from old concrete. This is done by crystallizing carbonates in a hydrothermal process. 

Infrastructure e.g. pipelines for CO2 transport thus become obsolete. The structural properties 

of the aggregate are even improved due to pore closure induced by the growth of carbonates. 

Carbonated crushed aggregate shall be used together with recycled cement clinker for the 

production of recycled concrete without the need for an increased cement content compared to 

standard concrete formulations. 

 

Figure 1: Combined low-temperature processing of belite cement clinker and carbonated 

recycled aggregate from waste concrete and limestone aiming at zero CO2 emission. 
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3. Low-temperature belite cement clinker (LT-BCC) from waste concrete 

To process belite cement clinker at low temperatures, a new cement raw meal characterized by 

a lower lime content and the addition of mineralizing agents as well as new process conditions 

were investigated [2]. The technology consists of a rotary kiln with a maximum process 

temperature of 1000oC, preferably operated electrically or with oxyfuel combustion in an 

almost pure CO2 atmosphere. The combined presence of CO2 and selected mineralizing agents, 

e.g. CaCl2 or Na2CO3, results in the formation of a carbonate-rich melt at temperatures below 

700oC, which allows extremely fast clinkering. Concrete-damaging components such as sulfate 

and chloride are bound in dedicated and insoluble reservoir minerals [3]. 

In the raw meal, limestone is partially replaced by the hardened cement paste contained in the 

crushed concrete fines. A further reduction of the limestone content compared to PCC is 

achieved by the low molar CaO/SiO2 ratio of 2, which overall cuts the process emissions by 

about 30%. 

The LT-BCC produced consists to a large extent (>60 wt.%) of the calcium silicate belite 

(Ca2SiO4) present in both polymorphs: -C2S and `H C2S. The most common clinker mineral 

of today's PCC, alite (Ca3SiO5) is not present. LT-BCC is intended to at least partially replace 

PCC in accordance with cement standards. The initial target in the research project URBAN 

[4] is a substitution rate of 30 wt.%. High sulfate contents in the waste fines may result in the 

formation of ternesite or ellestadite if CaCl2 is used as mineralizing agent. Besides clinker, 

highly concentrated CO2 exits the kiln (90-95 wt.%). 

LT-BCC processing has been successfully tested using different wastes e.g. post demolition 

autoclaved aerated concrete (AAC) [5] and has been demonstrated on a 1.5-ton scale using 

waste concrete fines. The replacement of 25 wt.% Portland cement by LT-BCC in the 

production of AAC has been demonstrated on a technical scale [6]. The total reduction of 

emissions depends in particular on the available electricity mix. If only electricity from 

renewable sources is used, 400 kg CO2 per t LT-BCC was calculated [7]. 

A pilot plant with a capacity of 10kg/h is currently being built at KIT funded by the Ministry 

of the Environment Baden-Württemberg [8]. The closing of the concrete cycle is being 

optimized in the URBAN project [4] together with several industrial companies (cement 

manufacturers, construction chemicals companies, and manufacturers of precast concrete 

parts). As part of the Innopool project EuK [9], a superstructure approach is being developed 

in collaboration with the Jülich Research Centre [10] to identify scenarios under which the 

production can become economically and ecologically viable. 

4. Hydrothermal carbonatization of recycled aggregate from waste concrete 

The mechanical processing of waste concrete leads preferentially to fractures in the hardened 

cement paste. Therefore, about 50% of the cement content of waste concrete is found in the 

crushed fine fraction, although it represents only about 30% of its total mass. The other half of 

the cement remains in the recycled aggregate and increases both, its specific surface area and 

porosity, which degrades its properties compared to natural aggregate. In the production of RC 

concrete, this is usually compensated for by increasing the cement content. 

One possibility to close the porosity of hardened cement paste is carbonation, which causes 

an increase in volume. However, under standard conditions, turnover and reaction rate are very 

limited. Freshly precipitated calcium carbonate closes pores and cracks near the surface thus 

preventing the further transport of carbonate ions into the interior of the grain. 
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One approach to increase the carbonation yield is to further increase the specific surface area 

by crushing. However, the material can then no longer be used as concrete aggregate, but only 

as a substitute for sand or as supplementary cementitious material (SCM). The use as SCM is 

pursued in the Marie Skłodowska-Curie Doctoral Network CO2Valorize funded by the 

European Commission.  

The aim of the approach pursued in the zero-emission circular concrete project is to reduce 

clogging using suitable reaction control in a technical autoclave, similar to that used for AAC 

production. The effectiveness of the approach has been demonstrated on a laboratory scale. For 

carbonation, the concentrated CO2 from the clinker kiln is used. A conversion of > 80% of the 

sequestration capacity within a treatment period of 6h is aimed at. The autoclave is heated by 

the waste heat of the clinker kiln. 

 

11. Conclusions 

High quantities of cementitious mineral wastes such as waste concrete, post-demolition 

autoclaved aerated concrete (AAC), and others on the one hand, and decreasing quantities of 

landfill capacities for mineral residues on the other hand require higher recycling rates in 

Germany. The approach of zero emission circular concrete developed at KIT combines high-

quality closed-loop recycling with the sequestration of released CO2 into the generated 

products. The concept is primarily designed for small, decentralized plants with an output of 

about 50,000 t/a cement clinker, which corresponds according to own calculations to the waste 

concrete fines generated annually in an urban area of about 1 to 1.5 million inhabitants, and 

within an average transport distance of 20 km.  

The zero-emission circular concrete plant consists of a clinker line for LT-belite cement clinker, 

which is coupled with an autoclave line for the carbonation of the aggregates. Both modules 

could also be operated independently. An LT-BCC line at the site of an existing cement plant 

would be possible.  

The variable composition of secondary raw materials derived from wastes and the potential 

contamination with constituents harmful to concrete requires, on the one hand, an elaborate and 

as yet not established analytical routine and mixing technology. On the other hand, cement 

standards may have to be adapted if the concept of insoluble reservoir minerals presented is to 

be used for general applications. 
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Abstract 

The construction industry is one of the largest sectors in Europe and, on average, construction 

and demolition waste (CDW) accounts for one-third of the total waste generated. The recovery 

rate of these wastes surpasses the 70% target defined in the Waste Framework Directive 

2008/98/EC. Nevertheless, this fact does not ensure that the sector is moving towards a 

transition from a linear to a circular economy at the end-of-life phase of buildings. 

In Portugal, a recovery rate of 95% of non-hazardous CDW prepared to reuse, recycling or 

other recovery operations is reported, although more than half of these residues are used as 

material for backfilling, therefore it does not represent a true circular transition due to 

downcycling. 

The project CLOSER, aiming to promote the application of circular economy principles by 

reducing material use and waste production, assessed the actual Portuguese practice for the 

management of CDW and evaluated the benefits of performing a pre-demolition audit in a pilot 

study. This project highlighted the crucial relevance of investing in training to improve green 

and digital skills. In what concerns building materials/elements reuse and recycling, changes to 

national policies were proposed. 

1.  Introduction 

The alteration of resource growth trend as a way to achieve ecological and economic stability 

was pointed up in The Limits of Growth [1]. Over 50 years later, the increase in resource 

depletion calls more than ever for efficient actions that counterbalance the increased 

consumption of natural raw materials. This aspect is of utmost relevance for the construction 

sector, which accounts for 40% of all materials used in urban areas and for one-third of the total 

waste generated [2].  

Different strategies along the whole life cycle have been proposed to decrease the high 

environmental impacts related to the construction sector and to boost the transition to a low-

carbon built environment. Examples of such strategies include material choice in the design 

phase, prefabrication and modularity in the construction phase, and deconstruction and recovery 

of construction and demolition waste (CDW) at the end-of-life.  
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Focusing on end-of-life, the enforcement of a 70% target for CDW recovery in Europe [3] has 

proven to be insufficient to tackle issues such as the proper sorting of this waste stream or the 

routing of the recovered resources to the application that adds the most value to it. In Portugal, 

although a recovery rate of 95% of non-hazardous CDW prepared to reuse, recycling or other 

recovery operations is reported by Eurostat, more than half of these residues are used as material 

for backfilling and the largest part is mainly made up of mixed waste (17 01 07 and 17 09 04) 

[4].  

The circular material use rate of 2.2 in 2020 and the OCDE review of Portugal’s environmental 

performance highlight that major challenges remain concerning sustainable consumption and 

production patterns (SDG 12) and new strategies must be implemented to ensure a circular 

transition to close the loop of the resources [5].  

The project CLOSER – Close to Resources Recovery was developed to assist in the 

minimization of CDW production and in enhancing material reuse during total or partial 

demolition of buildings by performing Pre-Demolition Audits (PDA). This was a 1-year project 

promoted by the National Civil Engineering Laboratory (LNEC), the Portuguese Environment 

Agency (APA) and the Institute of Public Markets, Real Estate, and Construction (IMPIC), 

which have national-level competencies in the areas of civil engineering works, environment 

and building regulations, respectively. The project assessed the use of PDA in European 

countries, sent a questionnaire to construction companies about their practices concerning the 

demolition of buildings, prepared a Portuguese Guide for Pre-Demolition Audits, evaluated the 

benefits of performing PDA in a pilot study and proposed the relevant legislative amendments. 

2. Methods and results 

2.1 The questionnaire 

The questionnaire outcomes were supported by 680 valid responses, for an approximate 

population of 40000 construction companies, and for a confidence level of 98%, the margin of 

error of the answers is estimated below 5%. For the analysis of responses to the open-ended 

questions the Yake Natural Language Processing (NLP) program, which uses artificial 

intelligence (AI), was used to collect the important keywords repeated among the participants' 

answers as well as analysing patterns of 2- and 3-word sets. 

The questionnaire carried out showed that 90% of the companies engaged in construction 

activities are micro and small enterprises, performing demolition and rehabilitation for several 

years, not committed to waste management, as evidenced by the low investment of their budget 

in waste management, the lack of knowledge of the applicable legislation and little practise on 

preventing the production of CDW or to sort these residues. On the other hand, medium and 

large enterprises easily spread the culture of proper waste management. 

The destination for materials arising from the resources retrieved during building demolitions 

is shown in Fig. 1. It is important to draw attention to some features: there is a high elimination 

percentage of mineral-based materials like concrete or bricks that are not justifiable; the quite 

similar destinations for single streams and mixtures of streams may indicate a downgrading of 

the first; the reuse practise is overlooked to recycling; the metals are the material with the 

highest recycling rate. 

Another very important aspect to be emphasized in the data of Figure 1, is the lack of 

understanding that hazardous substances or materials containing hazardous substances, 
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specifically asbestos, have to be eliminated when removed. The two bottom bars of the chart 

highlight the practice of reuse, recycling or other recovery operations for resources containing 

dangerous substances, for up to 25% of these resources. This practice would favour the 

continuity of these substances in the loop contaminating other materials  

The data in Figure 1, reveals that there is scope to improve the potential of the retrieved 

materials/elements/waste for future uses, mainly if a pre-demolition audit is implemented. 

Additionally, the upskilling of workers towards understanding how to manage resources at end-

of-life is urgent, especially for dangerous substances. 

  

Figure 1: Destination of retrieved materials 

The survey also identified that workers' training is not geared towards providing skills in the 

field of circularity. Only about a quarter of respondents answered positively regarding specific 

training on deconstruction and demolition and it was found that even the basic concepts of reuse 

and recycling have not been internalised. Traditionally, the construction sector is reluctant to 

make major changes but raising awareness and improving the competencies of the labour force 

is essential and is a priority to drive the transition to a circular economy model. This is a barrier 

to minimising CDW generation and increasing reuse during building demolition.  

2.2 Portuguese guide for pre-demolition audit 

The European pre-demolition assessment guidelines and the Level(s) framework regarding the 

sustainability of buildings were used as support documents for the development of the 

Portuguese guide for pre-demolition audit of buildings to be demolished or rehabilitated [6,7]. 

The pre-demolition audit encompasses a desk study complemented by an in-situ study for 

elaborating an inventory of materials/constructive elements and wastes (Fig.2), and proposals 

for their potential destinations so that these resources re-enter the economy.  
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Figure 2: Inventory 

Particular attention has been given to dangerous substances to decrease their presence in future 

building materials. Within this context, the Portuguese guide comprises a list of potential groups 

of dangerous substances and their common location within the buildings. A set of factsheets for 

the most usual resources collected during demolition and their feasibility of being reused or 

recycled was also included in the guide. 

In practice, the implementation of a PDA should be supplemented with a deconstruction of the 

building to lead to maximum environmental and economic benefits. To this end, the contractor 

must ensure that workers have adequate skills. 

2.3 Pilot case 

To quantify the improvements in the recovery of resources with and without the application of 

the Portuguese guide for PDA, more than 200 construction companies have been contacted to 

know about the feasibility of having one or more buildings to be demolished at the time of the 

CLOSER case study task. 

The case study was carried out at Cais da Malveira (Fig. 3). This is a building used only for the 

storage of products in a railway station. Although this is not the usual type of building to be 

demolished, it was the only one that was made available for carrying out the pre-demolition 

audit followed by deconstruction.  

 

Figure 3: Cais da Malveira (East view) 

An analysis of the impacts of end-of-life practices was carried out. Based on the map of 

quantities of recovered CDW and reused material/elements the economic and environmental 
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impacts were estimated using a tool developed within another research project aimed at 

improving the transition to a circular economy. Considering that the tool used only covers a 

restricted set of construction elements and materials, the impacts of the whole of the 

materials/elements removed during deconstruction were not surveyed. Other constraints due to 

the used tool were assessed in the project. Therefore, the approach used only estimated the 

difference between the impacts of the materials that were reused and those impacts if these 

materials were recycled.  

The tool used is based on the Waste Reduction Model (WARM) [8], developed by the USA 

Environmental Protection Agency (EPA), which provides estimates of the potential GHG 

emissions, energy savings and economic impacts of baseline and alternative waste management 

practices. According to the WARM methodology, the impacts of reuse correspond to the 

emissions avoided from the use of a new product, therefore a negative value is assigned to the 

impacts of production. On the other hand, the impacts of recycling, include all the impacts 

associated with the collection, transportation, processing, and manufacturing of the recycled 

material into a new product for use. The benefit associated with the avoided production of the 

same quantity of product from virgin materials is also calculated. This benefit is the difference 

between the impacts of producing material from 100% input of recycled raw materials 

(considering material losses) and the impacts of producing an equivalent quantity of material 

from 100% input of virgin raw materials. 

The original plan of waste management for the demolition of this building did not address the 

reuse of the existing materials/elements. After performing the PDA, it was identified that 49.73 

tonnes of materials were to be reused on-site and off-site. The remaining, 96,42 tonnes, were 

classified as CDW. There was a decrease of 34% in generated CDW due to the feasible reuse 

of resources identified in the pre-demolition audit. As regards dangerous substances, 1.5 tonnes 

of materials containing asbestos fibres were identified and removed by a certified company for 

elimination. An assessment of the possible contamination of timber beams that rely near the 

panels with asbestos was carried out by SEM analysis with negative results. 

The results in Table 1 showed that in terms of environmental impacts, the recycling option is 

better for the elements in question because it leads to a larger quantity of avoided CO2- eq 

emissions. 

The analysis of these results highlights that in the case of the steel doors, the fact that steel is a 

mixture of virgin and recycled material (steel is rarely produced with 100% virgin raw material 

input) could be assigned to reuse being less beneficial than recycling because the amount of 

virgin raw material avoided in recycling is less than the amount in the material reused. 

In what concerns to clay roof tiles, there is no specific recycling destination for this product. It 

was assumed that it is possible to recycle broken or damaged roof tiles when mixed with other 

construction and demolition waste. The WARM methodology used in the tool does not consider 

recycling for clay, it only considers reuse and landfill. However, the tool did consider the 

benefits associated with recycling mixed CDW, based on the literature. There is therefore a 

level of uncertainty associated with the use of different sources of information and calculation 

methodologies that could be assigned to have better environmental impacts for recycling. 

It should be emphasized that the tool used is to carry out a preliminary analysis of the impacts 

of end-of-life practices. More reliable data demands for collecting and implementing product-

specific data and interpreting results of environmental impacts in a building project, preferably 

including contacting a life cycle assessment (LCA) consultant. 
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From the perspective of economic impacts, they are frankly more positive in the case of reuse. 

 

Table 1: Environmental and economic impacts 

Construction 

elements 

Environmental impacts 

(kg CO2-eq) 

Economic impacts 

(€) 

Reuse Recycling Reuse Recycling 

Wood -93 -59 - 236,916  897   

Clay roof tiles -67 -84 - 33,246  5,867   

Steel doors -147 -222 - 201,836  13,037   

TOTAL -307 -365 - 471,998 19,801   

 

It is noteworthy that only collecting and implementing product-specific data would allow an 

accurate assessment of the impacts associated with this second life of the reused materials, 

namely the negative impact of transporting the ceramic roofing tiles to the building where they 

will be laid and the benefit of avoiding the production of new tiles. Additionally, performing a 

life cycle analysis (LCA) would assess several environmental impacts and all life cycle stages 

giving an in-depth analysis, and allowing more informed decisions about reuse and recycling 

alternatives. It is also relevant to mention that other impacts, like the dismantling process or the 

excessive use of resources for preparing constructive elements to reuse, can overlap the 

environmental benefits in general assigned to reuse. 

2.4 Legislative amendments 

The Portuguese Decree-Law no. 46/2008, which created legal conditions for the correct 

management of CDW favouring the prevention of production and hazardous materials, resulted 

from a national initiative and, unlike other waste streams, the European Union did not issue 

specific legislation for CDW. 

Currently, the CDW management is under the Decree-Law no. 102D/2020 and within the 

activities of the CLOSER project the following major amendements were proposed: i) the 

producers of CDW must take the necessary measures to ensure the selective collection of waste 

at source and in case of demolition or renovation of buildings when the area to be demolished 

or rehabilitated is larger than 100 m2, promote the pre-demolition audit; ii) the owner of the 

building is responsible for appointing an auditor, or team of auditors, who shall prepare an 

inventory identifying and quantifying the materials and building elements to be reused and the 

construction and demolition waste, as well as a preliminary plan for their disposal; iii) the 

auditor or the team of auditors must be a qualified expert, or integrate qualified experts as 

appropriate, with appropriate knowledge of current and past building materials (including 

hazardous materials), current and past construction techniques and construction history; they 

must also be familiar with demolition techniques, waste treatment and processing, and (local) 

markets; iv) the model for the inventory of materials will be published on the Portuguese 

Environmental Agency. 
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3.  Conclusions 

For a long time, CDW has been looked at as an inevitable stream. The increasing efforts 

developed toward the recyclability and the reusability of CDW/building elements/materials at 

the end-of-life have evolved at different paces in the various Member States. 

The project's CLOSER objectives aimed at having better control of quantities of resources 

generated during the demolition and rehabilitation of buildings, providing possible destinations 

for these resources, and minimizing the content of dangerous substances for secondary uses. To 

this end, a Portuguese guide for pre-demolition audits was elaborated.  

The efficacy of the PDA was assessed in a pilot study and a preliminary approach to the 

environmental and economic benefits was performed. More reliable impacts of reuse and 

recycling must be provided through LCA analysis. The reuse of resources recovered during the 

demolition decreased the generation of CDW. The recovery of the existent resources has 

privileged the uptake of reuse as the main operation for materials arising from the demolition.  

The amendments to the Portuguese CDW legislation have not yet been reached. although it is 

expected that the transition to a circular economy model in the construction sector may favour 

its implementation. 
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Abstract 

In 2000, the resolution 307 was implemented by the Brazilian environmental council 

(CONAMA) establishing procedures to properly manage construction and demolition waste 

(CDW), and CDW recycling started to increase after it. In 2010, the Brazilian Association for 

CDW Recycling (ABRECON) was founded. The association has worked for the last 10 years 

in the structuration of the CDW recycling private sector and produced periodically national 

reports about the evolution of CDW recycling in Brazil. The objective of this manuscript is to 

present some results of the last reports (2020, 2022) organized by the authors. The number of 

Brazilian recycling plants over time was presented herein; 334 operational CDW recycling 

plants in 2022, most of it fixed and operated by private sector. The recycling plants can recycle 

50% of CDW produced in Brazil and the actual CDW recycling rate in the country is 33%. 

Discussions about regional differences in the country, territorial occupation and size of 

municipalities, infrastructure and logistic scenario, and public policies were done to face the 

challenges to implement a high recycling rate. 

 

1. Introduction 

In 2015, the recycling rate of construction and demolition waste (CDW) worldwide was around 

30%, by mass [1]. Most of the CDW has been landfilled despite the long effort to promote 

CDW recycling. Countries like the Netherlands, Germany and Japan has achieved recycling 

rates of 90-100% in the last decades [2]. Other countries as France, Spain, Portugal, United 

States and China have increased the recycling rates to 60%. Therefore, there are challenges to 

advance CDW recycling particularly in populous developing countries such as India, Brazil, 

Russia, Indonesia, Pakistan, Bangladesh, and Mexico, once the higher the population, the 

higher the CDW generation [3,4] (Table 1). 

Nowadays, Brazil has a population of over 203 million inhabitants1. Previous studies about 

CDW generation in Brazil have pointed to a median CDW generation per capita of 0.5 ton/ 

 
1 https://cidades.ibge.gov.br/ 
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inhabitant-year [5,6]; therefore, we assume herein that around 100 million of tons of CDW are 

generated in Brazil.  

In 2000, Brazilian environmental council approved a specific resolution CONAMA 307 

establishing procedures for the CDW management [7]. The disposal of CDW in sanitary 

landfills was prohibited by CONAMA 307 since then, and the resolution promoted the 

implementation of CDW sorting and recycling units to avoid illegal dumping at the cities. A 

public management network has been provided to collect the small-scale CDW generator; 

typically, citizens who self-construct houses and undertake housing renovations, as well as a 

private CDW management network to attend construction and demolition companies, regulated 

by public sector in terms of operating concessions. The informal sector plays an important role 

in developing countries (around 50% of CDW generation in Brazil) [5] and the CDW public 

management has progressed slower than that of private sector operated by companies. Since 

2000, CDW recycling plants have been implemented progressively [8].  

 

Table 1 – Population, CDW generation and a relation with the Gross Domestic Product (GDP) per capita. 

Country 
Population 

(inhabitants) 

CDW 
Generation  

(in tons) 

CDW per capita1 
(tons/inhab.year) 

GDP per capita  
(US$ / inhab) 

United States 334 million 700 million 2.1 80,000 

European Union  
(27 countries) 

448 million 800 million 1.8 39,940 

China 1.4 billion 2.3 billion 1.6 13,721 

India 1.4 billion 1 billion 0.7 2,601 

Brazil 203 million 107 million 0.53 9,672 

1 CDW generation excludes soils. 

 

In 2010, the Brazilian Association for CDW Recycling (ABRECON2) was founded. This action 

was motivated by the publication of a Brazilian law that implemented the political guidelines 

to manage the solid wastes [9]. In this document, an integrated solid waste management was 

proposed considering the integration of federal, states and municipalities plans. The CDW 

managing plan should take part of it. ABRECON has acted in the last 10 years structuring the 

private CDW recycling sector and periodically published national reports on CDW recycling. 

In the last edition, the authors of this manuscript have worked with this association producing 

the newest versions (2020 and 2022). The 2020 CDW report was published in Portuguese, and 

it can be freely downloaded [10]. 

 

1.1 Objective 

The objective of this manuscript is to discuss the evolution on CDW recycling in Brazil bringing 

herein some results of the latest reports (2020, 2022) [10] and point the challenges for the 

 
2 https://abrecon.org.br/  
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progress of the CDW recycling in Brazil. We believe that the lessons learned may help other 

developing countries to improve CDW recycling scenarios and enhance the circularity of such 

important waste stream in society. 

2. Methodology 

Since 2010, the association (ABRECON) registers the CDW operators as sorting-recycling 

plants and inert landfills. To consider a company operational, the criteria used by secretary 

were: i. a regular e-mail contact with the producer, ii. Google image showing the real operation 

in the informed place, among others. This list has been updated in every CDW report produced 

(2013, 2015, 2018, 2020). The 2022 report is currently in progress. 

In the 2020 CDW report, questionnaires developed by ABRECON using Google Forms tool 

were applied [10]. One of those was applied to the owners of either CDW sorting/recycling 

plants, or CDW inert landfills. In the analysis, duplicate data entries, responses that deviated 

significantly from the expected pattern indicating a lack of understanding of the question, typing 

errors, or blank fields were not considered. After the data selection, we obtained valid results 

from 113 CDW recycling plants/landfills owners between years of 2019 and 2020. The 2022 

valid answers corresponded to 20% of the total number of plants catalogued and operating in 

the country; therefore, data has representativeness. 

The questionnaire contained 48 questions including open-ended questions and multiple-choice 

questions. The questions covered topics such as: company/plant’s profile, information about 

the city in which it was established, monthly reception and production volumes, control 

systems, equipment used, characterization of the material received, market challenges, among 

others. The analysis was conducted based on their responses, with the application of certain 

extrapolation factors. 

To estimate the CDW generation value, the factor of 0.5 ton per inhabitant per year was applied 

[6]. Based on the recycling capacity, the quantity of CDW received, and Recycled Aggregates 

(RA) production, we extrapolated the data considering the catalogued quantity of CDW plants, 

or those where operation is confirmed.  

 

3. Results 

Erro! Fonte de referência não encontrada. shows the quantity of operational CDW sorting-r

ecycling plants or inert CDW landfills catalogued in Brazil in the last 30 years. After 2002 and 

the publication of CONAMA resolution 307, Brazil experienced a substantial increase in the 

quantity of CDW plants per year. The quantity of CDW plants per year reduced after 2015, 

which may be related to the financial crisis started after that. 

In 2023, 334 operational CDW plants in the country. 2/3 of it (near 200 plants) are fixed plants 

which have a larger processing capacity. 1/3 of it (near 100 plants) are mobile plants and started 

to operate after 2008 mainly near demolition sites or construction sites dedicated to large 

infrastructure projects, such as stadiums of the Olympic games, sanitary and transportation 

networks near large cities. 2/3 of these plants are operated by the private sector. 

Mobile plants do not yet constitute the majority of CDW plants in the country as it is the case 

in Germany [11] or other countries where demolition waste plays the major role. In Brazil, 

demolition waste demolition is not large, usually less than 25% of CDW volume. Construction 
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and renovation waste usually represents 75% of the total volume [12]; particularly in medium 

to low-size cities where live around 70% of Brazilian population. We believe that the market 

for mobile plants will grow significantly in the next decades to recycle concrete roads, 

infrastructure construction sites and old multi-storey buildings located in large cities, mostly of 

those constructed after the Brazilian construction boom lived on the 1970s. 

 

Figure 1 – Quantity of CDW recycling plants in Brazil over time. Data from Miranda, Angulo [8] joined 

with data from the CDW reports. 

Although the number of Brazilian CDW plants have been increasing over the time, the recycling 

rates is not as high as other countries such as Germany, Netherlands, Portugal, Spain (Table 2).  

Table 2 – Recycling rates and processing units of different countries 

Country 

Recycling rate, 

without landfilling 

(%) 

Recycling rate, with 

landfilling and incineration 

(%) 

Number of construction and 

demolition waste (CDW) 

processing units 

Netherlands 97 97 - 

Germany 80 90 12,000  

France 60 70 - 

Spain 60 70 4,000  

Portugal 45 95 500  

Brazil 23 33 

575 units: 

230 fixed plants, 

100 mobile plants 

113 inert landfills 

118 sorting areas 

 

The distribution of the CDW plants is not uniform in Brazil. The Southeastern and Southern 

regions are responsible for the largest quantity of the CDW plants (near 80% of the total), 
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notably in the state of São Paulo (near 54% of the total). These regions present the best 

management and recycling scenario for solid wastes, where sanitary landfills exhaustion exist, 

CDW illegal dumping near cities are frequent, and environmental state agencies are very active. 

Due to the high demand for aggregates near the large and medium size cities, CDW aggregates 

can be offered by reduced prices compared with those of natural aggregates. In some regions 

near the metropolitan regions of São Paulo and Rio de Janeiro, there is a scarcity of natural sand 

and restrictions for mining sand. Crushed rock (alternative, industrially processed) sand has 

been commonly used over decades, and CDW aggregates can contribute as an alternative 

source. Crushed coarse aggregates are usually transported over 50 km where CDW recycling 

and logistic optimization in CDW management and recycling become more attractive and 

economically feasible [13]. 

In the 2020 CDW report  [10], we estimated aproximatelly 105 Mton/year of CDW in Brazil. 

Therefore, the Brazilian recycling plants had the capacity to recycle about 50% of the waste 

volume. In fact, only 23% was recycled (Figure 2). The recycling rate can be calculated dividing 

the CDW received at the plants by the CDW generated. The authors believe that it is more 

accurate way to calculate instead of using CDW recycled aggregate production divided by the 

CDW generated. Soils, wood, gypsum, among other sorted materials in the recycling plants are 

also directly reused as landfilling material, or recycled. After processing, there is also a 

reduction of the effective volume due to better accommodation of the crushed material.  

The CDW recycling scenario suffered a drop in the 2018 economic crisis, as well as due to the 

pandemic period of COVID-2019. The 2022 CDW report is in  progress and will be published 

soon. The preliminary results of 2022 show that the recycling rate in Brazil increased to 31%, 

the best scenario observed and close to the rate of 2015 (a period of economic prosperity in 

Brazil). 70% of CDW is not recycled, and a higher part of CDW is being disposed in improper 

operated public landfills or illegally dumped in streets or in informal large urban areas. As a 

result, geotehcnical accidents have occurred in large cities involving many deaths. The 

monitoring of geological and risk areas in cities has been usually done to avoid similar disasters, 

and it is necessary to improve the life conditions of urban less favorable populations. 

 

Figure 2 –CDW generation and recycling in Brazil. 
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Some public policies have been implemented over the years to combat this scenario, but the 

results are still far from reaching the ideal goals. So, initiatives to monitor illegal CDW or waste 

disposals in the cities have been done by ABRECON together with the Brazilian companies’ 

association for solid wastes collection and treating (ABRELPE) targeting the elimination of this 

practice and assisting better public sector action. 

Brazil is a continental-sized country with diverse economic, geographical, and environmental 

characteristics, which ultimately impacts how waste is managed and recycled. The Figure 3 

illustrates the regional disparities in CDW generation, recycling capacity, and actual recycled 

aggregate (RA) production in 2020. 

 

 

Figure 3 – Scenario of CDW generation and recycling for Brazilian regions in 2020 [10]. 

 

Considering the vast territorial dimensions of Brazil, and that half of the population lives near 

the coast in large and medium-size cities (more than 50,000 inhabitants), a logistical challenge 

exists. Half of the population lives spread in 5,000 small municipalities (less than 50,000 

inhabitants) of a total of 5,500 municipalities, spread across the largest area of the country. In 

the countryside region, there is no adequate infrastructure, particularly in terms of road 

conditions. The Northern and Midwest regions are regions where there is the largest lack of 

infrastructure. The Northern region has recurrent flooding of cities and roads during year. The 
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logistical obstacles make it challenging to meet the demands. In small cities, recycling is not 

economically feasible, and the solid waste management scenario is not properly implemented 

due to high costs involved in the implementation of sanitary landfills. Despite we have policies 

to increase recycling targets, there is no clear policy to zero landfills or circular economy 

strategy. The investment to obtain sanitary landfills has dictate the municipality actions over 

last decades without success; there is an absence of public agents able to deal with financial 

system, and a lack of specialists in public sector to deal with waste and environmental issues. 

When comparing the selling price of natural coarse aggregate (NA) with that of recycled coarse 

aggregate (RA), in 2022, a significant difference is evident (Figure 4). Furthermore, the 

preliminary results of the 2022 CDW report show that this difference increased after the 

COVID-19 pandemic. This discrepancy can be attributed to two main factors: i. Many recycling 

plants in Brazil began operations without proper physical space planning, leaving little space 

for stockpiles, and improper operating conditions (focus on CDW crushing instead of sorting, 

its efficiency). The focus has been only in fees charge to receive CDW at the plant. Many 

facilities developed a habit of either donating or selling recycled aggregates at a very low price 

to clear their inventories and make space for new CDW receiving. ii. Brazil still lacks a culture 

of purchasing recycled aggregates among public authorities and builders. Without a proper 

product codification, the material cannot be large offered in public selling systems. A 

perception held by many is that recycled aggregates have lower quality and there is a lack of 

knowledge on how to properly apply them. As a result, recycled aggregate prices are often 

reduced to keep a minimum attractiveness on the market. 

 

 

Figure 4 – Natural and Recycled aggregates selling prices at different Brazilian states in 2022 

[10] 
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4.  Conclusions 

This study presented the evolution of the CDW management and recycling in Brazil over recent 

decades. Brazil is a continental country with regional disparities. Although some significant 

progress has been made, there is a long way to achieve high recycling ratios. Challenges 

associated with irregular CDW disposals, logistical and infrastructure problems, 

implementation of more effective public policies, the lack of culture of purchasing recycling 

aggregates are factors, among others, which need to be faced to achieve highest indicators. 

There is space to increase the number of recycling plants, including the mobile ones. Sorting 

seems to be an important topic to improve CDW aggregate quality. 
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