
   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

`                                                                                                                      

 

 

 

Advances in recycling and management of construction 
and demolition waste 

 

Editors:  

Francesco Di Maio 

Somayeh Lotfi 

Maarten Bakker 

Mingming Hu 

Ali Vahidi 

21, 22 & 23 June 2017 

Delft, The Netherlands 



   

I 

 

 

Advances in Recycling and Management of                                                                            
Construction and Demolition Waste 

  

 

HISER International Conference 

 

 

 

 

 

 

21, 22 & 23 June 2017 

 

Delft, The Netherlands 

 



   

II 

 

Published by TU Delft Library 

Stevinweg 1, 2628 CN, Delft, The Netherlands 

Tel: +31 15 2788148         Fax: +31 6 186 859 65 

ISBN/EAN: 978-94-6186-826-8 

 

 
 

 

Publisher's note: this book has been produced from pdf files provided by the individual contributors. 
In the absence of some of the original source files, limited editorial adjustments and corrections were 
possible. The publisher makes no representation, express or implied, with regard to the accuracy of 
the information contained in this book and cannot accept any legal responsibility or liability for any 
errors or omissions that may be made. 

 All titles published by TU Delft Library Publications are under copyright protection; said copyrights 
being the property of their respective holders. All Rights reserved.  

No part of any book may be reproduced or transmitted in any form or by any means, graphic, 
electronic, or mechanical, including photocopying, recording, taping, or by any information storage 
or retrieval system, without the permission in writing from the publisher. 

 



   

III 

 

HISER International Conference 

 

Advances in Recycling and Management of                                                                            
Construction and Demolition Waste 

 

 

 

 

Delft, The Netherlands 
 

21, 22 & 23 June 2017 

 

 
 

 

 

 

Edited by 
 

Francesco Di Maio, Somayeh Lotfi, Maarten Bakker, Mingming Hu and Ali Vahidi 
 
 
 

 

 

TU Delft Library 



   

IV 

 

 

Acknowledgement: The project has received funding from the European Union’s Horizon 2020 

research and innovation program under grant agreements No 642085 (HISER). 

      

 

 
 
 

 
 

 
 

 

 

                                    

 

 

 

 

                      

 

 

 

            



   

V 

 

Organizing Committee 
  
 
 
Chair:    

Francesco Di Maio

Members: 

Somayeh Lotfi 
Maarten Bakker 
Eric van Roekel 

Ali Vahidi  
Iris Batterham 
David Garcia Estevez

 
 
 
Scientific Committee 
 
 
 
Chair: 

Peter Rem, 
 

 

Members:  

Francesco Di Maio 

Somayeh Lotfi 

Iñigo Javier Vegas Ramiro 

David Garcia Estevez 

Margareta Wahlstrom 

Mingming Hu 

Jeroen Guinee 

François de Larrard 

Niels De Temmerman 

Anne Paduart 

Maarten Bakker 

Wim Debacker 

Kris Broos 

Flavie Lowres 

Werner Lang 

Elma Durmisevic 

Luis Bragança 

João Pedro Couto



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

VI

Contents 

 
 Preface XIV
  

 
 Keynote Lectures XVI
 
  
1 The Future of Concrete XVII
 Peter Rem, Francesco Di Maio, Somi Lotfi, Abraham Teklay, Ali Vahdi 

 
2 Use of accelerated carbonation technique to enhance the properties of 

recycled aggregate concrete 
     VI 

 Chi Sun Poon 
 

3 Advances in studying of recycled aggregate concrete in China XIX  
 Jianzhuang XIAO 

 
4 Accelerating circular city development   XX 
 Bob Geldermans 
 
 
 THEME 1 : SMART DISMANTLING AND DEMOLITION METHODS AND 

TOOLS 
 
 

1 Microwave-induced interfacial failure to enable debonding of composite 
materials 

2

 Steffen Liebezeit, Anette Müller, Barbara Leydolph, Ulrich Palzer 
  
2 Semi-selective demolition: current demolition practices in Flanders 8
 Jef Bergmans, Philippe Dierckx, Sofie De Regel, Annelies Vanden Eynde, Philippe Van 

de Velde, Kris Broos 
  
3 Deconstruction, preparation for reuse and reuse of salvaged materials on a 

pilot construction site in Brussels 
12

 Romnée A., Billiet L., Mahieu O. and Vrijders J. 
 
 
THEME 2 : INNOVATIVE TECHNOLOGICAL SOLUTIONS FOR 
RECYCLING AND RECOVERY OF HIGH QUALITY BUILDING 
MATERIALS FROM C&DW 
 
 

4 Numerical modelling of the dehydration of waste concrete fines: An attempt 18



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

VII 

to close the recycling loop 
 Abraham Teklay, Ali Vahdi, Someyah Lotfi,  Francesco Di Mio, Peter Rem 
  
5 Separation in air jigs of mixed construction and demolition waste 25
 W. M. Ambrós, C. H. Sampaio, B. G. Cazacliu, G. L. Miltzarek, L. R. Miranda 
  
6 Sorting of mineral construction and demolition wastes by near-infrared 

technology 
29

 Elske Linß, Andrea Karrasch and Mirko Landmann   
 

7 Sorting of construction and demolition waste by hyperspectral-imaging 33
 Frank Hollstein, Markus Wohllebe, Martin Herling, Iñigo Cacho and Sixto Arnaiz 
  
8 Differences between laboratory and in-situ conditions leading to bad 

estimation of the water absorption capacity of recycled concrete aggregates 
37

 E. Khoury, B. Cazacliu, S. Remond 
  
9 CO2 uptake by fine fractions of CDW 42
 D. Gastaldi and F. Canonico 
  
10 The Manufacture of lightweight aggregates from recycled masonry rubble 46
 Anette Mueller, Steffen Liebezeit, Barbara Leydolph, Ulrich Palzer 

 
11 Indexing and sorting robot based on hyperspectral and reflectance 

information for CDW recycling 
51

 Tommaso Zerbi, Roberto Landò, Raffaele Vinai, Konstantinos Grigoriadis, and Marios 
Soutsos 

12 Development of an innovative process for the up-cycling of concrete waste 55
 Kathy Bru, Solène Touzé and Daniel B. Parvaz 
  
13 Concrete mixing monitoring by image analysis applied to recycled aggregate 

concrete 
59

 J. Moreno-Juez, R. Artoni, B. Cazacliua, E. Khoury. 
  
14 How Los Angeles test could be better adapted to the recycled concrete 

aggregate 
64

 B. Cazacliu, R. Artoni, E. Hamard, A. Cothenet 
  
15 Characterization of filler fraction from the produc tion of recycled sand from 

construction and demolition waste   
68

 Isabel Martins, Carina Ulsen, Henrique Kahn, Mirko Landmann, Anette Mueller 
  
16 Mixing recycled aggregates concrete – old methods for new concrete 72
 B. Cazacliu, J. Moreno-Juez, L.J. Zhao 
  



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

VIII

17 Production of low porosity recycled sand from construction and demolition 
waste 

77

 Carina Ulsen, Henrique Kahn, Juliana L. Antoniassi, Isabel Martins 
 

18 Building waste – construction materials from your waste 78
 Eunan Kelly and Lauren McMaster 

 
 
THEME 3 : ENABLING CIRCULAR PRODUCT DESIGN AND 
FACILITATING THE REUSE OF BUILDING MATERIALS 
 
 

19 Closing the loop of EOL concrete 83
 Somayeh Lotfi, Peter Rem, Francesco Di Maio, Abraham Gebremariam, Mingming Hu, 

Eric van Roekel, Hans van der Stelt 
  
20 Construction and demolition waste as a resource for sustainable, very low-

energy buildings 
92

 Ivana Banjad Pečur, Marina Bagarić, Bojan Milovanović and Ivana Carević 
  
21 The use of renewable materials in reversible building design: a literature 

study 
96

 M. Vandenbroucke 
 

22 Multi-criteria study for recycled concrete aggregate separation process 97
 Sandrine Braymand, Sébastien Roux, Hanaa Fares, Françoise Feugeas 

 
23 Toward a complete reemployment of aggregates from demolition work in situ 101
 S.Alexanian, F. Hubert, F. Buyle-Bodin and O. Blanpain 
  
24 Extending buildings’ life cycle: sustainability early design support tool 105
 Joana B. Andrade and Luís Bragança 
  
25 Reuse of building products and materials – barriers and opportunities 109
 Gilli Hobbs, Katherine Adams 
  
26 Circular economy and design for change within the built environment: 

preparing the transition 
114

 Wim Debacker, Saskia Manshoven, Martijn Peters, Andre Ribeiro, Yves De Weerdt 
  
27 The role of the client to enable circular economy in the building sector 118
 Katherine Tebbatt Adams, Mohamed Osmani, Tony Thorpe and Gilli Hobbs 
  

 
 THEME 4 : DECONSTRUCTION, TRANSFORMABLE AND REVERSIBLE 

BUILDING DESIGN 
 
 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

IX

28 The potential of graph theories to assess buildings’ disassembly and 
components’ reuse: How building information modelling (BIM) and social 
network analysis (SNA) metrics might help Design for Disassembly (DfD)? 

123

 
 

F. Denis, N. De Temmerman, Y. Rammer 
 
 
THEME 5 : Building Information Modeling – BIM 
 
 

29 BIM for pre- demolition and refurbishment inventories and waste 
information management 
David García, Xavier Plazaola, Iñigo Vegas, Pedro Areizaga 
 
 

130

 
 

THEME 6 : DEVELOPMENT OF CIRCULAR ECONOMY BUSINESS
MODELS 
 

30 It is possible to economically upcyle recycled aggregates 135
 Lauredan Le Guen Ferro G. and Cazacliu B. 

 
31 Novel circular economy business model of high-added value products for 

energy efficiency: from C&DW to aerogels 
139

 F. Ruiz-González, D. Nadargi, K. Philippe, E. Goiti, M. Ocejo and I. Vegas  
  
32 The French National Project Recybéton, to bring the concrete world into 

circular economy 
143

 F. de Larrard & H. Colina 
  
33 Circular construction and demolition waste? Barriers and opportunities for 

creating circular business models in the EU C&DW sector 
147

 Dawid Krysiński 
  
34 Reuse of building components: an economic analysis 151
 Frédéric Bougrain and Sylvain Laurenceau 
  
35 European circular construction alliance - adopting circular economy for 

internationalization and global competitiveness of European SMEs in 
building and construction  

157

 Gumilar Vladimir, Dana Przemysław 
 
 
THEME 7 : PERFORMANCE AND DURABILITY OF RECYCLED 
BUILDING MATERIALS  
 
 

36 Influence of the saturation state of recycled sand on mortars compressive 
strength 

162



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

X

 Yacoub A., Djerbi Tegguer A. and Fen-chong T. 
  
37 Lightweight gypsum mortar with construction waste to be used as coatings 

with improved superficial hardness   
166

 Mercedes del Río Merino, Paola Villoria Sáez, Jaime Santa Cruz Astorqui, Antonio 
Rodríguez Sánchez, César Porras Amores 

  
38 Model uncertainty of recycled aggregate concrete beams subjected to 

bending 
170

 J. Pacheco, J. de Brito, C. Chastre and L. Evangelista 
  
39 Properties of concrete blocks made with recycled concrete aggregates: from 

block wastes to new blocks 
175

 Zengfeng Zhao, Luc Courard, Frédéric Michel, Sébastien Remond, Denis Damidot 
  
40 Study of reuse from recycled aggregate processing 179
 M.I. Sánchez de Rojas, E. Asensio, M. Frías, C. Medina 

 
41 Using recycle concrete aggregate coating agent for improving concrete 

microstructure and hardened characteristics 
184

 Lapyote Prasittisopin, Phattarakamon Chaiyapoom, Chawis Thongyothee, and 
Chalermwut Snguanyat 

  
42 Use of recycled aggregates of concrete in total replacement of natural 

materials: Influence on the determination of concrete formulation 
parameters 

189

 Sandrine Braymand, Sébastien Roux, Kunwufine Deodonne, Françoise Feugeas, 
Christophe Fond 

  
43 Recycled aggregate in civil works and building construction 193
 C. Medina, I.F. Sáez del Bosque, A. Matías, B. Cantero, P. Plaza, P. Velardo, E. Asensio, 

M. Frías, M.I. Sánchez de Rojas 
  
44 Use of concrete recycled aggregates as a raw material in lightweight mortar 

fabrication 
198

 
González Cortina, Mariano, Saiz Martínez, P Fdez. Martínez, F  Viñas Arrebola,C 
 

45 Performance of C&DW materials for road applications validated by field 
monitoring 

202

 
J. Neves, A. C. Freire, A. J. Roque, I. M. Martins and M. L. Antunes 
 

46 Feasibility of surface sampling in automated inspection of concrete 
aggregates during bulk transport on a conveyor 

206

 M.C.M. Bakker 
 

47 The influence of parent concrete and milling intensity on the properties of 
recycled aggregates 

210



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

XI

Somayeh Lotfi, Peter Rem, Jan Deja, Radosław Mróz 
 
 
THEME 8 : ENVIRONMENTAL ASSESSMENT, LIFE CYCLE ANALYSIS, 
RISKS AND HEALTH SAFETY OF C&DW MATERIALS 
 
 

48 Bottom-up policy support: using a construction materials model to identify 
and quick scan circular opportunities 

222

 Elisabeth Keijzer, Jacco Verstraeten-Jochemsen, Vigil Yu, Sanne van Leeuwen, Antoon 
Visschedijk and Suzanne de Vos-Effting 

  
49 How do current policies support a transition towards a circular economy in 

the built environment? 
227

 C. Henrotay, W. Debacker, Molly Steinlage 
  
50 Assessing potential financial and environmental benefits of Brick-to-Brick 

manufacturing 
231

 Wim Debacker, Sofie De Regel, Omar Amara, Wai Chung Lam, Jef Bergemans, Kris 
Broos and Dirk Van Wouwe 

  
51 GtoG - from gypsum to gypsum - a circular economy for the gypsum 

industry with the demolition and recycling industries - Life 11 
ENV/BE/001392 

235

 Christine Marlet 
  
52 Building with a positive ecological footprint, Development and evaluation of 

a Cradle to Cradle ®-inspired energy-plus house 
239

 Salfner S. and Lang W.  
  
53 Assessing potential financial and environmental benefits of a newly 

developed waste traceability system in Flanders 
243

 Wim Debacker, Sofie De Regel, Omar Amara, Wai Chung Lam, Jef Bergemans, Kris 
Broos and Annelies Vanden Eynde 

  
54 Challenging the current approach to end of life of buildings using a life cycle 

assessment (LCA) approach 
247

 Flavie Lowres, Gilli Hobbs 
 

55 Influence of materials composition and transportation tours on life cycle 
assessment of recycled aggregate concrete 

251

 Sandrine Braymand, Adélaïde Feraille, Nicolas serres, Françoise Feugeas 
 

56 Environmental impact of concrete with recycled aggregates an evaluation 
through 4 case studies 

255

 Jeroen Vrijders and Lisa Wastiels 
 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

XII

57 Sustainability assessment method for healthcare buildings – criteria for 
materials selection in the Portuguese context 

260

 Maria F. Castro, Ricardo Mateus and Luís Bragança 
  
58 Design Support for Revisable Buildings with focus on visualizing and 

simulating transformation capacity during initial d esign phase 
264

 Elma Durmisevic, Marc C. Berg and Ussama Atteya    
  
59 Life cycle assessment and life cycle costing for demolition waste management 271

 Mingming Hu, Valentina Prado-Lopez, Brenda Miranda-Xicotencatl, Diana Ita-Nagy, 
Somayeh Lotfi, Francesco Di Maio 

  
60 Systemic view on reuse potential of building elements, components and 

systems - comprehensive framework for assessing reuse potential of building 
elements 

275

 Elma Durmisevic, Pieter R. Beurskens, Renata Adrosevic and Reonald Westerdijk 
 
 
THEME 9 : STANDARDS AND REGULATIONS FOR QUALITY CONTROL 
OF RECYCLED BUILDING MATERIALS FROM C&DW 
 
 

61 Traceability:  a tool for the valorization of secondary materials in the 
Flemish region 

282

 Liesbet Van Cauwenberghe and Annelies Vanden Eynde 
  
62 Putting recycled concrete into practice in Belgium: From case studies over 

chain management to standards and quality assurance 
286

 Jeroen Vrijders, Bram Dooms, Petra Van Itterbeeck 
  
63 Waste audit – securing good quality raw material from construction and 

demolition waste 
291

 Wahlström, M., Hradil, P. and Arevalillo A. 
 
 
THEME 10: STANDARDS AND REGULATION FOR REVERSE LOGISTICS 
AND CIRCULAR VALUE CHAIN IN BUILDINGS 
 
 

64 Impact of Green Public procurement on the market of recycled concrete 296
 Frédéric Bougrain 

  
THEME 11: CASE STUDIES 

  
 

65 Material flows of the German building sector 302



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

XIII

 Matthias A. Heinrich 
 

66 Environmental policy support for pre-demolition audits in Luxembourg 302
 Christina Ehlert, Arno P. Biwer, and Enrico Benetto 
  
67 Developments in the production and use of recycled demolition aggregate in 

the north west of England during the last 15 years 
306

 Marios Soutsos  
 

68 Business models for building material circularity: learnings from 
frontrunner cases 

315

 K. Wang, S. Vanassche, A Ribeiro, M. Peters, J. Oseyran 
 

69 Comparative case study of the construction and demolition waste practical 
treatment induced by different legislations in France and Belgium (Wallonia 
and Flanders) 

319

 Mignon B. and Bréquel H. 
70 Construction and demolition waste management in India – A case study of 

Ahmedabad city 
323

 Soumen Maity, Pankaj Phulwari, Vaibhav Rathi, Krishna Chandran, Achu Sekhar, 
Avinash Kumar and Abhijit Banerjee 

  
71 Influence of institutional arrangements on on-site recycling and reuse 

practices of C&D waste 
327

 V. G. Ram, Satyanarayana Kalidindi and Harish Krishna Nanduru 
  
72 Successful steel reuse in the UK – key aspects why it happened 331
 Michał P. Drewniok, Cyrille F. Dunant, Julian M. Allwood, Jonathan M. Cullen 
  
73 Up-cycling today’s building stock: the case study of Paris region 335
 Augiseau V. and Barles S. 
  
74 Innovative waste management practices on construction sites in Brussels: 

lessons learned from pilots 
337

 Romnée A., Vrijders J. 
  
75 Characterizing the generation and flows of construction and demolition 

waste in China 
343

 Lina Zheng, Huabo Duan , Gang Liu  
  
76 A survey on the construction and demolition waste in Mongolia 344
 Tommaso Troiani, Somayeh Lotfi 

 

 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

XIV

Preface 

 

Dear Colleagues, 
 
We are pleased to organize the first International conference on Advances in 
Recycling and Management of Construction and Demolition Waste, from June 21-23, 
2017, in Delft, The Netherlands. This conference intends to provide researchers, 
practitioners and industry experts with the opportunity to exchange the latest 
knowledge and tools in advanced/innovative technologies and methodologies to 
process and valorize C&DW in the context of circular economy. 

Production of waste materials, via industrial and human activities, creates big 
environmental and economic problems but also opportunities to recover valuable 
resources. EU28 currently generates 461 million tons per year of ever more complex 
Construction and Demolition Waste 

(CDW) with average recycling rates of around 46%. There is still a significant loss of 
potential valuable minerals, metals and organic materials all over Europe.  

Considering the fact that public and private sectors have become aware of the 
urgency and importance of CDW recycling, the European Commission has taken 
initiatives towards sustainable treatment and recycling of CDW. In 2014, the 
European Commission announced a call for proposals with the subject of “Recycling 
of raw materials from products and buildings”. The aim was to develop solutions for 
a better recovery of CDW, particularly in the most promising targets, such as 
deconstruction of non-residential buildings, showing the feasibility of increasing the 
recovery rate of CDW (e.g. metals, aggregates, concrete, bricks, plasterboard, glass 
and wood), and the economic and environmental advantages associated with CDW 
treatment, thereby closing the current gap between reality and the overall 70% 
recycling target for CDW as set in the Waste Framework Directive. This call resulted 
in a successful project with the full title of “Holistic innovative solutions for an 
efficient recycling and recovery of valuable raw materials from complex construction 
and demolition waste” with acronym of HISER. The main goal of HISER project is to 
develop and demonstrate novel cost-effective technological and non-technological 
holistic solutions for a higher recovery of raw materials from ever more complex 
CDW, by considering circular economy approaches throughout the building value 
chain (from the End-of-Life Buildings to new Buildings).  

Following the success achieved in the HISER and its earlier EU projects such as 
C2CA and IRCOW, Technical University of Delft, took an initiative to organize an 
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international conference on construction and demolition waste management and 
recycling together with the project coordinator Tecnalia. 

The response on the call for papers was encouraging and convincingly illustrated the 
importance of the subject. Finally around 80 papers were submitted, coming from 
more than 20 countries. The contributions cover the wide, coherent field of 
construction and demolition waste recycling and management and make this 
conference a meeting point to exchange technology and engineering best practices. 

We hope you will find the conference and your stay in Delft both valuable and 
enjoyable. 
 
 
Dr. Ir. Francesco Di Maio     

Dr. Ir. Somayeh Lotfi 

Organizing Committee 
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The Future of Concrete 
 

Peter Rem†, Francesco Di Maio†, Somi Lotfi†, Abraham Teklay†, Ali Vahidi† 

 
†Department of Civil Engineering and Geosciences, Delft University of Technology, the 
Netherlands 
 
Abstract 
 

After a decade of intensive research into the recycling of End-of-Life (EOL) concrete into 
high-grade new concrete, largely supported by funding from the European Commission, it 
appears that a circular economy for concrete is techno-economically feasible. A collection of 
advanced technologies, in particular smart demolition for clean mono-flows of EOL concrete, 
new attrition and classification processes for removing the fine, moist-, lights- and cement-
rich fraction from coarser aggregates, sensor sorters for removing larger pieces of wood, 
plastics and metals from recycle aggregate, green thermal treatment for concentrating and 
purifying the EOL cement paste and Laser-Induced Breakdown Spectroscopy tools for 
verifying the quality of input materials for the mortar facilities, have been put into place to 
make recycled concrete in some technical aspects even superior to concrete made from river 
gravel. And at competitive costs. Is this enough to make the transition to circular concrete 
into a success? Not necessarily. The integration of circular concrete into the routine of 
construction requires new procedures and agreements between stakeholders to avoid risks in 
producing an extremely cheap but at the same time strongly quality-guaranteed concrete 
commodity from a new and variable feedstock. It is argued that extremely tight quality 
checks should be installed in combination with a commitment of the entire chain to gently 
increase the fraction of recycled materials into new concrete as the EOL concrete flow grows 
as a consequence of phasing out buildings from the post-war boom. 
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Use of accelerated carbonation technique to enhance the properties of recycled 
aggregate concrete 

 
Chi Sun Poon 

 
Department of Civil and Environmental Engineering,  
The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

 
Abstract 
 
In Hong Kong, huge quantities of construction and demolition (C&D) wastes (57,000 ton-
per-day) are produced representing the largest fraction of the total solid waste stream. The 
disposal of the wastes has become a severe social and environmental problem in the territory. 
Government sources have indicated that there are acute shortages of both public filling areas 
(reclamation sites) and landfill space in Hong Kong. Hong Kong’s three mega landfills are 
expected to be full within 5-6 years’ time. The possibility of reducing and recycling these 
wastes is thus of prime importance.  
The Hong Kong Polytechnic University has been conducting research on methods to recycle 
construction waste.  The potential applications of the recycled materials are in road 
pavements, concrete, concrete blocks and mortars. Some of the developed techniques have 
been commercially utilized in industry. This presentation summarizes the major findings of 
the research conducted, and introduces some case studies on utilizing accelerated carbonation 
technique to enhance the properties of recycled aggregate concrete 
In recent years, adopting the accelerated carbonation technique to improve the quality of 
recycled concrete wastes as well as to capture and store CO2 has been investigated by a 
number of researchers including our group at PolyU. The potential CO2 capture ability of 
recycled concrete aggregates (RCAs) was related to the carbonation conditions and the 
characteristics of RCAs. It was found that a moderate relative humidity, a CO2 concentration 
higher than 10%, a slight positive pressure or a gas flow rate of > 5 L/min were optimal to 
accelerate the RCAs carbonation. The properties of RCAs were improved after the 
carbonation treatment. The reduction of water absorption was up to 16.7%. There was about 
4.0% increase of 10% fine value and a 26% reduction of crushing value.  
This resulted in performance enhancement of the new concrete prepared with the carbonated 
RCAs, especially an obvious increase of the mechanical strengths and an even more 
significant improvement of durability properties. In addition, the replacement percentage of 
natural aggregates by the carbonated RCAs can be increased to 60% with an insignificant 
reduction in the mechanical properties of the new concrete.  
Additionally, the potential utilization of fresh concrete slurry waste (CSW), which is sourced 
from dewatered solid cement residues after washing out over-ordered/rejected fresh concrete 
and concrete trucks in concrete batching plants, has been investigated. Due to its rich 
calcium-silicate content and cementitious feature, it was considered as a cementitious paste as 
well as a CO2 capture medium to produce new products. Subjecting to accelerated 
carbonation, rapid initial strength development and lower drying shrinkage for the prepared 
concrete mixture were achieved. Moreover, the production of the concrete mixtures for 
partition wall blocks using the developed technique can be considered as carbon neutral. 
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Advances in studying of recycled aggregate concrete in China 
 

Jianzhuang XIAO 1,2 

 
1 Department of Structural Engineering, College of Civil Engineering, Tongji University, 
Shanghai, 200092, P.R. China 
2 Committee of Recycled Aggregate Concrete, Civil Engineering Society, P.R.China 

 
Abstract 
 
This report firstly presents the current state of construction and demolition (C&D) waste 
generation in PR China. It is found that the composition of C&D waste in mainland China is 
much different from other countries, leading to some difficult on the aspect of waste concrete 
recycling. As a result, in China, some reclamation chains have been well-established, which 
are suitable for local conditions. Secondly, the research work on recycled aggregate concrete 
(RAC) in mainland China is introduced, including mechanical property of RAC material, 
structural behavior of RAC load-bearing elements, and seismic performance of RAC frame 
structures. The experimental study results prove that it is feasible to apply RAC as a structure 
material in building structures. Lastly, this report presents an outline of Chinese technical 
codes for RAC organized and edited by the speaker. It also puts forward some successful 
applications of RAC in building structures in the mainland of China which will be helpful to 
promote and popularize RAC as one kind of ecological structural materials. 
 
Keywords: Recycled aggregate concrete (RAC); Reclamation; Material property; Structural 
behavior; Technical code; Application. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
---------------------------------- 
Jianzhuang Xiao, Professor Dr. 
Research Section of Recycled Concrete Structure and Construction 
Department of Structural Engineering,  
College of Civil Engineering, Tongji University 
1239 Siping Road, Shanghai 200092, PR China 
Tel: +86-21-65982787; Fax: +86-21-65986345 
E-mail: jzx@tongji.edu.cn 
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Accelerating circular city development 
 

Bob Geldermans1 
 

1 Program Manager Circular City Research, Amsterdam Institute for Advanced Metropolitan 
Solutions 

 

Abstract 
 

In Circular Cities, resources that drive human activities are by definition regenerative rather 
than linear or degenerative: be it energy, water, materials, nutrients or air. Meaning the focus 
shifts from gradual destruction of resource-value – “take, make, waste” – to value-creation 
through models based on cascades and cycles. In order to establish such regenerative resource 
flows that retain or increase value in cities’ subsystems there is dire need for new concepts as 
well as rigorous and critical testing of existing ones: both at an academic and practical level. 
This relates for example to aligning & connecting flows, exploring shared value models, 
implementing smart sensing technologies, identifying negative external effects etc. The 
impact on how cities are conceived, materialized and operationalized in a circular framework 
can hardly be overstated. Some impacts can be imagined, based on current knowledge, but 
others can at best be anticipated. This is due to cities being complex, adaptive systems in 
which “an increasing number of independent variables begin interacting in interdependent 
and unpredictable ways” [Sanders 2008]. The implications of a circular agenda are thus 
significant, and we only just begin to fathom the magnitude. Moreover, there is a proliferation 
of different interpretations concerning the meaning of ‘circular’. Some interpretations are 
essentially linear processes made more efficient, whereas other interpretations may seem ‘too 
holistic to succeed’. Accommodating circular processes in all their diversity means that 
potential contradictions in the actions we take need careful consideration. The 
abovementioned notions resonate in the Circular City research program through three, 
strongly interrelated subthemes: 1) materials & buildings, 2) nutrients recovery, and 3) urban 
energy systems. Each subtheme has its own research priorities, informed by the interplay 
between society, science and business, rooted in the definition that circular cities understand, 
establish, monitor and control circular economy principles in an urban context, whilst 
realizing the vision of a resilient, future-proof city.  
An important focus within the 1st theme is on materials that are temporarily stored in built 
constructions for diverging periods of time. Including the question how to streamline supply, 
demand and conversion processes of those materials, components and buildings on different 
time- and scale levels. The 2nd theme concerns nutrient recovery from (waste) water streams. 
At stake are methods and systems to better reutilize nutrients, materials and energy in water 
flows, as well as the integration of wastewater treatment systems on various scales in urban 
regions. The 3rd theme centres on the transition to renewable energy sources and its spatial 
and infrastructural implications, dealing with increased variability in consumption, storage 
and production, and concerning multiple energy products and services. This theme 
accentuates innovation in systems engineering & integration, energy storage, and ICT, 
adopting a citizen perspective. 
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Abstract 
 
Buildings or structures consist of materials that are joined to form functional composites to 
which a wide variety of “surface coatings” is added. Debonding of such composites is 
necessary to ensure high-quality, material-specific recycling processes. This paper describes 
tests of the debonding behavior of gypsum plaster and tiles that were attached to various 
types of concrete or wall materials such as brickwork, calcium silica blocks, or autoclaved 
aerated concrete. Selective heating with subsequent bond failure was achieved by exposing 
the interfacial layer of the materials to microwave-active substances. In all specimens 
subjected to this process, the finishing material was successfully separated from its base by 
microwave heating. No debonding was achieved in specimens without interfacial switching 
layer. Laboratory results were confirmed by tests performed using an in-plant demonstrator 
unit. In these tests, large fragments of gypsum plaster detached from the actual wall materials, 
which remained undamaged. Tiles also lost their adhesive bond to their base without 
damaging the latter. 
 
Keywords: Debonding on demand, gypsum plaster, microwaves, susceptors, wall tiles. 
 
Introduction  

 
Buildings or structures are composed of materials that are joined together to form functional 
composites to which a wide variety of “surface coatings” is added. To ensure recycling and 
reuse, it would be desirable to apply appropriate methods to completely dismantle such 
combinated materials and to separate the single components from each other either during 
demolition or in the course of subsequent reprocessing at the recycling plant. This approach 
would create the basis for achieving material-specific recycling and reuse, including feeding 
back the material into the primary product.  
Microwaves are electromagnetic oscillations ranging from 300 MHz to 300 GHz that can 
interact with materials in various ways. When a material is exposed to microwave radiation, it 
can absorb, reflect or transmit this radiation whilst a shift in the material’s behavior may 
occur in line with the temperature increase. Highly dielectric materials absorb microwaves 
whilst their non-symmetrical molecules or free ions are caused to oscillate. The resulting 
friction leads to heating from the inside out. Materials with high electric conductivity, such as 
metals, reflect microwaves on their surface, consequently such materials do not heat up. 
Microwaves pass through transparent materials with no apparent effect. 
In a research project jointly conducted by several institutions, the debonding of 
composites by microwave-induced interfacial failure was studied with a focus on two 
aspects: 

• Disintegration of concrete by comminution along the aggregate-cement paste 
interfacial layers 

• Debonding of multi-layer structural arrangements involving plaster or tiles attached 
to supporting materials  
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Parallel with the above tests to investigate the necessity of treating interfacial layers, the 
project partners also developed two “microwave ovens”, i.e. both a mobile and a stationary 
system that enabled treatment of the composite in-plant (at the recycling plant) and in-place 
(on the construction site). In the following sections of this paper, gypsum plaster attached to a 
load-bearing wall and tiles adhered to a variety of bases are used to describe the debonding 
process applied to multi-layer structural arrangements.  
 
Experimental Set-up and Materials 

 
Pertinent literature states that gypsum materials and tiles are microwave-transparent. So it is 
impossible that the finishing materials themselves react to the microwaves and are softened 
by the resulting heat development. Therefore microwave-active additives must be injected 
into or applied to the finishing materials to achieve the intended debonding effect. Various 
methods were developed for this purpose:  
 

• Case 1: Gypsum plasters are modified with the addition of susceptors that act as 
microwave-active additives so that their bonding behavior is enhanced (Fig. 1a). This 
means that gypsum plaster can heat up by itself and undergo a chemical conversion 
process, which softens it and makes it easy to remove by mechanical processes.  

• Case 2: Debonding occurs at an additionally introduced “interfacial switching layer” 
located between the gypsum plaster and its base (Fig. 1b). This interfacial switching 
layer must contain susceptors so that microwave absorption and heating occur exactly 
at the plaster-base interface. The resulting thermal stresses must exceed adhesive 
forces to ensure effective debonding.  

• Case 3: Tiles provide three options for application: adding susceptors directly to the 
tile adhesive or applying additional interfacial switching layers either directly to the 
base, which may consist of various building materials, or to the back of the tile.  
 

The tests presented in this paper concentrated on applying interfacial switching layers 
according to the arrangement shown in Figure 1 b and c.   
Irrespective of the specific case, the characteristics of materials and composites must not 
undergo significant modifications. Materials that form the supporting structure or base layer 
should be heated to the smallest possible extent. 
 

 
Fig. 1.  Model for debonding multi-layer structures 

 
To verify feasibility of the individual cases, a multi-stage program was devised to quantify 
the reactions of additives, commercially available mortars, plasters, and other solid 
construction materials and finishing materials to microwave radiation. The first step involved 
investigations of the microwave coupling behavior of different susceptors that were either 
taken from the literature or derived from own observations and that were potentially suitable 
as additives to gypsum plasters or for the interfacial switching layer. In the second step, tests 
on commercially available grout mortars and tile adhesives as well as various solid building 
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materials such as concrete, brickwork, minerally bound wall materials, natural stone etc. were 
performed. The results obtained from these tests were used to choose specimens from support 
materials to which gypsum plaster or tiles were applied. The contact surfaces between the 
materials were designed so that the debonding was expected.  
The bonding behavior of investigated additives and building materials was assessed indirectly 
as a function of the surface temperature. For this purpose, identical test specimens with 
dimensions of 40 × 40 × 160 mm were produced and treated for 20 minutes during static 
storage in a laboratory microwave system with an output of 750 W. The microwave treatment 
followed the same procedure both with respect to the equipment and to process execution.  
Specimens used for the investigations on susceptors consisted of calcium sulfate dihydrate, 
which is microwave-transparent. Prior to producing the prisms (with a water/gypsum ratio of 
0.6), a certain amount of susceptors were added to the gypsum used to fabricate the dihydrate 
prisms. Prisms were stored at the laboratory until they reached equilibrium moisture. 
Specimens should be identical in terms of porosity and total water content. Variable 
parameters include the type and quantity of the susceptor whose influence has to be 
determined. Prisms produced from tile adhesives or building materials were dried to mass 
constancy prior to microwave treatment. 
Debonding tests to separate multi-layer composites according to Case 2 (Fig. 1) were 
performed on slabs (150 mm × 150 mm × 40 mm) made of concrete, calcium silica brick, 
autoclaved aerated concrete, and brickwork. A susceptor-modified interfacial switching layer 
was applied to the surface and then covered with gypsum plaster. Moreover according to 
Case 3, the interfacial switching layer was directly applied either to the slab or to the tile. As 
additional variant, the tiles were applicated on a plasterboard. Commercially available tile 
adhesives were generally used.  
An infrared camera, mounted outside the process chamber, was used to perform temperature 
measurements in a discontinuous pattern at 60-second increments in the first ten minutes and 
120-second increments until the end of the treatment. Both maximum and mean surface 
temperatures were recorded during the entire process. Emission parameters of the building 
materials that were necessary to ensure accurate temperature measurements were taken from 
the literature [25].  
 

 
Fig. 2: Test setup with gypsum specimen 

 
Experimental Observations 
 
The comprehensive comparative tests carried out during the course of the project for the 
identification of suitable susceptors and the self-coupling behavior of different mineral 
building materials systems will not be discussed at this point. 
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Debonding of Multi-Layer Structures  
 
According to the above results, it is relatively easy to remove gypsum plaster from a 
supporting base if the plaster is modified by adding a susceptor, as shown in Case 1 in Fig. 1. 
Black graphite used as an additive leads to strong discoloration of the white plaster. However, 
it is questionable whether gypsum producers or end-users would tolerate grey to black 
gypsum plaster varieties.  
The second option of debonding gypsum plaster from its base is to apply an interfacial 
switching layer, which acts as a predetermined breaking point under microwave exposure. 
This option does not change the color of the gypsum plaster. Successful debonding was 
demonstrated for all test specimens. Only minor amounts of up to 20% of gypsum plaster 
remained on the base and were debonded in a subsequent treatment step. Depending on the 
material, complete debonding required a mean treatment duration between 100 seconds for 
the gypsum-V brick specimen and 660 seconds for the gypsum-concrete specimen. Among 
other possible causes, these differences could be due to varying adhesive tensile strength 
parameters of the materials but also to the diverging patterns of absorption of irradiated 
energy exhibited by the materials themselves. 
 

 
Fig. 4.  Specimens with gypsum plaster prior to (top) and after (bottom) microwave treatment 

 
Tile removal tests also demonstrated successful debonding in all cases, irrespective of the 
interfacial switching layer being located directly on the building material or on the tile. 
Complete and smooth separation was achieved, accompanied by an audible sound. The 
required mean treatment duration ranged from 62 to 76 seconds. Tiles could not be separated 
from the reference specimens without added susceptors.   
  

 
Fig. 5. Specimens with tiles prior to (top) and after (bottom) microwave treatment  
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Supplement 
 
First tests with an in-plant demonstrator unit were carried out. The tiles and the gypsum 
plaster were separated from the base material in all cases, if the interfacial switching layer 
was applicated.  
 

 
Fig. 6. In-Plant demonstrator unit 

 
Conclusions 
 
Composite materials such as those used in contemporary buildings can make it difficult to 
recycle construction waste and demolition debris. Experimental tests were thus conceived to 
verify if and to what extent microwave treatment would be suitable for debonding such 
composites. Several varieties of gypsum plaster and tiles applied to concrete or wall materials 
were used for this purpose. An interfacial switching layer located between the supporting and 
finishing materials absorbs microwaves, which causes its temperature to increase.  
Supplement 
It was found that the separation cannot be realized by the temperature rise alone. In addition, 
an expansion must take place at the interfacial switching layer, which may be achieved by 
further additives. 
A multi-stage test program found that certain types of graphite are well-suited to creating 
such a interfacial switching layer. These graphites were used in the plaster debonding tests. 
Plaster was added after their application to the wall surface. In the tile tests, the interfacial 
switching layer was applied either directly to the base or to the surface of the tile adhesive. In 
all specimens prepared, the finishing material was successfully debonded from its base in the 
course of microwave treatment. No debonding was achieved in specimens without added 
interfacial switching layer.  
Laboratory results were consistently confirmed by tests performed on an in-plant 
demonstrator unit. Large fragments of gypsum plaster detached from the wall materials, 
which remained undamaged. Tiles also lost their adhesive bond to their base and were held in 
place merely by the pointing mortar. Supporting layers were not damaged.  
Next research steps will concentrate on the development of additional interfacial switching 
interfacial layer designs as well as the installation of an in-place demonstrator unit suitable 
for use directly in buildings.  
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ABSTRACT 
 
Construction and demolition waste (C&DW) represents one of the EU's largest waste 
streams. Eurostat (2010) estimates a C&DW generation of 970 Mton/year in the EU-27 (±2 
ton/inhabitant), with an average recovery rate of 47% [1]. To reach a higher recycling rate, 
higher-purity material streams from C&D works are required. These can be obtained by a 
better sorting at the source, i.e. selective demolition.  
 
We performed 5 demolition case studies in Flanders to assess the opportunities and 
challenges of selective demolition processes, both on industrial and residential buildings. 
Furthermore, a new quality management and traceability system, developed by Flemish 
construction confederation VCB, was tested in 3 of these case studies. This monitoring 
system aims at the certification of waste streams that originate from selective demolition. For 
the different case studies, different bottlenecks and best practices were defined.  
 
In these case studies, the selectivity of the demolition is driven by the economic incentives of 
the Flemish market (high landfill fees and differential gate fees at recycling plants) and 
obligations from Flemish/Belgian legislation (e.g. mandatory elimination of asbestos and 
other hazardous materials). These incentives make “semi-selective demolition” current 
practice in the Flemish region. We define semi-selective demolition as a demolition work 
where the demolition company selectively collects all hazardous substances and that part of 
the non-hazardous substances that would overly reduce the quality of the stony fraction. The 
selective collection of the latter is determined by their value, the acceptance policy of the 
crushing installations of the stony fraction and by the time consumed for selective removal. 

 
Keywords: case studies; demolition; stony fraction, current practices. 
 
INTRODUCTION 
 
Construction and demolition waste (C&DW) represents one of the EU's largest waste 
streams. Eurostat estimates an annual C&DW generation of 970 Mton in the EU-27 (almost 2 
ton per inhabitant), with an average recovery rate of 47%. In the Flemish region (Belgium), 
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this recovery rate is >90%, since the stony fraction of C&DW is recycled for almost 100% as 
recycled aggregates. However, these recycled aggregates are mainly used in low-grade 
applications (e.g. subfoundations) and this market is getting increasingly saturated. Therefore, 
the development of more high-grade applications is needed. These high-grade applications 
require higher-purity material streams, which can be obtained by a better sorting at the 
source, i.e. selective demolition. 
 
METHODOLOGY 
 
VITO, in cooperation with OVAM and VCB, performed 5 different demolition case studies 
in Flanders to assess the opportunities and challenges of selective demolition processes, both 
on industrial and residential buildings. These case studies were performed within the H2020 
project HISER and in projects commissioned by the Flemish waste agency OVAM. The case 
studies were monitored by field visits and a follow-up of the treatment certificates of the 
produced material streams. 
 
In 2 case studies, the demolition works were documented without interfering in the process in 
order to assess the Flemish business-as-usual (BAU) demolition practices. We selected a 
complex with 20 apartments and an old milk factory for this task (Figure 1). 
 

 
Figure 1. BAU case studies (left: apartment complex, right: old milk factory). 

 
Furthermore, a new quality management and traceability system, developed by the Flemish 
construction confederation VCB, was tested in 3 case studies. This monitoring system aims at 
the certification and quality assurance of waste streams that originate from selective 
demolition. We selected the following buildings: a single family house, a residential care 
center and part of an incineration plant (Figure 2).  
From the different case studies, different bottlenecks and best practices were defined.  
 

 
Figure 2. Case studies for the testing of the monitoring system (left: single family house, middle: 

residential care center, right: incineration plant). 
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RESULTS & DISCUSSION 
 
In a first stage of a BAU demolition project, the hazardous substances (e.g. asbestos, 
mercury-containing lamps, PCB-containing equipment) that are present in the buildings are 
removed (decontamination). The performance of this decontamination step mainly depends 
on legislation and law enforcement.  
 

 
Figure 2. Hazardous materials (left: PCB-containing transformer, middle: mercury-containing lamps, 

right: asbestos). 
 
Afterwards, easily removable materials (e.g. furniture) are removed. After the building is 
stripped the structural elements are demolished by a crane or other equipment. Also in this 
phase, several material streams are sorted separately (e.g. window frames, metal pipes). This 
selective collection of non-hazardous substances is driven by economic incentives. For 
selective demolition to become standard practice, the following challenges have to be tackled: 
 

• A lack of cost efficient techniques for the selective deconstruction and removal 
of “complex” materials. In several studied case studies, this was the case for the 
removal of gypsum plaster. The presence of gypsum plaster in the stony fraction 
hampers high-grade recycling but selective removal is labor-intensive. A similar 
problem arised with the removal of organic insulation materials (e.g. PUR foam) 
(Figure 3). The presence of the latter is expected to be higher in the demolition 
projects of the future. It is important to continue to invest in research to efficiently 
remove these complex materials and design construction products that are easier to 
dismantle. 
 

• A need for valorization pathways for the selectively removed fractions. The extra 
costs for selective demolition (including labor costs, extra containers and transport) 
need to be countered by lower disposal costs (or a higher positive value) for the 
produced fractions. Better valorization routes and/or improved logistics are needed 
for certain fractions (e.g. insulation materials, gypsum). 
 

• Market development for high-grade recycled aggregates. The production of a 
stony fraction that is suitable for high-grade recycled aggregates requires extra 
demolition steps (e.g. selective removal of gypsum, glass). A more and better 
valorization of high-grade recycled aggregates (e.g. the use in high-grade concrete) 
will lead to differential gate fees for stony fractions of different qualities at recycling 
companies. Next to technological challenges, this also requires an increase of the 
public acceptance and a change in norms and standards. 

 
• Public procurements often have a strong focus on the financial aspects of 

demolition works. If authorities want to promote selective demolition, they could 
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demand the selective removal of certain fractions in the specifications of their public 
procurements. 

 

  
Figure 3. Examples of complex insulation materials that are difficult to dismantle (left: expanded 

polystyrene, right: polyurethane foam). 
 

The case studies also indicated a big quality difference in pre-demolition waste inventories. 
Some inventories are of such low quality that they are not considered useful by the 
demolition contractors. An incomplete inventory can seriously hamper the selectivity of the 
demolition process. Additionally, there is often not enough knowledge on the potential 
presence of hazardous substances (e.g. PCBs, tar). Therefore, the contractors recommend 
training and a certification program for the experts composing the inventories. This is one of 
the problems that the quality management system developed by VCB tackles. 
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ABSTRACT 
 
Since a few years, the construction sector is focusing on minimizing resources exploitation 
and waste arising on construction sites. The European Commission has highlighted 
prevention and reuse as key actions for waste management. The Brussels Capital-Region is a 
densely built region, generating more than 600 000 tons of C&D waste each year. However, 
most waste is exported to the other regions, due to limited availability of waste collecting and 
recycling plants.  
This has been one of the arguments in the political engagement of the Brussels Capital-
Region in favor implementing a Regional action Plan for Circular Economy, with focus on 
reuse (and not recycling) of construction materials, especially in renovation projects. 
Within a large development project (‘eco-quartier’), a concrete experiment has been 
conducted on deconstruction of construction materials for reuse in the same building – 
originally a common demolition scenario was envisaged. Several tons of materials (wall and 
floor finishing) have been salvaged from a building by a deconstructor. These materials have 
been prepared for reuse and then sold to the owner of the site in agreement with his 
architects. All parties involved in the project benefited from this action since the contractor 
found an economic advantage compared to a conventional demolition, the deconstructor was 
able to employ low-skilled workers paid by the resale of materials salvaged and prepared for 
reuse and the architect and his client found an aesthetic and patrimonial aspect in the 
proposed materials good enough to reuse them on site. 
The paper describes all the steps and necessary conditions to succeed in reuse in construction 
from the point of view from the deconstructor, the contractor, the architect and the owner. 
This reuse experiment is a good example of the way to apply circular economy in the 
construction sector.  

Keywords: deconstruction, reuse, circular economy, urban mining, renovation. 
 
CIRCULAR ECONOMY AND URBAN MINING 
 
The Brussels Capital-Region is a densely built region, generating more than 600000 tons of 
construction and demolition (C&D) waste each year. Due to a lack of space availability, most 
waste is exported to the other regions. Moreover, due to the absence of materials producer on 
the regional territory, most materials are imported.  
The European Directive on waste of the European Parliament and Council has highlighted 
prevention and reuse as key actions for waste management (EU, 2008). These key actions on 
waste shall apply as a priority order in waste prevention and management legislation and 
policy. 
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Given that facts, the Brussels Capital-Region government engaged in 2016 in favor of 
implementing a Regional action Plan for Circular Economy, with focus on reuse of 
construction materials, especially in renovation projects (be.brussels, 2016). 
 
Circular economy in the construction sector has gained huge interest given that the sector 
has to focus on minimizing raw materials exploitation and waste arising on construction site.  
Among other principles regarding construction design for flexibility and development of new 
business models, the circular economy considers waste as resources and existing buildings as 
urban materials banks to mine. In practice, the circular economy minimizes the production of 
waste by repairing, maintaining, reusing products, remanufacturing and recycling materials 
(WEF, 2016). 
 
Recovering materials from existing buildings, as expected in the concept of urban mining, 
can reduce the extraction of raw materials. In order to exploit our existing or future buildings 
in this sense and to consider them as real materials banks, different actions can be envisaged. 
 

• The first step is to collect information on the built elements and the materials used. For 
existing buildings, this step can be achieved by a pre-demolition audit. It consists of a 
detailed record of the elements (material, quantities, dimensions, possible treatment path) 
and can be used for planning and optimizing deconstruction. 

• Secondly, in order to be able to dispose of materials at the end of their lives or to 
encourage their return a new life cycle, it is essential to act at the source by the selective 
deconstruction of the building elements. Selective deconstruction for reuse is an objective 
that has to be measured according to economic (price of new materials compared to the 
cost of reuse materials), technical (toxicity, mechanical and esthetical properties, ease of 
disassembly, etc.) and variable criteria (recurrence of elements, antiques, etc.). 

• Thirdly, after being carefully deconstructed, in order to really reuse construction elements, 
some actions have to be done to prepare elements for reuse. The preparation phase for 
reuse involves several steps: packaging, transport, repair, cleaning, documentation, 
storage, promotion and sale. Repair and cleaning are operations specific to each of the 
deconstructed elements for reuse that can be carried out by various chemical (solvent), 
mechanical (sandblasting, brushing or shot blasting) or thermal (heating or thermal shock) 
actions. 

 
CASE STUDY OF DECONSTRUCTION FOR REUSE 
 
Circular economy and urban mining principles have been applied through deconstruction and 
reuse experiment within a large development project in Brussels.  
A building on the site had to be renovated and a common demolition scenario was originally 
envisaged. Discussions with the contractor on the environmental and economic benefit of an 
assessment of the reuse potential of some built elements convinced him to achieve an 
exemplary deconstruction in place of a demolition within the same time schedule. 
The first step of the deconstruction process consists of achieving a pre-demolition (pre-
deconstruction) audit in order to identify, to note down and to quantify existing elements that 
represent a potential for reuse in or out site. The audit was completed by a testing of 
deconstruction in order to confirm and to give priority to elements easily salvageable and to 
distinguish elements that could lead to some difficulties and loss of materials. At the end, as 
shown partially in Figure 1, a summary table includes a photographic report, the type of 
element and its location, the quantity to be recovered (in area) and the estimated total mass. 
On the site, approximately 6 tons of ceramic soil covering tiles, 3 tons of enameled wall tiles, 
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1 ton of marble window shelf and 0.5 ton of marble fireplace mantel were sure to be carefully 
deconstructed. 
 

 
Figure 1. Pre-demolition audit (partial) realized before selective deconstruction of construction 

elements (source: Rotor) 
 
The second step of the process consists of the deconstruction itself.  
Firstly, materials must be carefully dismantled from their support by the use of specific tools 
and techniques of deconstruction (see Figure 2, above left) (tilting chisel, gently give repeated 
hammer blows, etc.). Unfortunately, this stage leads to waste production given that all 
materials are not technically salvageable: breakage, chipping, difficulty of deconstruction, 
etc. On the site, approximately 50% of the estimated amount of soil tiles was lost during 
deconstruction. 
 
Secondly, the materials recovered in good condition must be packed in boxes adapted to their 
dimensions and their transport (see Figure 2, center). 
 
The third step is the preparation for reuse. This step is divided into many stages including the 
transport between the site and the warehouse of the deconstructor. Back to the deconstructor, 
the elements are cleaned, inventoried and studied on the historical level in order to 
characterize them in the best way for resale for reuse (see Figure 2, right and bottom left). 
The cleaning of the ceramic tiles is carried out by dipping the elements in an acidified water 
bath so as to remove the maximum of mortar present under the tile and on its lateral faces. 
The residual mortar is then removed by brushing and rinsing the elements. Historical study on 
the tiles revealed that some tiles were locally produced (in Belgium) during the sixties. 
Finally, according to this deconstruction process, ceramic tiles have been put on sale at the 
price of 57 €/m² (65 m² of 10 x 10 cm red ceramic tiles) and 49 €/m² (65 m² of 10 x 10 cm 
beige spotted ceramic tiles). In Belgium, this price is comparable to the price of a new tile 
top-of-the-range, but remains cheaper than identical tiles (old fashioned tiles). 
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Figure 2. Actions for preparation for reuse: deconstruction (above left), transport and cleaning 

(center), documentation (right) and sale (bottom, left) (source: BBRI and Rotor) 
 
LESSONS LEARNED FROM PILOT SITE 
 
All parties involved in the project benefited from this experiment: 

• Deconstruction was accomplished during 16 days-men (with 5 low-graduated workers but 
highly skilled in finishing works) and 5 days-men of supervision works. Everybody has 
been paid by the resale of materials salvaged and prepared for reuse. 

• Some floor covering tiles have been sold to the owner of the site in agreement with his 
architects (so, the reuse was applied on site). The price was higher than the conventional 
price of the tiles originally planned (24 €/m² for bottom-of-the-range tiles) but the owner 
found value added to the salvaged tiles (mainly esthetical and patrimonial) sufficient to 
pay to reuse them. Moreover, the quality of the salvaged tiles is higher than new bottom-
of-the-range tiles. 

• The contractor found an economic advantage compared to a conventional demolition since 
more or less 5 tons of materials, freely managed by the deconstructor, were not due to be 
evacuated by the demolisher. 

 
Ideally, and it was the case in this experiment, the pre-deconstruction audit should be 
achieved by a ‘deconstructor’ who is aware of the demand on the market for second-hand 
materials. In this way, the materials are quickly identified and resold since the demand is pre-
existing to the deconstruction action. 
This reuse experiment is a good example of the way to apply circular economy and to support 
sustainable development in the construction sector: social and economic aspect was 
reinforced by the enrollment of local low-skilled workers, environmental benefits derived 
from reuse are mainly related to the preservation of the extraction of new resources and 
economic benefits reside mainly in the resale of valuable materials that were originally 
intended to be crushed and downcycled.  
Moreover, for densely built region such as Brussels, depending on importation of 
construction materials and exportation of C&D waste, deconstruction for reuse may really 
support the development of local economic activities and the creation of non-relocatable 
employment. 
 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

16

FUNDING  
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Abstract 
 
The ever-increasing interest on sustainable raw materials has urged the quest for recycled 
materials that can be used as a partial or total replacement of fine fractions in the production 
of concrete. This paper demonstrates a modelling study of recycled concrete waste fines and 
the possibility of turning them into active constituents for the production of concrete. When 
construction demolition waste (CDW) fines with particle size 0 - 4mm are exposed to a hot 
environment, different reactions will occur, especially dehydration and phase changes. A one- 
dimensional (1D) transient model is developed to predict the conversion of the hydrated 
concrete fines into their dehydrated state, in which the key processes inside the particle and at 
the boundary layer outside the particle are properly addressed. The model predicts a final 
composition of the particle that resembles cement clinker, which means a high potential for 
reuse in manufacturing concrete. Finally, model results for the mass loss during conversion 
are experimentally validated using thermogravimetric study. 
 
Keywords: Modelling, dehydration, demolition,  concrete, recycling. 
 
Introduction 
 
The quantities of construction and demolition wastes (CDW) have been increasing 
significantly in the last decade and the trend is even expected to rise progressively for the 
decade ahead. Hence, a sustainable way of managing CDW is mandatory in order to abate the 
problems associated with waste disposal and resource utilization. There have been a number 
of attempts to recycle construction demolition wastes and specifically concrete [1]. So far, the 
coarser fractions have been successfully recycled and implemented into new concrete mixes 
and road bases. However, there is only little effort to recycle the CDW fine fractions (0- 
4mm) and this part of research is lagging compared to its corresponding coarse fraction.  The 
use of fine recycled materials in the construction industry is seldom practised and the CDW 
fines usually end up in a landfill. Due to the serious environmental problems posed by the 
dumping of construction demolition wastes and the potential of producing low-CO2 
Calciumsilicates, it is necessary to look for ways of recovering the important minerals out of 
the construction demolition wastes. 
Unlike most research articles, where thermal decomposition of concrete has been studied to 
examine the property of concrete during fire[2][3][4] , this article prompts the attention and 
the possibility of reusing End of life (EoL) concrete wastes after being activated through 
thermal treatment.    
Shui et al. reported on the potential use of CDW fines for further use in the concrete industry 
and their potential to be rehydrated to form cement paste [5]. Accordingly, when a hydrated 
cement paste is exposed to different temperatures ranging 300-900 °C, it loses most of the 
free and bound water. When rehydrated again, positive results such as quick setting time, 
rapid rehydration rates and reasonable compressive strength were noticed [5].   
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The most common effort to recycle the fine fraction of CDW is to use thermal energy and 
comminution[6]. This helps to activate the fine faction by getting rid of the bound water 
embedded in hydration products of concrete.     
This paper presents a 1D modelling effort to fully address the detailed phenomena that occurs 
when CDW fines are exposed to high temperatures. The particle model assumes a spherically 
shaped particle and this particle is discretised into a number of spherically shaped concentric 
circles (control volumes) where the momentum, energy and species transport equations are 
numerically solved at each control volume by using a finite volume method [7] [8].     
 
Mathematical modelling 
 
When fine particles from concrete demolition wastes are exposed to a hot environment, they 
will undergo a series of reactions, including dehydration, dehydroxylation, phase 
transformation and decarbonation. The reactions considered in this study are summarized in 
Table 1:  

Reaction E [kJ/mol] A [s-1] Reference 
H2O (l) ⇌ H2O (g) 88 5.13e+10 [9] 
Ca(OH)2 ⇌ CaO + H2O(g) 151.82 6.566e+7 [10] 
(CaO)aSiO2(H2O)b ⇌ (CaO)aSiO2(H2O)b-c + 
c.H2O(g) 

225 4.85e+8 [10] 

CaCO3 ⇌ CaO + CO2(g) 203 8.02e+7 [11] 
SiO2 (α) ⇌ SiO2  (β) 274 1.75e+10 [12] 

Table 1. Chemical reactions included in the model and their respective kinetic parameters (E, 
Activation energy and A, frequency factor). 
 
Integration in time proceeds by updating particle property at a new time t + ∆t from initial 
parameters at time t. The model involves the calculation of coupled partial differential 
equations of energy and species transport to obtain detailed profiles of temperature, particle 
composition and other properties. The equations that govern the heat and mass transfer with 
in the particle and its surrounding are:   

                     (1) 

where , , t, , , , µ, P, r, h, keff, T, , Sh, Yj and represent the porosity, gas 

density, time, gas velocity, source term in gas mass conservation equation, permeability, gas 
dynamic viscosity, pressure, radius, sensible enthalpy, effective heat conductivity, 
temperature, diffusion flux of gas species in the gas mixture, source term to the energy 
equation, mass fraction of gas species j, and source term to j-th gas species transport equation, 
respectively.  
The boundary conditions at the particle surface are evaluated based on reference conditions 
which are approximated based on averaging calculations [13] and hence all properties at the 
particle boundary are calculated based on these parameters. The heat and mass transfer 
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coefficients ( and , respectively) between the particle surface and its boundary 

surrounding are evaluated from Nusselt number ( ) and Sherwood number ( ) [14]. For 
spherical particles, the empirical correlations of heat and mass transfer coefficients are 
calculated as:  

                                                      (2) 

Where dp, kg, DAB, Pr and Sc are the particle diameter, gas conductivity, molecular diffusivity, 
Prandtl number and Schmidt number. The Reynolds number, Re is calculated based on the 
freestream density, ρ∞ and the viscosity, µ in the boundary layer [�� = ����� − �
��
 �⁄ ], 
as it is the ratio of inertia to viscous forces. The source term on mass conservation equation of 
gaseous species is based on the generation of gaseous species due to the rate of reaction from 
Arrhenius’ equation where ���� = �����(−�� ��⁄ )��, where Ai, Ei, T and ρi are the pre-
exponential factor, the activation energy, temperature and the density of the consequent 
species, respectively.  
 
Numerical Method  
 
The particle geometry is divided into a number of spherical shells (or cells) in the radial 
direction. The governing equations shown above (Eq. 1) are discretized using the finite 
volume method. For all the transport equations, the fully implicit scheme is used for transient 
terms. The upwind scheme is applied for the convection term, and the central difference 
scheme is employed for the diffusion term. A staggered grid is used for velocity components. 
The grid-independence of the solution has been tested to secure sound numerical results. 
Accordingly, for the 1D model of a 1mm diameter spherical particle, the particle is divided 
into 40 concentric spherical shells and a time step size of 1 ms is used in the transient 
modelling. All the above processes are numerically implemented into C++ code and solved 
using Tridiagonal Matrix Algorithm (TDMA) solver.    
 
Experimental study 
 
Thermogravimetric analysis was carried out using NETZSCH simultaneous thermal analyser 
TG-449-F3-Jupiter under controlled atmosphere. In our case Argon gas was used. About 32.4 
mg of CDW fines (with particle size < 0.1 mm) was placed on a Pt crucible. The sample was 
heated to a maximum temperature of 1000 °C at a heating rate of 10 °C per minute. The mass 
loss history conveyed from the TGA study is used to validate the model results.     
 
Result and Discussion 
 
The transient 1D model predictions and final results are based on the initial composition and 
assumptions of the concrete fine fractions. For instance, the porosity and the permeability of 
the model is assumed constant, the spherical concrete fines are represented by a spherical 
shaped particle of 1mm in diameter which has the initial composition of 10% moisture, 15% 
Ca(OH)2, 35% of SiO2, 40% CSH and 10% CaCO3. When such a particle is exposed to a hot 
surrounding at 1000 °C, the particle surface is the first to get the influence of heating. The 
heat and mass transfer is therefore commenced by convection and radiation. As it reaches the 
surface, the heat transfer is ruled by conduction. The mass transport due to evolution of gases 
is through diffusion. Figure 1 depicts the temperature profile of the particle, showing that the 
particle surface experiences a higher temperature than the particle core until the particle 
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becomes isothermal at equilibrium. The observed differences in temperature between the 
particle surface and particle core at the earlier time is due to the outward diffusion of water 
that impedes the inward movement of heat. Eventually the particle becomes isothermal after 
16 seconds.         
 

 
Figure 1. The evolution of temperature at particle surface and particle centre. 

 
Once the advancement of particle temperature from the surrounding to the entire particle is 
implemented, the reactions described in Table 1 will commence as the particle temperature 
rises. Accordingly, dehydration, dehydroxylation, phase transformation and decarbonation 
reactions will continue. The extent of consumption of solid species and generation of gaseous 
species (new solid species) depends on the activation energy and frequency factor of each 
reaction. Therefore, the consumption of Portlandite and limestone generates new species CaO 
and H2O (g). CSH is decomposed into new species C2S which is one of the active 
components that exist in Portland cement. α-SiO2 is transformed to β-SiO2, but again 
transforms back to the α-SiO2 on cooling. Figure 2 explains the changes in composition of the 
construction demolition waste fines modelled based on the above case.  

 
Figure 2. Changes in composition of solid species inside the particle model. 
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Since the ultimate objective of this study is to evaluate the final composition of the CDW 
fines after heat treatment and assess their suitability for recycling, the model prediction 
confirms the suitability of the final composition by correlating with the composition of 
cement clinker. Figure 3 shows the final composition of the particle model after being 
exposed to high temperature in terms of CaO, β-C2S, SiO2, CSH and CaCO3. The presence of 
CSH in the final composition indicates the difficulty of removing the interstitial water 
molecules that makeup the CSH crystals [10] . Apart from CSH, the presence of all other 
components i.e. CaO, β-C2S, SiO2 and CaCO3, shows the similarity of model composition 
with cement clinker. This assures the suitability of CDW fines for reuse in the production of 
concrete. The presence of CaCO3 in the final composition will not have any negative effect 
on the property rather one can easily realize the attempt to recycle concrete fines by thermal 
treatment is a green method, as CaCO3 is hardly decomposed. Process temperature can be 
controlled to tailor the desired products and of course to deal with the economics of 
recycling.    

 
Figure 3. The final composition of CDW fines after exposed to 1000 °C for 20s. 

 
Comparison between particle conversion profile of the model and mass loss experiments 
under thermogravimetric (TG) conditions is provided in Figure 4. The conversion in this 
context is based on the initial and final amount of water 
(����������, � = (!� − !") (!� − !#⁄ )) where mi, mt and mf are the initial mass of water, 
the mass of water at time t and final mass of water, respectively. In order to reasonably 
compare the model prediction with the experimentally recorded mass loss, the conditions in 
the model are appropriately adapted to mimic the heating rate and atmosphere of TGA. As 
such, radiation model is disabled in the model, the ambient gas velocity is set to a negligible 
value, and the ambient gas temperature is set as a linear function of the heating rate (10 
°C/minute).  As shown in Figure 4, the conversion profile recorded in TG analysis and the 
model prediction show acceptable agreement. Keeping in mind the differences in details of 
heat and mass transfer in the TGA environment and other uncertainties, the small discrepancy 
can be understood.  
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Figure 4. Validation of the conversion profile of model with scaled mass loss recorded in 

TGA (32.4 mg fines, 10 °C/min, and 1000 °C). 
 
Conclusion 
 
The dehydration of concrete fines has been studied numerically by developing a 1D transient 
model using C++ code.  The model is capable of predicting the changes in composition when 
the fine fraction from construction demolition wastes are exposed to high temperature. 
Consequently, the final composition of the CDW fines show similar composition as that of 
cement clinker providing potential for reuse and for substituting cement partially or fully 
depending on the recipe of the target concrete.    
The model can further predict the optimum process conditions that may help to convert the 
concrete waste fines into a reactive composition to reasonably address the cost and 
application balance of the recycled end product.  
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ABSTRACT 
 
Air jigging technology has been highlighted as a promising method for the sorting of recycled 
aggregates from CDW. In this study, the broadening of its application for CDW recycling by 
the combined removal of unwanted stony materials and low-density organic compounds is 
discussed. Tests were performed with binary mixtures containing concrete and brick particles 
in which gradual portions of gypsum, wood and paper were added. Experimental results have 
evidenced that under different operational conditions and using different contamination level 
it was possible to separate both the stony fraction and low-density materials in one single 
stage. The content of contaminants used in the system seemed do not have significant effect 
on the separation performance. Also, the separation extent was slightly sensitive to the 
jigging cycle used. In relation to the sorting of organic contaminants only, the performance 
obtained with the air jig can be considered comparable to that of sensor-based sorting and air 
classifiers systems. Further investigation should focus on appropriate device and process 
adjustments seeking the practical application of the technique in recycling plants. 
  

Keywords: Air jigging, Multi-component separation, Mixed waste. 

 
INTRODUCTION 
 

Recent studies [1, 2] has pointed out the air jigging as a promising technique for 
quality improvement of coarse recycled concrete aggregates (RCA). Among the benefits of 
using air jigging instead of other more traditional processes are the absence of processing 
water, resulting in environmental and economical advantages, and the satisfactory results 
observed in pilot-scale experiments [2]. For instance, Sampaio et al. [2] obtained products 
containing more than 90% in mass of pure concrete from mixtures previously contaminated 
with brick and gypsum. However, even though it is a cheap option compared to wet based 
processes, air jigs can represent a considerable fraction of purchase and operational costs in a 
typical recycling plant [1]. Given the importance of become RCA more competitive, the 
search for solutions to upgrade its quality while keeping recycling costs at a minimum is 
mandatory. In parallel, since air jigs have shown a good performance in the removal of stony 
contaminants from concrete, the separation of lighter materials commonly found in mixed 
construction and demolition wastes (wastepaper, wood, plastics, etc) is potentially a simple 
task. The success of this strategy could result in economical and technical benefits since it 
would concentrate the removal of several contaminants in only one process step, thus making 
the recycling process simpler. In order to evaluate such possibility, the objective of the 
present work is to examine the capability of air jigs to simultaneously carry out the separation 
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of stony and non-stony impurities from concrete in only one single stage. The sorting results 
are encouraging since they seem to demonstrate the potential of air jigging devices for use in 
multi-component separation. 
 
EXPERIMENTAL SETUP 
 
The tests were carried out in a pilot scale air jig model AllAir® S-500 from AllMineral with 
capacity of approximately 50 kg per batch. The jigging system is composed by an air feeding 
unit, a separating chamber, dust collect unit and control panel. During operation, the particle 
bed placed inside the separating chamber (Fig. 1a) is submitted to pulsations generated by an 
airflow which enters through a perforated plate under the bed, being controlled by a flutter 
valve. After several pulses, the differences in grain motion of particles derived from their 
different densities result in a stratified bed with the heavier particles located in the lower 
layers and the lighter ones in the upper layers.  

The materials used in the tests consisted of binary mixtures of concrete (type 30 Mpa 
at 28 days) and brick in the size range of 12-20 mm in which pre-determined quantities of 
gypsum, wood and paper were added. The bulk volumes of concrete and brick were choose as 
that necessary to completely fill two layers of the separating chamber (500 x 500 x 25 mm), 
corresponding to approximately 13,500 g of brick and 18,300 g of concrete (Fig. 1b). Wood 
and wastepaper were comminuted manually in order to avoid the presence of larger pieces 
inside the system. 

 

 
                                   (a)                                                     (b) 

Figure 1 - Mixture placed inside the separating chamber (a); Sampling configuration used 
during the tests (b). 

 
Five mixtures containing increasing amounts of contaminants were prepared: 0%, 

1%, 2.5%, 4.6% and 9% in mass percent of the total mixture. Among the contaminants, the 
mass proportions were kept in 40% of gypsum, 40% of wood and 20% of wastepaper. 
Operational conditions were kept constants and equal to 160 RPM (pulse frequency), 80% 
(airflow, measured in percentage of fan power) and 120 s (jigging time). After each test, the 
products contained in the layers were collected separately and carefully separated by hand. 
The separation extent was evaluated based on the composition of each stratum. 
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RESULTS 
 

Experimental results indicated that the air jig was able to effectively remove both the 
stony and non-stony undesired contaminants. Also, the initial content of contaminants seems 
to have a negligible effect on the separation performance. Except in case of absence of light 
contaminants, the general separation profile consisted of a top layer covered by paper, wood 
and gypsum, a middle layer plenty of brick and a bottom layer mainly composed of concrete 
particles (Fig. 2). For the specific case illustrated in Fig. 2 (9% in mass of contaminants), the 
top of the separating chamber was open in order to allow the pieces of paper to be carried out 
by the airflow. As can be seen, virtually all the wastepaper was dragged out from the system. 

 
                          (a)                                        (b)                                       (c) 
Figure 2 - Top view of the products after jigging for 9% of impurities. (a) Top layer; (b) Middle layer; 

(c) Bottom layer. 
 

The separation results for concrete are displayed in Fig. 3. The sorting performance 
was evaluated in terms of concrete content and recovery (mass of concrete in the product 
related to the total mass of concrete in the system). The effect of the variation of the cut point 
was also evaluated. In this sense, two cases were taken into account: by considering as 
product only the material contained in the layer 1 or by considering as product the material 
contained in layers 1 and 2. For the five cases studied, the average purity and recovery of 
concrete in layer 1 were of 90% (± 3%) and 49% (± 2%) in mass, respectively. If layer 2 is 
also sampled as a product, then significant increases in concrete recovery is obtained at the 
expense of increase in contamination degree. In this case, the average concrete content 
decreases to 80% (± 3%) and the recovery degree increases to 84% (± 4%). For all mixtures, 
the products obtained (one or two layers) contained less than 1% in mass of the most 
undesired components (gypsum, wood and paper) and approximately 90% in mass of 
concrete, which meets the requirements set out by several countries to classify the jig 
products as coarse RCA [3]. 

 

 
Figure 3. Concrete content and recovery in function of the contamination level. 
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CONCLUSIONS 
 
The usage of air jigs in the treatment of mixed CDW was studied. Experimental results have 
indicated the potential of the combined use of batch jigging to separate concrete from both 
stony and non-stony contaminants in only one single stage. For removal of organic materials 
(wood and paper), the air jig showed a performance similar to that of commercial sifter 
systems and sensor-based sorters [4]. The possibility of combination of two separation stages 
in the air jigging stage could be useful in order to decrease the related costs in recycling 
plants. However, further studies are necessary in order to evaluate the industrial applicability 
of such method. 
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ABSTRACT  
 
Construction and demolition waste (CDW) from building constructions are heterogeneous 
mixtures, containing clay brick, mineral bounded building materials, like concrete, calcium 
silicate unit, aerated concrete and lightweight concrete, mortar, plaster, insulation material, 
wood, plastic etc. Even after processing – such as presorting by hand, single or double-stage 
crushing, separation of reinforcement by over belt magnetic separators, air sifter for the 
separation of light components, jigging machines and sieving - the recycled product often 
remains heterogeneous. In the building industry the amount of composite building materials 
is increasing nowadays, leading to a more difficult separation. The heterogeneity of recycled 
aggregates prevents the profitable reuse; therefore, it is necessary to reduce the heterogeneity. 
Sensor-based single particle sorting devices are the most promising techniques to sort 
efficiently usable material fractions and to discharge impurities and contaminants from the 
recyclable fractions. Main focus is the separation of gypsum attachments and composite 
particles, which cannot be avoided by mechanical crushing. In this project a sorting machine 
prototype based on a near-infrared technology, which is adapted to mineral building 
materials, was developed. Furthermore, the sorting rate for different material mixes was 
determined for different influencing factors, like moisture and pollutions on the surface.  
 
Keywords: Optical Sorting, Near-Infrared Technology, CDW, Identification of Building 
Materials. 
 
MOTIVATION 
 
For production of high quality recycling products from construction and demolition waste 
(CDW), it is essential to reduce the heterogeneity of the recycled aggregates (RCA) by 
separation of certain material fractions. For the reuse of the RCA in recycling concrete, the 
separation of impurities, e.g. gypsum plasters, is getting more and more important in the 
future because the amount of gypsum in the waste will increase. The increasing amount of 
composite materials in the CDW leads to more foreign materials (bricks etc.), which will 
reduce the quality of the recycled aggregates. If the target is to reuse the recycled aggregates 
as feedstock in the production, material composites must firstly be separated into unmixed 
material fractions. Traditional mechanical sorting processes are limited in some points, so that 
sensor-based single particle sorting devices are investigated to sort efficiently usable material 
fractions and to discharge impurities and contaminants from the recyclable fractions. The 
optical sorting process can be integrated in the processing, e.g. after the first crushing step, a 
sensor-based sorting can be implemented enabling the production of unmixed products. 
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RESULTS 
 
The first aim was to find suitable identification attributes for the identification of C&DW 
aggregates. For this about ten varieties of different building materials concrete, lightweight 
concrete, autoclaved aerated concrete, clay brick, calcium silicate unit, gypsum were 
collected in unused and recycled state, classified in the size fraction 8/16 mm and analyzed 
regarding their physical parameters (bulk density and water absorption), mineralogical 
compositions (XRD) and their typical near-infrared spectra (hyperspectral near-infrared 
camera KUSTA 2.2MSI) [1]. In figure 1 exemplary spectra of concrete and gypsum are 
shown. Based on these spectra, a learnset was created to separate the different building 
materials. The learnset includes both spectra - of unused building materials and of recycled 
materials. In learnsets, the identified material groups must be included as different types. The 
learnset was then utilized for a PLS (Partial Least Squares Regression) analysis.  
 
 
 
 
 
 
 

 
 
 

Figure 1: Near-infrared spectra of concrete samples (left) and of gypsum samples (right) 
 
In cooperation with the companies LLA Instruments GmbH and Sesotec GmbH a sorting 
system has been developed allowing investigations under real conditions, which was used for 
the following sorting tests on several model mixtures and practical mixtures from a recycling 
plant. The particles are transported by a conveying system and pass a push-broom based 
camera system which measures the spectra in reflection mode. The particles are then sorted 
by compressed air pulses. 
 
The results of the sorting experiments of the collected materials in size 8-16 mm can be 
summarized as follows. Concrete and clay brick can be distinguished in the near-infrared 
spectrum. Autoclaved aerated concrete and calcium silicate unit can also be very well 
recognized in the near-infrared region. Lightweight and normal concrete cannot be 
distinguished from each other in the near-infrared spectrum. Gypsum shows specific 
adsorption bands and is therefore well detectable. A distinction between dense and porous 
clay brick is not possible at the present state of knowledge. The main influencing factors on 
the sorting rate are the moisture and the pollutions on the surface of the RCAs. A decreasing 
of the sorting rate for moist material was detectable for organic material (-30%), aerated 
concrete (-18%), calcium silicate unit (-86%) and clay brick (-20%). Gypsum can be detected 
better in moisture state (+38%). For concrete the moisture did not influence the recognition. 
The degree of pollution has an influence on the sorting rate for gypsum (-22%), aerated 
concrete (-16%), calcium silicate unit (-3%) and concrete (-7%). Clay brick can be 
recognized better in recycled state (+14 %). For example, in table 1 a sorting process in five 
single steps of a real mixture in dry state is shown [2]. The table shows the summary of all 
sorting rates of the used materials and also the rate of falsely sorted material in each step. 
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Table 1.  5-Step-Sorting of a praxis mixture in dry state  

  Weight in kg Content of material in wt.-% 

   sampl
e 

weight  

weight of 
sorted 

out 
material  

thereo
f 

organi
c  

thereo
f 

gypsu
m         

thereof 
aerated 
concret

e         

thereof 
calcium 
silicate 

unit         

there
-of  

brick         

thereof  
concret

e         

1
. 

organic 
materia
l 

0.13 0.18 47.4 20.9 0.1 4.9 0.5 0.4 

2
. 

gypsum 
plaster 

0.43 0.37 0.9 79.0 0.0 0.0 0.0 1.5 

3
. 

aerated 
concret
e 

0.14 0.16 11.0 0.0 99.2 0.0 0.0 0.1 

4
. 

calcium 
silicate 
unit 

0.29 0.23 0.4 0.0 0.0 68.9 0.1 1.4 

5
. 

brick 0.74 0.70 6.2 0.0 0.0 0.0 84.0 3.8 

  Discharged 
material 

66.0 99.9 99.4 73.7 84.5 7.1 

  Undischarged 
material 

34.0 0.1 0.6 26.3 15.5 92.9 

  Sum 100 100 100 100 100 100 

 
In the first step, organic materials such as plastic and wood were discharged. The plastic 
material included also transparent foils, which undetectable in the near-infrared region in 
remission. This explains the lower sorting rates of organic material. The carton of the gypsum 
cardboards was identified as organic material. In step 2, gypsum and gypsum cardboards 
were discharged and so on. For explanation of table 1: In step 1 47.7 wt.-% of the weighed 
0.13 kg organic material were identified as organic material and discharged in step 1. 
Additionally, 20.9 % were identified from gypsum material as organic material due to the 
adherent cardboard on plasterboard. In addition, 0.1 wt.-% of aerated concrete, 4.9 wt.-% of 
calcium silicate unit, 0.5 wt.- % of clay brick and 0.4 wt.-% of concrete and were incorrectly 
detected and / or false discharged. This means that 66.6 wt.-% of the organic material were 
correctly discharged and 33.4 wt.-% were incorrectly discharged in step 1. In step 2, 79 wt.-% 
of the gypsum could be discharged. Along with the 47.4 wt.-% gypsum from step 1 gives a 
total of 99.9 wt.-% of gypsum which could be separated. Only 0.1 wt.-% could be found in 
the sorted, usable material fraction. In the future more investigations are planned to reach 
higher sorting rates for clay brick and calcium silicate unit. 
 
CONCLUSION  
 
The general suitability of near-infrared sensors for sorting of aggregates from CDW was 
investigated. Material specific characteristics to distinguish building materials were 
identified. The results indicate that especially gypsum can be separated successfully with a 
sorting rate of approximately 99.9 %. The sorting rate of the different building materials 
ranges between 80 and 99 %, which is very high, taking into account that the particle sizes 
vary greatly, and the surfaces of the recycled materials is polluted. It can be observed, that the 
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sorting rates of humid material are mostly smaller than in dry state (i.e. at equilibrium with 
local humidity). In the future, more investigations are necessary to optimize this method. 
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Abstract 
 
A basic step to achieve a holistic recycling process for Construction and Demolition Waste 
(C&DW) is a relevant improvement in (automatic) sorting technologies. Hyperspectral-
Imaging (HSI) is an outstanding candidate to support the process. Currently the biggest 
challenges with regard to C&DW detection cover the need of overlapping VIS, NIR and 
SWIR hyperspectral images in time and space, in particular for selectively recognition of 
contaminated particles. In the study on hand a new approach for HSI is described by 
exploiting VIS-NIR-SWIR spectral information in real time (350 Hz full frame rates). The 
contribution focuses on a development path for an industrial implementation in automatic 
sorting and separation lines for C&DW recycling. The main target is on the on-line detection 
and sorting of gypsum and stony items with organic contamination to close the recycling 
loops of gypsum (plaster to plaster), concrete (concrete to concrete) and ceramic materials 
(brick/ceramics to brick/ceramics) because of their exceptional potential for increasing 
sustainability by conserving construction resources. 
 
Key words: C&DW, (Automatic) Sorting, Hyperspectral-Imaging. 
 

Introduction 
 
The recycling industry of building materials is currently dominated by conventional 
technologies. Sorting processes have been until now solely used for the separation of light 
components by gravimetric means or of steel by over-band magnetic separators, respectively. 
These technologies are not able to separate the incidentally mixed aggregates. Furthermore, 
residential and other buildings are becoming more and more complex. Especially from 1980 
onward, new materials (e.g. polymers, composites) and new technical requirements (e.g. 
thermal and acoustic insulations) have been massively introduced into the market. The 
execution of demolition and refurbishment works from 2020 onward will correspond to those 
assets built from 1980. Therefore the prospective Construction and Demolition Waste 
(C&DW) will be more complex than the existing one and there is a need for shifting from 
traditional recycling approaches to novel recycling solutions. 
Hyperspectral-Imaging (HSI) is an outstanding candidate to support the process. Currently 
the biggest challenges with regard to C&DW detection point to the need of overlapping VIS, 
NIR and SWIR hyperspectral images in time and space, in particular for selectively 
recognition of contaminated particles. The research described below expands on the findings 
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represented in [1]. There the possibilities and limitations of HSI-technologies for the NIR-
SWIR spectral range were presented. That publication focused on the separation of non-
contaminated stony C&DW debris into three fractions (“grey”, “red” and 
“unwanted/unknown”) by means of NIR-SWIR-HSI detection and classification methods. In 
the study on hand the investigations have been extended to the recognition of organic 
contaminated materials. In addition gypsum and gypsum like materials are considered deeper. 
This contribution is aimed at the development of solutions for an industrial implementation of 
HSI supported detectors in automatic sorting and separation lines for C&DW recycling. 
 
Experimental method 
 
Thirty reference samples of typical stony and gypsum items (each approx. 4 × 4 × 2 cm³) 
from different C&DW categories have been artificially polluted with organic contaminants. 
Six categories of demolition waste have been defined, namely concretes, natural stones, 
brick/roof-tiles, floor/wall-tiles, other ceramics and gypsum, respectively. Five organic 
pollutants, namely motor oil, enamel paint, resins (epoxy and phenolic types) and tar based 
emulsion have been applied. For each waste category and pollution type one item was 

polluted “half-page”. The non-polluted areas 
served as reference surfaces and for 
verification of results from [1]. 
As Hyperspectral-Imager a RED-EYE-2.2 
device from INNO-SPEC GmbH (Germany) 
has been used. The RED-EYE-2.2 imager (Fig. 
1) consists of an InGaAs focal plane detector 
with 320 × 256 pixels, each for the wavelength 
range 1.2 – 2.2 µm, a grid as dispersion 
element and diverse other optical and 
electronically components. In full resolution 
mode the maximal frame rate is 350 Hz (fps). 
Power consumption is less than 9 W. 

A demonstrator has been developed to carry 
out detection and sorting experiments (Fig. 2). 
The material to be sorted is delivered to a slide 
through a vibrator chute. After passing the 
optical detection area, RTT’s embedded imager 
and classification software produces a so-
called chemical image [2]. The image depicts 
for each surface pixel a color coded class 
affiliation related to the kind of waste material. 
The classification is based on NIR-SWIR 
spectral analysis and machine learning 
methods [3] in on-line mode. The geometrical 
shape of a stony item from the waste stream is 

Fig. 1: RED-EYE-2.2 Imager 
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then reconstructed from the pixels of the chemical image with the support of image 
processing software. According to the overall classification each piece is subsequently 
collected in separated bins by air pressure nozzles. Three collecting bins are available for a 
“gray fraction”, a “red fraction”, and an “unwanted fraction”, respectively. 
 
Results 
 
The main results can be summarized by examples according to Fig. 3. First a database of 
classifiers is created by using the spectra of non-contaminated item areas. Then a self-
recognition test is performed. Fig. 3a depicts the chemical images from the self-recognition 
view. Each color codes one of the C&DW categories studied. Best results are obtained for 
GC and gypsum (YESO). The simple perceptibility of gypsum is already known from [4]. 
Some GS items are misclassified as GC, but they fall into the right gray fraction. Most of the 
floor/wall-tiles (RT) are decided as RB, but both are red fractions. The classification of ROC 
(red category) is difficult. Most of the items are segregated as gray fraction. The reason for 
this misclassification is that some items have high gloss surfaces, a killing property for 
classification by NIR-SWIR means. In the case of sorting, such items would be separated into 
the unwanted fraction and would be lost for the ceramics. By overlapping a VIS detection 
(here not performed) such NIR-SWIR misclassification can be corrected. 
 

 
 
Fig. 3b depicts the chemical image of contaminated surface areas. At first glance, no 
significant influence of the pollution is recognized; the spectral information of the bulk 
materials is dominant. But nevertheless, the organic contaminants influence spectral 
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fingerprints slightly due to their carbon based substance components. To determine whether 
organic contaminants are present on the stony surface, detection of hydrogen oxygen 
compounds must be carried out. This can be easily done by expanding the database of stony 
classifiers with a standard plastics classifier database. Fig. 3c depicts the result obtained by 
applying the idea in such a way. Here all pixels detected as plastics in the chemical image are 
colored gray, partial zoomed in Fig. 3d. By statistical analysis the presence of organic 
pollution can be concluded. 
 

Conclusion 
 
Non-contaminated stony C&DW is classifiable as already explained in [1]. RB and RT 
should not be distinguished as different waste categories. ROC has some risk for 
misclassification by NIR-SWIR means because some items with high gloss surfaces fall into 
the ROC category. Gypsum is clearly recognizable as autonomous material class. Organic 
contaminants (oil, resin, paint, tar) influence spectral fingerprints slightly due to their carbon 
based substance components. In the here investigated case of very low and inhomogeneous 
distributed concentrations of pollutants the spectral information of the stony bulk materials is 
dominant. The presence of organic contaminants can be detected by HSI; however, to 
distinguish each kind is hardly straightforward (too many options). If it should be necessary 
to determine the type of present organic pollution, which is not impossible by HSI, a 
substantial extension of the spectral database would be necessary. 
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ABSTRACT 
 
    Poor estimation of the water absorption coefficient (WA) of recycled concrete aggregates 
(RCA) engenders inadequate effective water for the recycled aggregate concrete (RAC), 
leading to poor mechanical properties or poor workability. Pre-saturation of RCA before 
mixing could appear as a potential technical solution. However, pre-saturation before mixing 
is a complex task that is most generally not applied in RAC manufacturing. Therefore, better 
knowledge of in-situ RCA water absorption capacity is necessary. This paper focuses on the 
influence on the water absorption capacity of i) the initial moisture of RCA, and ii) their 
heterogeneity. For this purpose, 6.3/10 mm RCA were pre-wetted using different methods 
simulating long-term (LT) and short-term (ST) pre-moistened aggregates. It is shown that this 
pre-moistened history (LT or ST) leads to different levels of total water absorption for a same 
initial moisture level. The difference lies between 0 and 1%, depending on the initial moisture 
level. In addition, the heterogeneity of RCA was investigated by separating samples of RCA 
into classes of densities using a water jig. The WA is about 5% for heterogeneous 6.3/10 mm 
RCA, but for the homogenous specimens separated by density WA ranges from 2% to 9%.  
 
Keywords: Recycled Concrete Aggregates (RCA), Water Absorption (WA), initial 
moisture, pre-wetting history, heterogeneity. 
 
1. Introduction  

 
A major difficulty in the use of Recycled Concrete Aggregates (RCA) in new concrete is 
related to their high water absorption (WA) and the temporal heterogeneity of this 
characteristic.  Belin et al [1] showed for recycled aggregates of high porosity, the WA after 
an immersion for 24 hours was less than the long term WA of these aggregates. In addition, 
several authors [2] [3] have studied the influence of pre-wetting state of recycled aggregates 
on the rheological behavior of RAC, by varying the initial moisture rate of the RCA [1] [2]. 
Regarding the influence of RCA on their rate of WA, it can be seen that their variability 
makes the analysis complicated. As noted in other projects, RCA has a significant dispersion. 
The aim of the present work is to study the influence of initial moisture content of RCA and 
their heterogeneity on their WA capacity. The water absorption kinetics of (6.3/10 mm) RCA 
was investigated by the current standardized method. Different pre-wetting states are 
obtained by using different methods of pre-wetting RCA. In this analysis two types of pre-
wetting are distinguished: long-term (LT) wetting and short-term (ST) wetting. 
 
 
 
 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

38

2. Experimental Methods  
 
2.1. Materials 
 
6.3/10 mm RCA, sourced from the “Gonesse Recycling Platform” located in France and 
composed of 99% recycled concrete and 1% inert materials have been used. The WA24h (NF 
EN 1097-6) of the RCA is 4.9 %. 
 
2.2. Water Absorption Measurement 
 
Absorption tests were carried out on RCA prepared with initial conditions detailed in section 
II.3 (pre-wetting), having different initial moisture states and by varying the modes of pre-
wetting. Then, they were immersed into water for several intervals of time. The measurement 
of water absorption of RCA was done by two different methods: 1- Immersion in water under 
normal pressure (called “normal pressure” method in the following) for 5, 15, 30, 60, 120 
minutes, 24 hours and 3 months (the immersion during 120 minutes being specific to mixing-
transport-casting processes of cement concrete pavements); 2- Immersion in water under 
partial vacuum with low pressure of 4 kPa for 5, 15, 30, 60, 120 minutes and 24 hours. 
 
2.3. Pre-Wetting Method 
 
Under-saturated and saturated surface dry RCA were obtained from aggregates pre-wetted in 
four different conditions:  
1- In the first method, RCA were immersed in water under atmospheric pressure for 24 hours, 
then they were brought to saturated surface dry state by gently drying their surface with 
absorbing paper (according to EN 1097-6), they are coded by “air-SSD”; 
2- In the second method, RCA were under-saturated: Varying amounts of pre-soaked water 
(wi= 2.3, 3.3 or 4.3%) were sprayed on dry RCA sited on a sieve under the atmospheric 
pressure. Their real water content was measured before using the pre-wetted RCA in 
absorption test, by taking a sample from the pre-wetted aggregates. The under-saturated RCA 
are coded by “air-USSD” 
3- In the third method (coded “void-SSD¨), RCA were immersed in water under low pressure 
(4 kPa) for 24 hours then toweled;  
4- In the final method, RCA were soaked in water under partial vacuum according to third 
method. Then, they were left air drying for several time intervals to obtain different water 
contents (wi= 2.3, 3.3 or 4.3%), and they are coded by “void-USSD”. 
 
2.4. Separation by Density of RCA in Water JIG 
 
A total of two sets of sorting tests were performed in the water jig followed by the 
characterization of each product obtained. At first, six runs of separation were carried out 
with a mass of 20 kg of RCA per test (so-called as Generation 1). In the next step, the 
fractions sampled from the same layer in each one of the previous tests were mixed and 
submitted again to the separation, totaling more six runs of sorting in the jig (Generation 2) 
(Figure 3). The jig products obtained after Generation 1and Generation 2 tests were 
characterized in terms of WA. 
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Figure 3: Experimental procedure of water jigging. 

 

3. Results 
 

3.1. WA Kinetics of Oven Dry RCA 
 
 
Figure 4 compares the variation of WA kinetics as a function of soaking time under partial 
vacuum and under atmospheric pressure. One can conclude that for a given soaking time the 
difference between the amount of water absorbed in the two cases is roughly constant 0.6% 
(average), for the tested soaking times. For the present RCA the results also show that the 
amount of water absorbed under atmospheric pressure in 3 months (LT - Long Term 
immersion) is similar to that absorbed under partial vacuum after 24 hours. Consequently, the 
method of saturation in 24 hours under partial vacuum was employed as an accelerated 
protocol to have long term wetted RCA. 
 

 
Figure 4: Difference between WA kinetics of dried RCA 6.3/10 in water under low pressure (4 kPa) 

and under atmospheric pressure. 
 

3.2. Initial moisture level and pre-wetting history of RCA 
 
Figure 5 shows the variation of WA as a function of soaking time of the re-saturation in water 
under atmospheric pressure RCA having different states of initial moisture. A difference can 
be observed between the absorption of long and short term wetted RCA. For partially 
saturated RCA samples, WA is 0.5 and 1% larger when RCA have been pre-wetted under 
vacuum than when they have been pre-wetted under atmospheric pressure. Therefore, the 
results indicate that two aggregates with equivalent moisture content are not equivalent in 
terms of WA capacity, and the pre-wetting effect varies with the initial wetting mode, the 
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presence of water in the heart of RCA (partial vacuum pre-wetting) and its presence on the 
surface (pre-wetting in air). 

 
Figure 5. WA under atmospheric pressure for air-USSD & void-USSD RCA. The bars present the 
additional water that has been absorbed after the second immersion under atmospheric pressure. 

 

3.3. Characterization of RCA Classified by Density  
 
It can be observed in Figure 6 that the RCA for the same granular fraction 6.3/10, with 4.9% 
as WA according to NF EN1097-6, is a heterogeneous material with WA varies between 2% 
and 9%. 

  
Figure 6: Variation of WA (NF EN 1097-6) of RCA of the Generations 1 (left) and 2 

 
4. Discussion and Conclusion 

 
In this paper, the WA and WA kinetics of RCA (6.3/10 mm) were studied as a function of 
their initial moisture content and history of pre-wetting, as function of their variation by 
separation the RCA into classes of density. Based on the WA tests, our results showed that 
the long-term (LT) wetting of RCA can be simulated by partial vacuum wetting and the short-
term (ST) by spraying. The results also showed that two aggregates with same initial moisture 
content but with different histories of moistening could absorb a different amount of total 
water, so a different quantity of water during a new soaking period. WA is always larger for 
LT wetted RCA, the difference being proportional to the initial moisture of the aggregate. 
This may be attributed to the fact that two different methods of pre-wetting do not fill the 
same pores of the RCA particles. As suggested, a same amount of water could fill different 
types of pores, more or less accessible to the exterior water. It can be supposed that water 
absorbed during LT pre-wetting penetrates less accessible pores and accessible pores as well. 
In addition, the heterogeneity of RCA was investigated by separating samples of RCA into 
classes of densities using a water jig. The WA is about 5% for heterogeneous 6.3/10 mm 
RCA, but for the homogenous specimens separated by density WA ranges from 2% to 9%. 
This characteristic, heterogeneity of RCA, influences the sampling of these materials. For 
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recycled aggregates, things are more complicated because it implies being able to have 
representative samples with sufficient accuracy, not only the size of grains but also the 
composition of the stock of the RCA with same granular fraction. 
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ABSTRACT  
 
Current concrete recycling consists of crushing waste concrete and use it again as aggregate 
for new concrete, according to specifications which are based on local regulations in different 
countries. Construction and demolition waste recycling is generally limited to the use of the 
coarser fraction as aggregate for new concrete. The quality of RCA is lower than that of 
natural aggregates, due to presence of residual mortar: for this reason, when dealing with 
concrete recycling, a differentiation between coarse (nominal size > 5 mm) and fine 
aggregates (maximum size < 5 mm) is generally done. While coarse recycled concrete 
aggregates (CRCA) are commonly used in partial replacement of natural aggregates in 
concrete, fine recycled concrete aggregates (FRCA) are less useful as aggregates in concrete 
as they can be highly detrimental for what concern strength, workability and durability.  
The problem with FRCA is mainly related to the presence of hydrated cement pastes and 
unreacted clinker phases. Interestingly, these phases are valuable materials when carbon 
uptake is considered. Interaction of cement pastes with environmental CO2 is a well-known 
phenomenon that has always been undesired due to the bad consequences on reinforcement 
bars. Only recently, the attention of scientific community moved into the direction of 
considering this interaction a resource in the environmental CO2 reduction: it is estimated that 
almost the half of CO2 emitted during clinker processing is reintroduced in the cement during 
its service life. 
In this paper, the potential CO2 uptake by carbonation of different simulated CDW is 
evaluated. 

 
Keywords: CO2 storage; recycled concrete aggregates; cement paste; construction 
demolition waste. 
 
INTRODUCTION  

 
Recycling is the issue for sustainable development: this is a mandatory topic for all industries, 
including sector of construction. In Europe about of 180 million tons of concrete demolition 
waste (CDW) are produced every year, corresponding annually to 500 kg for each citizen [1]: 
this amount represents around 31% of all the waste produced in the European Union [2]. 
For long time concrete and brickwork wastes have only been used as a filling material or 
disposed to landfill. Nevertheless, in the late 20th century concrete recycling gained more and 
more importance, due to the increasing attention towards environmental protection and to the 
progressively reducing landfill capacity. Current concrete recycling consists of crushing 
waste concrete and use it again as aggregate for new concrete [3], according to specifications 
which are based on local regulations of different countries.  
The quality of RCA is generally lower than that of natural aggregates, due to presence of 
residual mortar [4]. Generally, a differentiation between coarse (nominal size > 5 mm) and 
fine aggregates (maximum size < 5 mm) is done. Coarse recycled aggregates (CRCA) are 
used in partial replacement of natural aggregates in concrete [5], however the concrete mix 
design has to be adjusted in order to correct the worsening of final properties, with a 
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significant impact on the cost of the final product especially due to the higher dosage of 
additives required [6]. On the contrary, fine recycled concrete aggregates (FRCA) are less 
useful as aggregates in concrete as they can be highly detrimental [7]. Their use in pre-cast 
concretes [8] or in special application (such as geopolymeric binders [9] or in clinker 
production [10]) has been investigated, revealing that the high content of cement paste and 
residual unreacted silicates can cause many problems.  
If an efficient separation of hydrated cement waste (HCW) from FRCA could be obtained, a 
recycled material of great interest in the cement industry would be recovered. First of all, 
HCW is an inorganic material whose chemical composition is the same as raw clinker meal 
and its use in replacement of natural quarried minerals would reduce the consumption of non-
renewable material. Moreover, its high affinity towards environmental carbonation make it an 
appealing material in the field of CO2 storage. In the following, the CO2 storage ability of 
different cements, simulating the HCP components recovered by CDW, is evaluated and 
discussed. 
 
EXPERIMENTAL 
 
The investigated cements were supplied or produced by the R&D Buzzi Unicem 
Laboratory and were (see the mineralogical composition in table 1): 
- an Ordinary Portland Cement (CEM I 52.5 R) 
- a low-CO2 binder based on experimental belitic clinker (Belitic cement) 
- a low-CO2 binder based on sulfoaluminate cement (CSA cement) 
- a mixed system (A) based on CSA cement and a CEM I 52.5 R 40:60 
- a mixed system (B) based on CSA cement and a belitic cement 40:60 
 
Table 1. Mineralogical composition of the investigated cement 

Phases CEM I  
52.5 R 

Belitic  
cement 

CSA cement 

C3S 70.9 22.2 - 
C2S 8.2 61.0 23.0 
C3A 13.3 2.1 6.3 
C4AF 4.5 7.9 6.7 

$%&'() - - 42.1 
Anhydrite/Gypsum 1.8 4.0 18.1 

Minor phases 1.3 2.8 3.8 
 
For each binder, one sample of paste (w/c = 0.5) was prepared and stored (after 24 hours) in 
water for 7 days. The pastes were then crushed (Ø < 2 mm) and treated in a carbonation 
chamber with 4% CO2, 70% RH and 20°C for three days, in order to ensure the complete 
carbonation of the paste. The pastes were characterized before and after the accelerated 
carbonation treatment, by means of TG/DSC and XRD. 
The amount of CO2 stored by the different systems after the accelerated carbonation 
treatment has been quantified by TG analysis on the basis of the weight loss due to the 
dehydration of Ca(OH)2 around 500°C. The results, shown in table 2, reveal that the 
sulfoaluminate cements and the mixed systems have a reduced ability to store CO2 than the 
other two cements. 
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The ordinary Portland cement and the 
innovative belitic cement show the higher 
carbonation degree: this can be ascribed to 
the presence of portlandite as main 
hydration product, which easily reacts with 
the environmental CO2 to form calcium 
carbonate: 

Ca(OH)2 + CO2 �CaCO3 + H2O 

Table 2. Amount of CO2 stored by the different 

investigated systems  

Sample Stored CO2 
CEM I 52.5 R 17.7% 
Belitic cement 32.5% 
Sulfoaluminate cement 3.7% 
Mixed system A 6.6% 
Mixed system B 10.8% 

 

 
The DSC patterns of the ordinary Portland cement and of the belitic cement are shown in Fig. 
1, revealing that the latter has a lower amount of portlandite, despite the higher CO2 uptake 
capacity.  
 

  
Figure 1. DSC pattern of the sample of CEMI 52.5R (left) and belitic (right) cement pastes before and 

after the accelerated carbonation treatment. 
 
The explanation can be found in the amount of unreacted belite, which is instead higher in the 
belitic cement, 29% against 12% in the ordinary Portland cement, as revealed by semi-
quantitative Rietveld-XRD analyses. Calcium silicates are actually able to react with CO2 to 
produce calcium carbonate and polymerized silica [11], moreover the CO2 uptake capacity of 
C2S is higher than that of C3S. 
 
CONCLUSION  
 
The results of this study demonstrate that hydrated cement pastes, having high affinity 
towards environmental carbonate ions, can be conveniently used as CO2 storage media, for 
example for CCS application. 
A comparison among ordinary Portland cement and innovative binders, with a reduced CO2 
impact in the production cycle, shows that: (II) belitic cement has a the higher CO2 uptake 
ability despite a lower hydration degree and a lower amount of portlandite; (II) 
sulfoaluminate cement, poor in silicate phases, have low affinity towards CO2 because of a 
different hydration behavior; (III) mixed systems are influenced by the CSA component, thus 
showing a reduced carbonation degree.  
Belitic cements combine the reduced CO2 emission during the production cycle (lower 
limestone in the raw meal and lower burning temperature) with the higher ability to store 
CO2, thanks to the high amount of residual unhydrated C2S. 
The use of OPC for CCS purpose can be envisaged in the future, but efficient methods for the 
separation of cement paste from CDW must preliminarily be found. 
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ABSTRACT 
 
At present, heterogeneous and fine-grained masonry rubble can only be recycled at very low 
level. To overcome this limitation, the material was employed as feedstock for the production 
of lightweight aggregates in a thermal process similar to that used in the manufacture of 
expanded clay and expanded slate. To that end, the fundamental suitability of masonry rubble 
as a raw material was evaluated. Experiments were carried out which indicated that 
lightweight granules with defined, adjustable properties similar to those of natural-material-
based aggregates could be manufactured from masonry rubble. Structural lightweight 
concretes produced with these secondary aggregates achieved comparable performance to 
lightweight concretes produced with conventional expanded clay. Lightweight recycled 
building material aggregates represent a product that hardly requires any primary resources in 
its manufacture.  
 
Keywords: Masonry rubble, feedstock recycling, expansion process, rotary kiln, lightweight 
aggregate. 
 
1. CHARACTERIZATION OF MASONRY RUBBLE 

 
At present, the mix of various wall construction materials, mortar, plaster, and further 
components that make up masonry rubble cannot be adequately utilized. This results from the 
considerable heterogeneity of the material composition and the large proportion of fines. In 
the future, strict closed-loop recycling laws and limited landfill capacity will prevent the 
disposal or application of these materials as fill or in the construction of landfills. In this 
context, a new technology for the manufacture of lightweight aggregates from masonry 
rubble was developed. These lightweight construction aggregates are produced from mineral 
construction waste and can be employed in the manufacture of lightweight mortars and 
concretes. 
 
Masonry rubble consists of multiple components. As well as brick, other construction 
materials present can include calcium-silicate brick, aerated autoclaved concrete, precast 
concrete, or natural stone. Additional components can include lime mortar, lime cement 
mortar, cement mortar, interior gypsum plasters, exterior plasters, insulation, tiles, and façade 
panels. Recycled aggregates manufactured from this material through comminution and 
screening can vary greatly in their composition. This has been confirmed by the results of 
sorting analyses of processed masonry rubble (Figure 1). The brick and other ceramic 
material content vary between a minimum and a maximum of 24 and 92 mass-% respectively, 
with a mean value of 50 mass-%. Concrete and mortar are the second most dominant material 
group. The mean is 46 mass-% with a range between 8 and 70 mass-%. 
 
Within a batch of material there may be a variety of building materials with greatly differing 
properties. This diversity of materials is reflected by the range of the particle density. Even 
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when materials with a particle density less than 1700 kg/m3 are omitted, the range of the 
densities is 750 kg/m3. 
 

 
Figure 1. Brick content of 42 masonry 
samples taken from processed 
masonry rubble piles at various 
stationary recycling plants including 
the raw materials used in the 
experiments 
 
 
 
 
 
 
 
 

For the recovery of masonry rubble as feedstock for the production of lightweight aggregates 
in a thermal process similar to that used in the manufacture of expanded clay and expanded 
slate the composition of masonry rubble is particularly relevant. In order to make an initial 
assessment, the oxide composition of masonry in the ternary system SiO2-Al 2O3-flux 
(CaO+MgO+Fe2O3+Na2O+K2O) is recorded (Figure 2). This system is used to assess raw 
materials for ceramic building materials, including those for the manufacture of expanded 
clay according to [1, 2]. With few exceptions, the composition of 46 samples of masonry 
rubble analyzed fell into the marked area suitable for expanded clay production according to 
the literature. Thus, the reuse of masonry rubble using technology similar to that for 
expanded clay production is an alternative worth considering.  

 
 
 
 
Figure 2. Relative positions of real masonry rubble 
in the ternary system SiO2-Al 2O3-Flux 
(CaO+MgO+Fe2O3+Na2O+K2O)   
Gray area: Area to be preferred for expanded clays 
[1, 2] 
 
 
 
 
 

2. CONDITIONS OF MANUFACTURE OF LIGHTWEIGHT AGGREGA TES 
 

First, the conditions for manufacturing the lightweight aggregates and the influence of the 
composition of the masonry rubble were experimentally investigated. For that purpose, 
masonry rubble with a brick content of 48 mass-% (approximately the mean value given in 
Figure 1) was crushed, ground, doped, and granulated in a pelletier mixer. Subsequent the 
green granules are stabilised and at the same time expanded by a thermal treatment in a 
laboratory rotary kiln (Figure 3). The influence of the firing temperature, the amount of added 
expanding agent and the brick content on the particle density and the single grain strength 
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were investigated. Following preliminary analysis, silicon carbide (SiC) was selected as the 
anding agent.  

 
Figure 3. Experimental procedure for the manufacture of lightweight aggregates from masonry rubble 
in laboratory scale 
 
As the results in Figure 4 show, increased firing temperature results in a reduction in particle 
density of the lightweight aggregates. Grain strengths for all of the granules follow a 
maximum function, whereby the maximum value was achieved with a firing temperature of 
1120 °C. The lowest density (1000 kg/m3) was achieved at firing temperatures of 1160 °C. At 
burning temperatures higher than 1200 °C the granules began to melt and the grains adhered 
to each other. The influence of the silicon carbide content on the expansion process was 
analysed for a firing temperature of 1180 °C. Green granules with differing SiC content were 
fired either once or twice in the rotary kiln. Double-firing is intended to extend the exposure 
time at a firing temperature. The density of granulate subject to a single firing indicates that 
values below 800 kg/m3 are already possible with a SiC content of 1 mass-%, which doesn’t 
change much after a second firing. Dosing with 3 mass-% reduces the density further if the 
material is fired a second time. Densities at or even below 600 kg/m3 are achievable. Thus, 
the exposure time in the oven must be adjusted to correspond with the SiC dosing.  
 

 
Figure 4 left. Influence of the firing temperature on the particle density and the grain strength of 
expanded granules.  
Figure 4 right. Influence of SiC-dosage on the particle density of expanded granules fired at a 
temperature of 1180 °C  
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Input material: Masonry rubble with 48 mass-% clay brick, dosed with 3 mass-% SiC 
 
The influence of the brick content of the masonry rubble on the density of the lightweight 
aggregate was tested.  Even 20 mass% brick content allows aggregate with a density below 
1000 kg/m³ to be manufactured under laboratory firing conditions. The lowest densities were 
achieved with brick contents between 40 and 70 mass%. It appears that densities increase 
above 70 mass%. Overall, the aggregate seems to be relatively robust in relation to 
fluctuations in the brick content of the initial material. 
 
3. CONCLUSIONS: POTENTIAL AS RESSOURCE-FREE AGGREGATE  
 
The properties of the produced lightweight aggregates were compared to those of natural-
material-based aggregates. Structural lightweight concretes produced with these secondary 
aggregates achieved comparable performance to lightweight concretes produced with 
conventional expanded clay [3]. These promising results gave the impetus for initial 
technological considerations. The manufacture of the lightweight aggregates can be 
accomplished using expanded clay production technology. It begins with the treatment of 
masonry rubble, similarly to the process used in the recycling industry. The material is then 
stockpiled, and can be homogenized at the same time. Manufacture of the aggregates 
themselves begins with the grinding with the simultaneous addition of the expanding agent. 
Then the powdered masonry rubble is granulated. Experiments show that pelletizing mixers, 
pelleting presses, and pelletizing disk are suitable. Thermal stabilisation and expanding in a 
rotary kiln follows. In the subsequent cooler, the heat of the granulates is used to preheat the 
combustion air. An application of an inert release agent is necessary. After leaving the cooler 
the expanded granules are graded to recover the release agent at least partially.  
In terms of consumption of primary resources, manufactured lightweight aggregates from 
masonry rubble presents a nearly “primary resource free” product. Only the expanding agent 
and the release agent, which is partially consumed in the thermal process, need to be added. 
Silicon carbide, which is otherwise a waste product of sanding and cutting processes, could 
be employed as an expanding agent. The manufacture of conventional expanded clay serves 
as a reference for considering the energy consumption of the recycled material. Like the 
process described here, production is divided into the following steps: coarse crushing of the 
raw material, grinding, and granulation, followed by thermal treatment in a rotary kiln. 
Assuming that the ‘cold’ process steps don’t differ in their energy demand, the thermal 
processes can be considered in terms of energy savings and additional energy requirements. 
The energy savings arise from the fact that the masonry rubble-derived material requires a 
lower water content for shapening than clay. In addition, the energy demand associated with 
the dehydroxylation of the clay minerals can be saved, since this process has already taken 
place as part of the original brick manufacturing process. An additional energy consumption 
can result from calcium carbonate decomposition, if carbonised components from mortars 
and concretes are included in the masonry rubble. An initial assessment indicates that energy 
savings of approximately 15% are possible, taking calcium carbonate decomposition into 
account. 
Various analyses indicate that an increase in gypsum content in demolition debris will need to 
be taken into account in the future [4]. As a result, sulfate reduction through mechanical 
detachment of gypsum plaster during demolition or in the course of processing is insufficient 
[5]. The manufacture of aggregates from recycled material could be used to effectively 
decrease the sulfate content in demolition waste, since gypsum can be thermally decomposed 
and subsequently recovered from the flue gas.  
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ABSTRACT 
 
Research on construction and demolition waste (CDW) has been identified by the European 
Commission as a priority due to large volumes generated and high potential for reuse and 
recycling. Around 750 million tons of CDW are generated yearly in Europe, accounting for 
25%-30% of the total waste. The average recovery rate for EU27 is below 50%. RE4 (REuse 
and REcycling of CDW materials and structures in energy efficient pREfabricated elements 
for building REfurbishment and construction) is a Horizon 2020 funded project promoting 
new solutions for the design and development of eco-compatible and cost-effective pre-
fabricated building elements with high degree of recycled materials from CDW (up to 65% in 
weight). 
This paper presents preliminary results from the development of a novel CDW robotic sorting 
system. Data from hyperspectral cameras and reflectance sensors will be combined to 
produce a 2D heat map for object classification by an algorithm which is under development. 
A 6 Degrees of Freedom robotic arm will be utilised in handling and sorting the CDW 
particles. The final goal is to achieve purity higher than 90% for each fraction. Different 
material classes will be sorted and recycled in prefabricated construction applications. 
Preliminary results indicate that coupling the hyperspectral information and the robotic 
technology allow to achieve high-quality sorting of CDW. 
 
Keywords: CDW Recycling, CDW Sorting, Recycled Aggregate, Robotics. 
 
1. INTRODUCTION 
 
The Waste Framework Directive requires Member States to take any necessary measures to 
achieve by 2020 a minimum target of 70 % by weight of non-hazardous CDW for reuse, 
recycling and other material recovery, including backfilling operations (refilling of an 
excavated area). In Europe around 750 million tons of CDW is generated every year [1]. The 
average recovery rate for EU27 is below 50% [2]. A negligible percentage is destined to 
reuse mainly because the majority of the existing buildings was not designed for disassembly 
and reuse. Recovered materials are typically used for low-grade applications (unbound road 
base, fill, hard-core). Innovative technologies are needed for increasing the percentage of 
recycled materials and reused structures from CDW, the technical and economic value of 
CDW-derived materials and structures, and the building energy efficiency, whilst minimizing 
future CDW coming from the next generation of buildings. 
Prefabrication can significantly reduce the material consumption and the complexity of 
manufacturing, improve the quality of design and products, reduce production time and create 
condition for continuous construction during the year. The overall goal of the RE4 Project is 
to develop a prefabricated energy-efficient building made up to 65% by weight of CDW-
derived materials and structures. Developed building components will be suitable for both 
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new construction and building refurbishment. The consortium, composed by 13 members 
from Industry, Academia, Research and Civil Society, is industrially driven, focussed on the 
needs of end-users and products manufacturers, aiming at strengthening their competitiveness 
and grow perspectives. 
 
2. RECYCLING OF CDW MATERIALS IN BUILDING APPLICATIONS  
 
Recent estimations indicate that the EU27 consumed between 1.200 - 1.800 Million tonnes of 
construction materials per annum for new buildings and refurbishment between 2003 and 
2011. Cement, aggregate materials (sand, gravel and crushed stone) and bricks are estimated 
to make up to the 90% (by weight) of all materials used [3]. These figures indicate the 
potential availability of mineral aggregate in CDW on one hand, and the market demand for 
such product on the other. Recycled mineral aggregate from CDW may present a number of 
contaminations which can limit its use in structural concrete. Acid soluble sulphate content, 
chloride content, alkali content and potential for alkali-aggregate reaction, gypsum (leading to 
delayed ettringite formation) content, and freeze–thaw and sulphate resistance must be 
checked when using CDW aggregate [4]. Current technology for recovering aggregate from 
CDW is based on washing, crushing and screening processes, typically coupled with 
thickener unit and filter press for water recycling. While floating materials and fine fraction 
are discarded, clean and sorted aggregate sizes (from sand to coarse aggregate) are obtained. 
However, no sorting based on different mineral materials is made, and this influences the 
quality of the aggregate in terms of physic, chemical and mechanical properties. 
One of the goals of RE4 project is to improve the sorting system by separating the different 
material fractions in order to (a) increase the purity of each fraction, and (b) find appropriate 
applications for each fraction. In particular, ceramic materials (bricks and tiles) will be 
separated from the mineral fraction, thus improving the quality of the aggregate for concrete 
applications. In order to assess the quality of the “improved” sorted aggregate, a full 
characterisation campaign will be carried out, testing physical, chemical, mechanical and 
geometrical properties of aggregates, as well as their durability. Tests will be carried out 
according to the standards summarised in Table 1. 
 

Table 1. Technical standards used for the characterization of CDW aggregate. 
Properties Standard 
Petrographic description EN 932-3:1997 
Geometrical properties of aggregates EN 933 series 
Chemical properties of aggregates EN 1744 series 
Carbonate content and alkali-silica reactivity prEN 12620:2015 
Thermal and weathering properties of aggregates EN 1367 series 
Mechanical and physical properties of aggregates EN 1097 series 

 
This exercise is currently undergoing on currently marketed CDW-derived aggregate, i.e. 
without the “improved” sorting with material separation, in order to determine a benchmark 
against which assess benefits from the improved sorting system. 
 
3. INNOVATIVE AUTOMATIC SORTING SYSTEM 
 
One of the objectives of the RE4 Project is the development of a fully automatic robot-based 
system to sort CDW by material classes, in order to allow the recycling of CDW in high 
technical and economic value applications in building industry in a circular economy 
perspective. The system will separate stones and aggregates, bricks, ceramics, glass, plastic 
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and wood. Sorted material will then be further processed according to the particle size 
requirements for target applications. Aggregate for concrete will be produced in three 
fractions: 0/2, 2/8 and 8/16 mm. The sorting system is composed by three elements: a set of 
sensors, a real-time classification algorithm and a robotic arm with an end-effector. 
Sensors: the sensor system aims at detecting the surface features of each CDW particle 
moving on a conveyor belt. The proposed approach is based on the different spectral response 
of different materials. The concept design of the system foresees wide spectrum hyperspectral 
cameras, splitting the output information into visible and Near-Infra Red (NIR) spectra, in 
order to detect the object position and the NIR wavelength response. A data fusion algorithm 
will be developed for completing this information with a sensor able to detect ceramic and 
glass. On this regard, reflectance sensors performances are under investigation. Signals 
coming from these two different sources will be synchronized and digitalized before entering 
the real-time classifier. The sensors set will be configured for communication with the logic 
unit running the classification algorithm.  
Classification Algorithm: both geometric and spectral information will be taken into account 
by a real-time classification algorithm, whose development environment and hardware are 
under analysis. Conceptually, the centre of gravity of a single CDW part will be detected and 
identified as the point of the working field on which the robot end effector has to pick the 
target. On the other hand, the NIR and reflectance data acquired from the same particle will 
be fused together and elaborated by the algorithm to generate a 2D heat map of the objects on 
the conveyor belt at a certain time. Taking into account the speed of the belt and the 
information of the heat map, the algorithm will calculate the Cartesian coordinates of the 
object at the time when the robot will pick it, and will assign the material class to the object 
itself. 
Robot Controller: a 6 Degrees of Freedom robotic arm will be used to handle each object and 
move it into the final position, according to the material class assigned by the classification 
algorithm. The robot will have a low payload (6 kg) due to the small dimensions of the parts 
to be sorted, being light and flexible enough to be installed on a small-scale prototype line.  
 
4. CONCLUSION 
 
In order to achieve the main goal of RE4 Project, i.e. to develop a prefabricated 
building made by up to 65% by weight of CDW-derived materials, an advanced 
CDW sorting system is under development. Analysis of current CDW recovery 
systems pointed out the need for improving the purity of sorted aggregate classes. 

 
Figure 7 - Sorting system architecture 
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To this aim, a fully automatic, robot-based sorting system is under development, in order to 
achieve the complete separation of the coarse fractions of CDW materials, obtaining sorted 
classes of aggregates, bricks, ceramics, glass, plastics and wood. Hyperspectral analysis of 
each single particle of crushed CDW will allow to recognize the nature of different materials, 
and a classifier will be implemented to drive the robot in physical sorting. Preliminary results 
are expected for September 2017, while the full system integration will be ready by April 
2018. The sorting system is expected to achieve a quality performance of maximum 1% by 
weight of material contamination among the different sorted classes. 
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ABSTRACT  
 
This study investigates the efficiency of electrodynamic fragmentation (EDF) technology for 
the up-cycling of concrete waste. Tests were performed at a continuous production scale at 
various operating conditions and showed that high liberation and recovery rates of aggregates 
were obtained after just one treatment step performed at 1 kWh/t. These results confirmed 
then the potential of EDF for the selective recovery of the natural aggregates contained in 
concrete waste. 

 
Keywords: Electrofragmentation, construction and demolition waste, selective 
fragmentation. 
 
INTRODUCTION 
 
The traditional recycling circuits for the stony fraction of the construction and demolition 
waste are based on processes such as manual sorting, crushing, screening, removal of metallic 
elements and light materials by means of respectively magnetic separators and pneumatic 
systems. During the crushing process, different types of particles are generated: homogeneous 
particles (also called “liberated particles”) or particles still composed of two or more 
materials (also called “middlings” or “bound materials”). The amount of middlings decreases 
the sorting efficiency in the following sorting/separation steps causing several problems. 
Indeed, if they are not removed then the amount of impurities in the final products is 
increased and the final product can only be recycled in low-grade applications; but if they are 
removed then the recovery rate of the material that could be recycled is reduced. 
A better liberation of particles could be reached by increasing the size reduction of the input 
materials. However, this additional comminution step has several drawbacks on the whole 
treatment plant such as an increase of the total energy consumption and an increase of the 
proportion of fine particles which are difficult to valorize and which also impede the 
following recovery systems. The selective fragmentation of Construction and Demolition 
Waste (CDW) is therefore crucial for the implementation of an efficient recycling system.   
This study investigates the electrodynamic fragmentation (EDF) as a potential breakthrough 
technology for liberating the natural aggregates contained in concrete waste. The process uses 
high intensity electrical pulses to a material immerged in water. Depending on the electrical 
properties of the constituents, the pulses cause dielectric breakdowns along material 
discontinuities which generate cracks at the grain boundaries allowing full liberation of 
components. The efficiency of this technology was proven for different kind of materials 
(Andres et al., 1999, Andres et al., 2001, Wang et al., 2012, Dal Martello et al., 2012), which 
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led in some cases to the construction of an industrial plant. Regarding concrete waste, only 
lab-scale tests were previously performed by Touze et al. (2016) with the objective to get 
clean aggregates for improving the quality of the products in which there are incorporated. 
The efficiency of this innovative technique has then to be assessed at the continuous scale. 
This study aims to study the influence of the operating conditions of a continuous EDF 
treatment on the selective fragmentation of concrete waste. 
 
MATERIAL AND METHOD 
 
Sample. The sample was collected by Lafarge on a site collecting CDW located close to 
Rennes (Brittany). The sample was prepared by firstly using a jaw crusher and then sieving it 
to the size fraction 2-40 mm. 
The materials before and after treatment are characterized by measuring the particle size 
distribution and the liberation rate. In particular, aggregates liberation is quantified by manual 
sorting of the clean aggregates (aggregates free of cement paste) in the size fractions 5-8 mm 
and 8-16 mm. 
 
Electrodynamic fragmentation equipment. Tests were performed on the SELFRAG Pre-
Weakening Test-Station (PWTS, Figure 8) designed to continually process material at up to 2 
t/h. The PWTS introduces energy to the material via a series of high voltage (HV) electrical 
pulses. Material is transported to the working electrode (the ‘process zone’) by a conveyor 
belt, which also removes the material after treatment.  
The effect of two operating parameters was investigated in this study: the capacitance, which 
(when combined with discharge voltage) represents the amount of energy contained in an 
individual pulse; and the total energy input to the sample. This latter is expressed in kilowatt 
hours per ton (kWh/t) and is a factor of the total number of pulses discharged during 
treatment and the energy contained within each pulse. Table 1 reports the operating 
conditions of the tests. Each test was performed on 20kg, with voltage and frequency fixed at 
150 kV and 10 Hz respectively. 
 

Figure 8 The SELFRAG  
Pre-Weakening Test-Station. 

 

Table 1. Operating conditions of the continuous tests on 
concrete waste. 

 
Discharged 

energy 
(kWh/t) 

Capacitance 
(nF) 

Test 1 2.0 60 
Test 2 2.0 110 
Test 3 2.0 140 
Test 4 1.0 110 
Test 5 5.0 110 

 

 
RESULTS 
 
Influence of the capacitance. The influence of the capacitance was studied at a fixed energy 
input of 2 kWh/t. As the energy per pulse varied, the total number of pulses applied was 
adjusted accordingly to reach the target total. An increase in the capacitance from 60 nF to 
110 nF led to an increase in the fragmentation (Figure 9) but a further increase of the 
capacitance from 110 nF to 140 nF had almost no influence on the particle size distribution. 
This is likely due to rapidly diminishing efficiency of breakage with decreasing particle size 
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(Hukki, 1975). The relationship between energy input and size reduction is non-linear: after a 
certain energy input (specific to material), additional input causes little further breakage. 
Treatment at 140 nF showed an improvement in aggregate liberation in the 8-16 mm size 
fraction compared to treatment with lower capacitances (Error! Reference source not 
found.). This results in a marked increase in recovery of 5-16 mm aggregates from 48.4% at 
110 nF to 58.5% at 140 nF (Table 2). Taking into account the fixed total energy input, this 
indicates that the specific energy of a single HV pulse is a controlling factor in aggregate 
liberation: a better liberation is achieved with fewer, more energetic pulses than a greater 
number of weaker pulses. 
 

 
Figure 9. Particle size distribution of the fragments obtained at various capacitances. 

 
Table 2. Recovery rate of the  

5-16 mm aggregates (considering the whole sample). 
Energy 
input 

(kWh/t) 

Capacitance 
(nF) 

Recovery 
rate 
(%) 

2.0 60 27.7 
2.0 110 48.4 
2.0 140 58.5 
1.0 110 51.1 
5.0 110 47.7 

 

 

 
Figure 10. Liberation rate of the aggregates in the size fractions 5-8 mm and 8-16 mm at various 

capacitances. 
 
Influence of the discharged energy. It was studied by fixing capacitance at 110 nF (Table 1, 
Table 2). Total treatment energy had a small influence on the particle size distribution of the 
fragments and almost no impact on the aggregate liberation rate (Figure 11 and Figure 12). 
For the three discharged energies used (1.0, 2.0 and 5 kWh/t, Table 2), the recovery rate of 
the 5-16 mm aggregates after just one treatment step remain close to 50 %, being 51.1 %, 
48.4 % and 47.7 % respectively. These results confirm the feasibility of this innovative 
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technique for the selective fragmentation of concrete waste, even at a discharged energy of 1 
kWh/t. 
 
 

Figure 11. Particle size distribution of the 
fragments obtained at various discharged energy. 

 

 

Figure 12. Liberation rate of the aggregates in 
the size fractions 5-8 mm and 8-16 mm at 

various discharged energy. 

 
CONCLUSIONS 
 
This study allows assessing the efficiency of electrodynamic fragmentation (EDF) technology 
for the continuous selective fragmentation of concrete waste. Over 50 % of natural aggregates 
were recovered after just one treatment step performed at  
1 kWh/t, suggesting promising results if a recycling loop was implemented. The next steps 
will be to perform tests with the products obtained after the treatment to check their 
suitability for making new concrete and to carry out a techno-economic analysis of this new 
pathway to compare it to a conventional treatment plant. 
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Abstract 
 
The improvement of inline mixer measurements is imposed in a growing concrete industry 
employing increasingly complex manufacturing processes and materials. Improper mixing, 
water content estimation and fresh properties control are one of the most important concerns 
of concrete manufacturers. These problems have increased in recent decades due to the 
expansion of new materials like Recycled Aggregates Concretes (RAC) employing very 
heterogeneous materials making the mixing and properties control very complex. An inline 
image analysis technique applied to the monitoring of concrete mixing has been then 
developed to try to address this problem. This technique is based on the evolution of the 
texture of pictures taken at the surface of the mixing bed. The method is used to study the 
evolution of the paste during processing in laboratory and industrial scale mixers. The 
evolution of the texture allows obtaining important information on the evolution of the 
different formulations during mixing. 
Thanks to this simple monitoring of the mixing evolution, the study of the different 
parameters affecting the mixing time is easily conducted. In this work, the effect of the water-
to-powder ratio, the constituent’s temperature and the kind of aggregate employed (natural or 
recycled) on the mixing time and on the final fresh properties has been quantified. The 
differences in water dosage between a RAC and a standard concrete can also be estimated to 
design more precise formulations. 
 
Keywords: Concrete mixing monitoring, Recycling technologies, Recycled Aggregate 
Concrete (RAC), Image analysis, Online water content estimation. 
 
1. Introduction 

 
The future of concrete targets the growth of recycled aggregate concretes (RAC). These 
materials usually require better control of the properties during the manufacturing phase, 
which we are not able to provide satisfactorily today. This production is often hampered by 
the lack of technical confidence in the practical use. especially with regard to the high 
porosity of the Recycled Concrete Aggregates RCA particles which alters the aggregate water 
absorption and density [1]. During the mixing process, this bad control of water absorption 
has a direct and adverse impact in the water to powder ratio control. The theoretical water 
content in concrete and the initial expected formulation can suffer important variations during 
the practical mixing process. These variation are caused by multiple factors like the material 
heterogeneity, its initial moisture content the moisture characterisation technique, or by the 
mixing process [1,2]. 
In this context a good reliable technique to monitor and characterize these mixtures in real 
time with is imposed. An inline image analysis technique has been then developed [3]. This 
technique is based on the evolution of the texture of pictures taken at the surface of the 
mixing bed. The evolution of the texture allows obtaining important information on the 
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evolution of a concrete during mixing; and allows identifying with a good repeatability the 
main characteristic points of the mixture evolution, the cohesion time and fluidity time (tc and 
tf) explained by authors [4] (see Figure 1).  
A direct innovative application is the estimation of the water content in RAC from a 
homologous reference Natural Aggregate Concrete. We will see that a RAC does not lead to 
the same consistency than his homologous NAC containing the same effective water. The 
differences in water dosage can therefore be estimated to design more precise formulations. 
 

 
Figure 1: Inline image analysis technique applied to the monitoring of concrete mixing (from [3]). 

 
2. Experimental method 

 
2.1. Materials and equipment 

 
The technique has been developed, improved and validated in a 5 liters intensive laboratory 
pan mixer (Eirich Gmbh) with a standard mortar and concrete employing natural aggregates 
NA. For this first part of experiments the materials employed where cement CEMI 52.5, 
polycarboxylates superplasticizer SP (ChrysoFluid® Optima 352 EMx), calcium carbonate 
filler (Betocarb), natural 0/4 silico-calcareous sand and a natural 4/10 siliceous crushed 
aggregate. The same materials where employed in a second part to study the effect of RCA. 
RCA 6/10 with different initial moisture states (dry and saturated) are employed in addition 
to the materials previously mentioned. The different mixture formulation and temperatures 
are presented in Table1. 
 

Table 1. Formulation of the mixtures studied. 

Mixture  
Type 

W/P  
Ratio 

Temp. 
(°C) 

Initial  
moisture  
of coarse 

 aggregates 

Coarse 
aggregate  

4/10 
Kg/m3 

Sand  
Kg/m3 

Cement 
Kg/m3 

Filler  
Kg/m3 

SP 
Kg/m3 

Effective 
Water  
(W) 

Kg/m3 

Mortar 
0.26 
to 

0.29 

5; 25; 
45 

- - 
1269 

to 
1245 

533 to 
523 

254 to 
249 

16.5 
to 

16.2 

205.7 to 
220.4 

NA 
Concrete 

0.26 
to 

0.29 

5; 25; 
45 

Dry 
422 to 
415 

1054 
to 

1037 

443 to 
436 

211 to 
208 

13.7 
to 

13.5 

169.4 to 
182.3 

Mortar*  
0.31 
to 

0.38 
25 - - 1338 455 227 14 

201 to 
251 

NA 0.31 25 Dry 862 882 300 150 9 139 to 
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Concrete*  to 
0.38 

171 

RCA 
Concrete*  

0.31 
to 

0.38 
25 

Dry and 
saturated 

758 to 
995 

882 300 150 9 
130 to 
204 

* Formulations from Eliane Khoury PhD thesis. 
 
2.2. Experimental method 

 
Batches were carried out on the given mixtures (Table 1). The solids materials were loaded 
before starting the mixer. Pictures were recorded without interruption for the entire mixing 
process. After mixing the dry constituents for 60 seconds to ensure homogenization of dry 
materials, the water and HRWR were added with a constant flow rate during 20 seconds and 
the complete mixture was mixed for 300 seconds after the end of liquid addition. 
 
2.3. Image analysis technique 

 
The image signal was obtained using a digital GoPro camera and controlled lightning 
conditions. The camera was placed on the top of the vessel to take pictures of the sample 
surface (Figure 1). 
The image analysis technique used in this paper is described by the authors [3], being an 
adaptation of that developed by Nalesso et al. [5] for wet granulation in pharmaceutical 
industry. The tool employed for our application is the histogram image analysis. The gray 
level histogram of a picture characterizes the relative frequency of each gray-scale level in an 
image. From the histogram, we can understand the gray-level distribution and detect the 
image contrast. The texture index of the image, which we use throughout this work, is simply 
the standard deviation of the grey level histogram. For example, a smooth and homogeneous 
bed surface means a low image contrast and therefore a low texture level. Conversely, a more 
rough and uneven bed surface is characterized by a high image contrast due to the presence of 
shadows and therefore a high texture level. 
 
3. Results and discussions 

 
The image analysis technique is employed in a first time to estimate the impact of water to 
powder (cement + filler) ratio W/P in a mortar and concrete (with natural materials) mixing 
evolution. 
Once this technique improved and well developed, it was employed in more complex 
applications like the estimation of the mixing temperature in mixing times or the 
quantification of the water content in recycled aggregate concretes made with different initial 
moisture RCA. 
 
3.1. Effect of the water to powder ratio and temperature 
 
Both mortar and concrete mixtures followed the same general trend (Figure2), i.e. higher the 
water content shorter the transition times. In other words, the mixing time decreased with the 
water. This fact does not bring anything new, what is interesting is that we can base on these 
curves to quantify the water content of an unknown water to powder formulation during an 
early stage of the mixing process and correct this parameter if possible. 
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Figure 2. Cohesion and Fluidity times as a function of the water to powder ratio. 

 
We can also observe that water demanded by the concrete mixture exceed the water 
demanded by mortar for a same mixing time. This excess roughly corresponded to 0.23% of 
dry coarse aggregates mass (see the aggregates proportions in Table 1). We estimate this 
value as the water involved in the wall effect exerted by a coarse grain on a fine grain 
packing. Ben-Aïm (1970) postulated the existence of a strong disruptive effect on the packing 
of particles around the coarse grain in which a perturbed volume is entrapped and then not 
available as effective water. We can then estimate the real effective water necessary in our 
formulation depending on the aggregates size, form or properties. We can on the other hand 
estimate the excess or lack of water in a given formulation. 
This technique can be also employed to estimate the impact of mixing temperature on the 
mixing times and the concrete fresh properties. When the temperature increases, the mixing 
times decreases (Figure 3). 
 

 
Figure 3. Cohesion and Fluidity times as a function of mixing temperature. 

 
This application is interesting to adapt mixing times and mixing process to the weather 
conditions during production. 
 
3.2. Effect of recycled concrete aggregate 

 
Finally, this technique can be applied to estimate the water content and the fresh properties of 
concretes made with RCA. The employment of the same effective water for concretes with 
initial dry RCA, initial saturated RCA and natural aggregates (NA) does not lead to the same 
mixing evolution (Figure 4). The fluidity times are different for a same W/P which means 
that the concrete fresh properties are different [3]. With this technique, we can easily estimate 
in real time by observing the mixing evolution, the difference in concrete water content (W) 
caused by different kind of aggregates and different initial moistures states. A better 
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formulation and a better online control during manufacturing of our RAC can therefore be 
made. 

 
Figure 4. Fluidity time evolution with water to powder ratio for equivalent concretes produced with 

different aggregates. 
 

4. Conclusions 
 

The image analysis technique proves to be a simple and reliable tool for monitoring and 
control the mixing concrete process. The technique allows us to detect different transition 
points, characteristics of each mixture which indicate the progress of the mixing process. 
With these characteristics points we can quantify the effect of different parameters on the 
mixing evolution and on the mixture fresh properties. On the other hand, if we have a well 
calibrated mixture we can estimate in real time the water content, the kind of aggregates, the 
mixing temperature or the aggregates absorption. Well developed, this tool proves to be very 
powerful and effective in controlling concretes properties. A real time characterisation of 
water absorption or water release during mixing new RAC is then expected with the 
consequent advantages that this entails. 
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ABSTRACT 
 
In order to clarify the significance of Los Angeles test when being used with RCAs, three 
aspects were investigated: the influence of the number of revolutions, the evolution of the full 
particle size distribution and the distribution of mortar in the fractions after the test. 
The standard testing procedure for the Los Angeles index requires the measurement of the 
mass passing 1.6 mm after 500 revolutions of the drum. Questions arise on the significance of 
this measure for RCA as the resistances of the mortar, of the original aggregate and of their 
interface simultaneously affect the measurement result. In order to clarify the interpretation of 
such a measure, three aspects were investigated: the influence of the number of revolutions, 
the evolution of the full particle size distribution and the distribution of mortar in the fractions 
after the test. The results suggested that the fracture mechanisms are similar between recycled 
and natural aggregates with some quantitative differences. RCA was less resistant to 
fragmentation and displayed a nonlinear evolution of mass passing 1.6 mm with the number 
of revolutions. During fracture of RCA, mortar progressively accumulates in smaller 
fractions, with coarse fractions asymptotically behaving like natural aggregates. The analysis 
of the rate of breakage of the coarsest fraction appeared to be a richer indicator of crushability 
as a function of time and composition than the amount of the mass passing 1.6 mm: its typical 
evolution allows estimating a rate of breakage which correlates well with indirect measures of 
composition (water absorption and density). 
The possible existence of an asymptote in the rate of breakage of the coarsest fraction 
suggests that it can be used to estimate at the same time the resistance of the recycled 
aggregate and of its original natural component, and probably give an estimate of the amount 
of mortar. 
 
Keywords: Recycled Concrete Aggregates (RCA), Los Angeles test, fragmentation. 
 
1. INTRODUCTION  
 
The usual way to recycle concrete debris is the use as natural aggregate replacement in 
unbound pavement construction, backfilling or foundation materials [5]. However, reuse of 
recycled concrete aggregate (RCA) as natural aggregate replacement in new concrete is 
increasingly considered in practice [4]. For suitable use of RCA, it is important to 
characterize their resistance to fragmentation. For this purpose, many recent works suggest 
the use of the Los Angeles test [2]. The Los Angeles (LA) test is an empirical measure of 
degradation of mineral aggregates of standard grading. The crushing action is produced by 
steel balls which cause impact on aggregates when mixed and rotated in a horizontal drum for 
a specific number of revolutions. In the standard, the resistance to fragmentation is 
characterized by the proportion of fine particles created during the test. The LA value 
corresponds to the percentage of the initial mass which has passed the 1.6 mm sieve after 500 
drum revolutions.  
In order to better understand the indistinct 64odelling of the original natural aggregate and of 
the attached mortar with respect with the mechanical loading in the Los Angeles testing 
machine, this paper presents experiments on natural and RCAs. The full PSD is measured at 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

65

different numbers of revolutions for different initial gradings. Water absorption capacity and 
density are measured at different numbers of revolutions of the drum in order to correlate the 
Los Angeles value with an estimation of the attached mortar content remaining on the 
recycled concrete particles. An analysis based on comminution 65odelling is developed, 
allowing to evaluate the breakage rate and the distribution of progeny particles with some 
confidence; the analysis helps to quantify kinetics of breakage and to understand the main 
mechanisms undergoing during the LA test. 
 
2. MATERIALS & METHODS 
 
The materials used in this work are RCAs in the range 4/20 mm, supplied by the PN 
Recybéton, commercially produced by the “Gonesse Recycling Centre” located in France. 
The materials were sieved and recomposed in order to form four size fractions, corresponding 
to the size ranges 4/6.3, 6.3/10, 10/14, 14/20 mm.  Two samples of natural aggregates (gneiss, 
in size ranges 4/6.3 and 10/14 mm), recomposed with the same proportions as for recycled 
aggregates, were also used for comparison. In order to measure the crushability of recycled 
aggregates, a Los Angeles testing machine was used [2]. The machine consists of a steel 
drum (inner diameter D=711 mm, length L=508 mm), rotating between 31 and 33 rpm, and of 
a fragmentation charge composed of steel balls with a mass comprised between 400 and 
445 g, and a diameter of approximately 47 mm. For all the tests, 5 kgs of aggregates and 11 
steel balls were feeded at the beginning. Tests were performed for the different materials and 
size fractions for different numbers of revolution of the drum. For each test, measurements of 
water absorption and particle density were performed in order to obtain an indirect and 
qualitative estimate of the amount of mortar existing in the recycled aggregates; also the 
particle size distribution of the feeds and of the products of the fragmentation was measured 
by sieving. More details of the experimental procedure are given in [1]. 
 
3. RESULTS 
 
In the EN 1097-2 standard [2], the value of mass passing 1.6 mm after 500 drum revolutions 
is used as an indicator of the crushability of aggregates. Results from the present campaign 
highlighted that, when the composition of the material is heterogeneous, the evolution of the 
aggregates during the test can be nonlinear even for few revolutions of the drum [1]. 
Therefore, the interpretation of the so-called LA value can be tricky. In addition, the optimal 
test for recycled aggregates should characterize at the same time the composite material and 
the constituents (mortar, aggregates) in order to understand the resistance of the full system 
and of its components. The mass passing 1.6 mm is not very well for this purpose since it 
tells us that the crushability changes with time, but the presence of an asymptote at a large 
number of revolutions (related to the fact that the mass fraction is bounded between 0 and 1) 
does not allow an easy determination of the properties of the aggregates phase. 
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(a) (b) (c) 

Figure 1. Estimate of the (a) selection functions versus number of revolutions and (b) breakage 
functions based on data at 100 revolutions for natural and recycled aggregates corresponding to 
intial size ranges of 4/6.3 and 10/14 mm; (c) Water absorption and specific mass versus breakage 
rate for the 10/14 mm fraction, for a 10/14 mm samples composed of recycled aggregates, at 
different numbers of revolutions. 
 
Therefore, in this study we decided to measure the full PSD of the products of fragmentation 
for a given set of drum revolutions in order to better understand the crushing process and look 
for crushability indicators. For this, we use two concepts coming from comminution theory 
[3] that are the selection function and the breakage function. First, we report on the evolution 
of the selection function (that is the specific rate of breakage) with the number of revolutions 
for the initial size range. 
The result is displayed in Fig. 1a; it is clear that the rate of breakage for 10/14 mm recycled 
aggregates is high at the beginning and decreases strongly with the number of revolutions, 
attaining a constant value comparable to natural materials after 1000 revolutions. The rate of 
breakage of 4/6.3 mm materials appears to be slightly lower, with no great difference 
between natural and recycled samples; for this size fraction the rate of breakage does not have 
a remarkable variation with the number of revolutions. The decrease of the rate of breakage 
with particle size, given the relative size of steel balls and materials, is compatible with the 
literature [3]. 
By using the mass variation of size fractions between the feed and the products at 100 
revolutions, we can estimate also the breakage function. In particular, the breakage function 
is defined as the cumulative distribution of progeny particles for a given feed, and is 
expressed as a function of the ratio between the progeny particle size and the parent particle 
size. Due to its definition, the breakage function gives information on the repartition of 
fragments and can therefore help to characterize the mechanisms of fracture. Breakage 
function estimates for natural and recycled, 4/6.3 and 10/14 mm aggregates are shown in Fig. 
1b. The qualitative shape of the curves is the same for all materials: data are very well fitted 
by the classic double Schumann equation: 

This behavior implies that during all the tests fracture is associated with a bimodal 
distribution of progeny particles: this is usually related to small fragments formed near the 
points of application of compressive forces and large fragments produced by tensile stresses. 
This picture corresponds to a “cleavage” mechanism [3]. 
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It is interesting to check whether the changes in the rate of breakage during the process can be 
correlated to the composition. In this perspective, in Fig. 1c the selection function for 
recycled 10/14 mm aggregates is compared to water absorption and density measurements on 
the coarse fraction. We can see that there is a very good correlation among the three 
measurements: this means that the decrease in rate of breakage is due to a loss in mortar 
content of the coarse phase. This supports the idea that the breakage rate of the coarsest 
fraction can be taken as a measure of the crushability and its dependence on composition.  
 
4. CONCLUSION 

 
This paper deals with the study of the evolution of natural and recycled aggregates during 
fragmentation in a Los Angeles testing machine. A complete analysis of the evolution of the 
PSD with the number of revolutions suggested that the fracture mechanisms are of the same 
nature between recycled and natural aggregates. The different behavior during fracture of 
RCA consisted in mortar which progressively accumulates in smaller fractions, with coarse 
fractions asymptotically behaving like natural aggregates.  
This liberation behavior was confirmed by an analysis based on comminution modeling 
which allowed to estimate, for the initial size fraction, the rate of breakage (also called 
selection function) and the distribution of progeny particles (also called breakage function). 
The analysis of the rate of breakage of the coarsest fraction appeared to be a richer indicator 
of crushability as a function of time and composition than the amount of mass passing 1.6 
mm typically used in the EN 1097-2 standard [2]: its typical evolution allows estimating a 
rate of breakage which correlates well with indirect measures of composition (water 
absorption and density). The possible existence of an asymptote in the rate of breakage of the 
coarsest fraction suggests that the selection function can be used to estimate at the same time 
the resistance of the recycled aggregate and of its original natural component, and probably 
give an estimate of the amount of mortar. Then, the estimation of the breakage function for 
the initial size fraction allowed to better understand fracture mechanisms, and to prove that 
the same type of fracture occurs for recycled and natural aggregates, though with some 
quantitative differences. 
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ABSTRACT  
 
The concept of circular economy envisages that the highest utility and value of a material can 
be achieved through proper management along its all life cycle. Therefore reducing waste, 
through increased reuse and recycling, is a major driver to close the loop. Within this 
framework, construction and demolition waste, which constitutes up to 30% of world waste 
generation, is a priority in order to achieve a high level of resource efficiency in the 
construction sector. 
In general, it is noticed that the fine fraction from traditional CDW processing, representing 
from 40 to 60% mass of the CDW mineral phases, is not suitable to be used as a secondary 
material for manufacture of concrete where high mechanical performance is required. 
Moreover, the filler fraction produced on recycling processes is rarely considered for 
recycling due to its high surface area and irregular shape. Filler properties depend on previous 
construction material composition and mineral processing applied for recycling. This paper 
aims to characterize the filler fraction from the production of recycled sand from construction 
and demolition waste processing, by particle size distribution, chemical and mineralogical 
composition and specific density and highlights some drawbacks related to their application 
as filler in cementitious building materials. 

 
Keywords: mineral processing, CDW recycling, products characterization, recycled filler. 
 
INTRODUCTION 
 
In Europe, the construction sector is the economic sector that consumes more mineral 
resources (BIO Intelligence Service 2013), in particular sand and gravel, while it generates 
about 33% of total waste produced (EIO 2011). From a sustainability perspective, several 
studies on the reuse and recycle of building materials, at the end of their useful life, have been 
carried out, thus contributing to resource efficiency. Nevertheless, there is still scope to 
enhance processing technologies for recycling construction and demolition waste (CDW) in 
order to have high quality secondary materials. 
Owing primarily to the low cost of natural aggregates, in some countries recycling of CDW is 
recognized as an imperative need but no much effort has been done regarding development of 
processing technologies. However, in other countries where the cost of transporting natural 
aggregates is high, or where the natural aggregates are scarce, or there is restrictions to 
quarrying, the study of new CDW processing technologies is very appealing. 
Within this framework, recycling of the fine fraction is of particular importance. The 
characteristics of this fraction generally prevent its use in manufacture of concrete where high 
mechanical performance is required. Moreover, the filler fraction produced on recycling 
processes is rarely considered for recycling due to its high surface area and irregular shape 
that could affect the water demand of concrete (Silva et al., 2014). 
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The present study makes part of a research envisaging the use of CDW filler for concrete 
manufacture. The recycled filler was produced from processing mixed CDW at an industrial 
mortar plant. Crushing was conducted in four stages by jaw crusher, conic crusher and 
vertical shaft impactor. Attained crushed material was separated by air classifier for obtaining 
recycled sand (product from 2 mm down to approximately 74 µm) and recycled filler 
(fraction below 74 µm).  
Despite being an expensive procedure to produce recycled sand, it is relevant to emphasize 
that production of sand for mortars is carried out at the sample plant due the absence of 
natural reserves close to large centers. 
 
EXPERIMENTAL 
 
The recycled filler was sampled to obtain representative aliquots for physical-chemical 
characterization: the particle size distribution has been studied by means of low angle laser 
light scattering (Malvern Mastersizer 2000); the chemical composition was evaluated by X-
ray fluorescence spectrometry (PanAlytical Axios Advance) and the loss on ignition was 
conducted at 1050 0C for 1 h. The mineral composition was accessed by X-ray powder 
diffraction (X’Pert MPD diffractometer, PANalytical), with CuKα radiation (λ = 1.54178 Å). 
 
RESULTS 
 
The recycled filler presents a continuous particle size distribution curve, as shown in Figure 
1. When compared with commercial filler, the recycled filler shows a higher content of 
fraction below 20 µm that can promote better densification when used in the production of 
cement based building materials, and an increased proportion of particles with sizes above 
20 µm. The particle density of the recycled filler is 2.67 g/cm3.  
The chemical composition, expressed as oxides on a dry base, suggests that the main 
constituents of the filler are calcium and aluminum silicates. The sum of the contents of SiO2, 
Al 2O3 and Fe2O3does not suggest that this filler could affect the chemistry of cement 
hydration; nevertheless an assessment of pozzolanic characteristics will be performed. 
Furthermore, the thermal analysis by thermogravimetry (Figure 2) revealed the absence of the 
peak corresponding to portlandite, between 400-500 0C, which indicates that calcium is not in 
the form of hydroxide but exist as carbonate, as shown by the pronounced peak between 
600-825 0C.  

 
Figure 1. Recycled and commercial filler size distribution 

Table 1. Chemical composition of the filler 
 

0

20

40

60

80

100

1 10 100 1000vo
lu

m
e 

(%
 p

as
si

ng
)

particle size (µm)
RecFiller_1 RecFiller_2 Comercial filler



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

70

Oxides % 
SiO2 
Al 2O3 
Fe2O3 
MnO 
MgO 
CaO 
Na2O 
K2O 
TiO2 
P2O5 

41.6 
8.32 
2.94 
0.07 
2.93 
22.2 
0.78 
2.08 
0.44 
0.16 

LOI 18.7 
 

 
Figure 2. Thermogravimetric analysis of the filler 

 
The mineral composition of the filler, investigated by X-ray diffraction (Figure 3), include K- 
and Na-feldspars (kf, nf), mica (m), kaolinite (k), dolomite (d) and chlorite (cl) and 
predominantly quartz (qz) and calcite (c). The inexistence of halo corresponding to 
amorphous phase suggests that no pozzolanic reactions will take place when recycled filler is 
used in concrete. It should also be noticed the absence of non-hydrated cement phases peaks. 

 
Figure 3. X-ray diffraction analysis 
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CONCLUSION 
 
The characteristics evaluated so far for the filler fraction from mixed construction and 
demolition waste show a particle size distribution continuous and a density which is close to 
those of commercial fillers, wherefore it is foreseeable a successfully densification of 
concrete. Nevertheless, the higher content of particles with size below 20 µm in the recycled 
filler can increase the water demand and consequently have an adverse effect in the 
mechanical strength. 
In what concerns the chemical composition, calcium and silicon are the major elements but 
based on the contents of the different elements it is not expected that this filler has pozzolanic 
properties. The X- ray diffraction pattern indicates that the main mineralogical phases are 
quartz and calcite and the lack of non-hydrated cement does not seem to foresee binding 
properties. Further properties of the filler, such as shape and Blaine specific surface area, will 
be addressed before the use of recycled filler in concrete. 
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ABSTRACT 
 
There have been a great number of laboratory studies on mixing approach for recycled 
aggregate concrete (RAC) even if in practice, the simplest procedures are generally 
employed. Some of these methods give good results comparing with the traditional mixing 
method. 
The present paper resume some main mixing methods proposed in the literature, specifically 
for RAC. The two-stage mixing approach (TSMA) splitting the required water into two parts 
in divers proportions, is a development of the previously Japanese proposed sand enveloped 
with cement (SEC) mixing method. Other methods were proposed, like for instance the sand 
enveloped mixing approach (SEMA) or the loading of (recycled) aggregates into a pre-
processed mortar or paste (cement paste encapsulating aggregate method). This short 
literature review also discusses the effect of the initial moisture of the RCA and the concept 
of effective water which seems still valid for RAC. 
It is not clarified today the extent to which the improvements resulted from alternative mixing 
methods are specific to the RAC mixing, or are more general phenomena. In the light of 
recent works, two points are underlined here. First, the quantity of water absorbed by the 
aggregates depends of factors not sufficiently elucidated yet. For instance, the pre-wetting 
method potentially could conduct to different RCA water absorption after mixing. Second, 
the mechanical benefits of the hardened RAC produced by TSMA it is classically explained 
by an increase of the ITZ strength. We consider that a complementary explanation should be 
looked in the higher attrition of the RCA produced by TSMA. This phenomenon is supposed 
to induce better compacity of the mixture and higher quality of the RCA. 
 
Keywords: mixing method, two-stage mixing, effective water. 
 
1. INTRODUCTION 
 
It is generally admitted that the RCA high level of water absorption [1] [2] and heterogeneity 
[3] generates difficulties in the correct water proportioning from one batch to another. Also, 
the water absorbed between end of mixing and casting can change the consistency of the 
concrete during transport. Belin et al. [4] expect that workability loss due to water absorption 
should be different from one RCA to another. They also discussed that the water absorption 
kinetics of RCA could be different in pure water or when they are immersed in a cement 
paste. Indeed, the work of Bello [5] showed that the water absorption kinetics of light 
aggregates immersed in a cement paste strongly depended on the water to powder ratio of the 
paste. 
The mortar content also lowers the strength of the aggregates. For instance, Barbudo [6] 
observed a typical ratio of 2 between the Los Angeles’ values of RCA and natural aggregates. 
After a study of the influence of barite aggregate friability on mixing process [7], Moreno 
Juez et al. [8] demonstrated that attrition and cleavage mechanisms could produce significant 
grading evolution of RCA during the mixing. 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

73

This paper resumes some aspects of mixing methods proposed in the literature to improve the 
quality of mixing of recycled aggregate in new concrete. Coating and some pioneering data 
on the results of two emerging mixing technologies applied on recycled aggregate concrete – 
vibratory mixing and mixing under vacuum – are not considered in this brief survey. 
 
2. INITIAL MOISTURE OF RCA  
 
A first level of questions aroused about the influence of the initial moisture of the RCA on the 
RAC concrete mixing result. In order to avoid problems on the consistency of the RCA, 
Gonzalez et al. [9] proposed immersing the aggregates in water for 10 minutes and the other, 
with eventually a brief air drying and subsequent elimination of surface water from the 
aggregate. The complete saturation in order to stop any water transfer into the aggregates had 
already been proposed by some authors previously [10]. 
 
Barra and Vazquez [11] and Poon et al. [12] analyzed the effect of oven drying, air drying or 
completely saturating surface-dry RCA before mixing. They conclude that air dried RCA 
gave improved workability and compressive strength of the concrete as after oven drying or 
saturated surface-dry conditions. The authors suggested that saturation point should not be 
reached because of the risk of bleeding. However, for recycled fine aggregates obtained from 
concrete, Ji et al. [13] obtained that the cracking resistibility of the concrete increases with the 
initial moisture of the aggregates, from oven dried to saturated surface dry. 
 
At evidence, the use of differently moistened RCA by keeping the added water constant (so 
with different total water content) conducts to an increase in workability and a decrease of the 
compressive strength for the more wetted aggregates [14] [15]. Indeed, the concept of 
effective water [16] seems still valid for the RAC [17]. Mefteh et al. [14] also studied the 
slump loss for recycled concrete aggregates at oven dry, saturated surface-dry and 
intermediary pre-wetted conditions, maintaining the added water constant. The slump loss do 
not seemed influenced by the initial moisture of the aggregates (or consequently by the initial 
slump value). In fact, the slump loss was similar that those of the concrete produced with 
natural aggregates. This result could be interpreted as the effect of a fast absorption of the 
RCA from this study, which probably mostly occurs during the mixing time as suggested by 
Salgues et al. [18]. However, Khoury et al. [19] demonstrated that the pre-wetting history of 
the RCA – long-term or short-term – could change the amount of the water absorbed by the 
RCA with as much as 1% of their mass and could significantly change the real effective 
water into the mixture. 
 
3. MIXING PROCEDURE 
 
The sand enveloped with cement (SEC) concrete mixing procedure was proposed in the early 
1980’s as a method to improve the compressive strength of the normal concrete (using natural 
aggregates) [20] [21]. In the procedure the water was added into the mixer at two separate 
times: the first water addition was fixed to 25% by weight of the cement, including any 
surface moisture of the sand and gravel. The method yielded up to 25% of compressive 
strength increase as compared to normal mixing method (one stage mixing). 
 
In the late 1990’, it was observed that the process for recycled aggregate to absorb a part of 
mixing water before mixing or during mixing process is effective to achieve higher strength 
of concrete [23].  Consequently, the SEC method was adapted to the specificity of the 
recycled aggregates, by increasing the amount of the first part of water to 50% and by 
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delaying the introduction of the cement after the loading of this first amount of water [24] 
[25]. This double-mixing method improved the mechanical behavior (compressive strength 
with about 15%, tensile strength with about 20 – 25%) and the durability (chloride 
penetration and carbonation resistances) of RAC compared with normal single stage mixing. 
The mixing method, termed TSMA (two stage mixing approach) [27] was more deeply 
studied in the recent years. And it was showed an increasing beneficial effect with the RCA 
replacement level [28]. Increased compressive strength and durability properties (water 
absorption, sorptivity, chloride ion penetration, drying shrinkage, and abrasion resistance) for 
high-strength concrete were confirmed [29] but with no effect on the frost resistance of air-
entrained RAC [31]. Brand et al. [32] shown that TSMA is more effective in the increase of 
the mechanical properties of the RAC if the RCA are partially-saturated, as opposite to their 
use oven dried or saturated. At opposite, adverse effects like strength reduction were obtained 
for concrete using fine recycled aggregates [29]. 
 
The beneficial effect of the two-stage mixing method was explained by an improving of the 
properties of the new ITZ in the RAC when two-stage mixing is used [25] [26]. Indeed, this 
was already demonstrated for the SEC method using natural aggregates [22]. However, a 
complementary explanation should be taken into account: the increase of the fine content due 
to significant attrition of the RCA during mixing [8]. These authors demonstrated that the fine 
created during mixing RCA without cement is significantly higher than the attrition during 
mixing concrete composition. Or TSMA procedure adds important mixing time of RCA 
without cement. 
 
Several researches presented other mixing procedures for RAC. The cement paste 
encapsulating aggregate method (first mixing the cement paste than incorporating coarse 
aggregates and sand) had intermediate mechanical effect on the RAC between the normal 
mixing and the TSMA [31]. The sand enveloped mixing approach (SEMA) gave better 
results than the TSMA in terms of compressive strength of secondary concrete. The SEMA 
mixes sand, cement, and 3/4 of the total water before the addition of recycled aggregate, 
allowing the sand particles to mix more readily with the cement and water and thus less water 
will be absorbed by the recycled aggregate [33].  
4. CONCLUSION 
 
It is not clarified today the extent to which the improvements resulted from alternative mixing 
methods are specific to the RAC mixing, or are more general phenomena. 
Two points are discussed here in the light of recent works. First, the concept of effective 
water seems still valid for RAC but the quantity of water absorbed by the aggregates depends 
of factors not sufficiently elucidated yet. For instance, the pre-wetting method potentially 
could conduct to different RCA water absorption after mixing. 
Second, the TSMA produce higher compression strength concrete mixing method by an 
increase of the ITZ strength. The mechanical benefits of the hardened RAC should be 
complementary by explained by other phenomena. For instance, TSMA is supposed to 
produce higher attrition of the RCA, inducing better compacity of the mixture and higher 
quality of the recycled concrete aggregate. 
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Abstract 
 
The existing construction waste recycling technologies and standards have been long applied 
in construction and demolition (C&D) waste recycling, mainly focused on the production and 
use of coarse recycled aggregates. Very few papers and process focus on the production of 
recycled sand although some previous results show that fine aggregates fraction (below 4.8 
mm) represents around 40 to 60% (in mass) of the Brazilian waste and it is usually down 
cycled as road sub-base or disposed in landfills. The quality of the recycled aggregate is 
strictly related to the content of porous and low strength phases, as the patches of cement 
attached to the recycled aggregate. Despite being the crucial factor for aggregate 
performance, the removal of adhered cement paste is not a simple task. Some technologies 
have already been described in the literature, even though, to the moment none of these 
technologies has clearly succeeded in reaching the large market available.  
This paper presents a summary of the main properties of the sand produced from C&D waste 
by tertiary crushing at vertical shaft impactor crusher (attrition and abrasion comminution). 
Additionally mineral processing technologies were applied on the attained product, such as 
density concentration by shaking table and spirals and magnetic separation at rare earth roll 
separator. The main properties of recycled sand are discussed and compared to the previous 
C&D waste, respectively: apparent density, water absorption, chemical composition, 
porosity, particle shape and cement paste content. 
The results demonstrated that the comminution by vertical shaft impact crusher allowed 
producing a VSI-sand with low porosity and water absorption. The concentration by shaking 
table at narrow sieve fractions led to a product with low porosity and reduced content of 
cement paste, although products from spiral concentrator for the bulk sample had only the 
effect of classification instead of concentration. The non-magnetic products presented similar 
characteristics of the heavy product from the shaking table plus separation of micaceous 
minerals. The aim of producing sand from construction and demolition waste through mineral 
processing unit operations changes the recycling approach and contributes for upcycling the 
recycled sand.   
 
Keywords: recycled sand, mineral processing, CDW recycling, products characterization, 
mineral separability. 
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Abstract 
 
Global demands on natural sand and gravel are growing beyond 50bn tonnes per year and 
there is a very real need to find alternative sources for construction. The basic processing of 
C&DW involves the introduction of dry processing equipment such as crushers and screens. 
This approach limits the use for the recycled sand and aggregates to low value construction 
applications such as backfill. This approach does not capitalise on the huge opportunity that 
construction, demolition and excavation waste offers both in terms of material recovery and 
the creation of high value products. These high value recycled sand and aggregates produced 
can be used across a wide range of construction applications including pipe bedding, concrete 
and block construction. There are even applications for the only waste product from the 
system, Filter Cake, such as pond lining, canal lining, landfill capping and trench fill. By 
using Filter Cake for these applications, the higher grade products can be conserved for 
higher value applications. A number of example past projects who are deploying innovative 
technologies and methods to sustain their business can be referred to during the presentation 
including – Inert Landfill, Scotland – Beginning life as a traditional quarry that had filled a 
disused quarry with C&DW over a period of 30 years, the company is now able to process 
80% of this material and sell into the construction sector in Glasgow, while also extending 
the lifespan of the landfill. Recycling Facility, Germany – Supported by the EU Eco-
Innovation Programme this facility installed an innovative wet processing system for C&DW 
recycling. The recycled materials are now used in concrete products. Construction Company, 
Norway – The world’s largest wet processing plant for C&DW with a capacity of 300tph.  
Examining the overburden from the company’s hard rock quarry the plant allows them to not 
only recycle the C&DW but also to recover material from the overburden which could 
subsequently be used in their integrated operations. 
 
Introduction 
 
Global demand for natural sand and gravel is growing beyond 50 billion tonnes per year and 
there is a very real need to find alternative sources for the construction sector. With 
sustainability now a requirement in the construction materials sector, recycled and secondary 
aggregates are making an increasingly important contribution to green building practices. By 
reducing demand on primary aggregates, the production of construction materials from inert 
waste is helping the industry to become more sustainable and fulfil its regulatory 
responsibilities and environmental aspirations. 
 
Research by the European Commission, ‘Resource Efficient Use of Mixed Waste’ found that 
Europe produces over 800 million tonnes of construction and demolition waste every year, 
this represents 25 – 30% of all waste generated in the EU. Typical materials include concrete, 
bricks, gypsum, wood, glass, metals, solvents, asbestos and excavated soil. 
 
The business case for recycling construction and demolition waste is ever more appealing as 
the costs of landfill disposal continues to rise. For example over the last for years prices in the 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

79

UK have risen by 32%. This increase is driven by increased costs associated with disposal, 
scarcity of disposal sites and WDF and Landfill Directives coupled with Green Public 
Procurement (GPP) at national, regional and local levels.  The revised Waste Framework 
Directive, which requires EU member states to recover a minimum of 70% of construction 
and demolition waste by 2020, will encourage further use of recycled/secondary aggregates 
and minimize waste from an environmental and cost‐saving point of view. 
 
Regional Landscape 
 
A key motivation for the end user is the increased costs and restrictions associated with 
landfill disposal. Around Europe, there are a range of different initiates and regulations for 
those operating within construction to work within.  
 
There are a number of relevant regulation which apply across Europe.  
 

• The Waste Framework Directive (2008/98/EC) - sets down the basic concepts and 
definitions related to waste management and lays down waste management principles 
such as the "polluter pays principle" or the "waste hierarchy". 

• Landfill Directive (99/31/EC) – sets down the EUs aim to prevent or reduce as far as 
possible negative effects on the environment, in particular the pollution of surface 
water, groundwater, soil and air, and on the global environment, including the 
greenhouse effect, as well as any resulting risk to human health, from the landfilling 
of waste, during the whole life- cycle of the landfill. 

• Green Public Procurement (GPP) - European public authorities are bound by Green 
Public Procurement (GPP) creates a critical mass for the use of recycled aggregates 
and landfill waste minimization. 

  
How the regulations are implemented vary across the EU and each region may have their own 
set of regulations. Some examples of specific regional regulations are shown below. 
 
Germany has a target of 80% of waste to be managed in closed cycle processing. The 
construction sector in Germany has also made a voluntary commitment to cut C&D waste by 
50%. The German Sustainable Building Certificate sets a criterion on waste prevention, 
dismantling and recycling of waste material.  
 
The Flanders region of Belgium operates under a waste framework policy (VLAREA) 
specifying the nature of the waste to be used as secondary raw material in construction and 
the concentrations of heavy metals and aromatic hydrocarbons. In addition, it has landfill ban 
for recyclable fractions of C&D waste.  
 
In Finland the relevant regulations are the Government Decision on Construction Waste in 
1997 (50% recycling and recovery target, including energy recovery, by 2000). There is also 
a policy in place for the recovery of certain wastes, promoting waste recycling in some 
constructions activities (public roads, parking areas, sports grounds, etc.). 
 
Construction & Demolition Waste in the UK is controlled under, The Construction Code of 
Practice for the Sustainable Use of Soils on Construction Sites and WRAP (Waste & 
Resources Action Programme) whose mission is to accelerate the move to a sustainable 
resource-efficient economy through a number of methods. 
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Current processing technology 
 
The basic processing of construction and demolition waste involves the introduction of dry 
processing equipment such as crushers and screens. This approach limits the use for the 
recycled sand and aggregates to low value construction applications such as backfill. This 
approach does not capitalise on the huge opportunity that construction, demolition and 
excavation waste offers both in terms of material recovery and the creation of high value 
products. 
 
Advanced wet processing technology 
 
CDE designs wet processing equipment which is used in construction & recycling 
applications, in particular in the processing & recycling of construction and demolition 
(C&D) waste, mineral processing and waste water treatment industries. CDE’s core industrial 
washing technology uses physical and aqueous based methods to recover the recycled 
materials. 
 
The main areas CDE works in are in sand washing, crusher dust washing, construction and 
demolition waste recycling, lignite removal, specialist sand production, grit washing and 
recycling and iron ore washing and beneficiation. The company has a strong environmental 
ethic and has through its products and services has a strong background in reuse, rework & 
recycle, enabling C&D waste to be processed to produce recycled aggregates which can be 
reused.  
 
Due to the highly variable nature of construction, demolition and excavation waste each CDE 
plant is built according to the specific requirements of the project. Differing levels of 
contamination, fines content and variability of input materials (excavation waste, railway 
ballast etc.) requires an individual approach to each recycling plant.  
 
Each plant includes a variety of processing phases depending on customer requirements; 
feeding and pre-screening, aggregate scrubbing, contaminant removal, metals removal, sand 
washing, aggregate sizing, primary stage water treatment and sludge management. 
 
Applications for recycled aggregates 
 
When processed properly recycled sand and aggregates can be used across a wide range of 
construction applications including pipe bedding, concrete and block construction. There are 
even applications for the only waste product from the system, Filter Cake, such as pond 
lining, canal lining, landfill capping and trench fill. By using Filter Cake for these 
applications, the higher grade products can be conserved for higher value applications. High-
end applications for the recycled aggregates have included construction of the 
Commonwealth Games Athletes Village in Glasgow in 2014 and renovation works on Grade 
1 listed buildings in England.  
 
Companies using CDE advanced washing systems include an inert landfill recycler in 
Scotland. This company began life as a traditional quarry in 1964 who had went on to fill 
their disused quarry with construction and demolition waste over a period of 30 years. After 
the installation of a CDE wet processing system the company is now able to process 80% of 
this material and sell into the construction sector in Glasgow. They have been able to offer a 
range of new products to the market. The smallest aggregate is suitable for pipe bedding, the 
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mid-size aggregate is sold for closed drainage and the largest aggregates have applications in 
open drainage. The 0-4 grit is in high demand for block making, the company also produces 
0-2 fine sand and a concrete sand 
 
A recycling facility in Stuttgart, Germany, installed a wet processing plant supported by the 
EU Eco-Innovation Programme, which was set up to assist the adoption of environmental 
technology across Europe. The recycled aggregates are now used in concrete products. 
 
The world’s largest wet processing plant for construction and demolition waste and 
overburden can be found in Norway and was installed by CDE. With a capacity of 300tph the 
plant allows the company to not only recycle the construction and demolition waste but also 
to recover material from the overburden which could subsequently be used in their integrated 
operations. The plant was installed in 2014 and is now producing two grades of sand, 0-2mm 
and 2-4mm. A range of washed aggregates are also being produced in the form of 4-
11mm,11-16mm,16-22mm, 22-90mm and an oversize +90mm aggregate. The company are 
also utilising the dry cake output from the filter press. The dry cake which contains +80% of 
dry solids content is being used for the creation of embankments. The plant diverts 600,000 
tonnes of construction and demolition waste per year as a result of this new washing 
technology. 
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Abstract 
 
Production of waste materials, via industrial and human activities, creates big environmental 
and economic problems but also opportunities to recover valuable resources. EU28 currently 
generates 461 million tons per year of ever more complex Construction and Demolition 
Waste (CDW) with average recycling rates of around 46%. There is still a significant loss of 
potential valuable minerals, metals and organic materials all over Europe. Considering the 
fact that public and private sectors have become aware of the urgency and importance of 
CDW recycling, the European Commission has taken initiatives towards sustainable 
treatment and recycling of CDW funding three tandem projects focusing on the development 
of an innovative and sustainable concrete recycling process. To that end, this article will 
firstly present the main achievements and ongoing activities for developing the innovative 
concrete recycling technology in the course of the EU C2CA, HISER and VEEP projects. In 
addition some figures related to the cost of each recycling unit process and the selling price of 
the recycled products are presented. 
 
Keywords: Concrete recycling- Recycled aggregates-Recycled concrete fines- Recycled 
cement. 
 
Introduction 
 
About 1,300 million tonnes of waste are generated in Europe each year, of which about 40%, 
or 540 million tonnes, is CDW. It is estimated that 60-70% of CDW belongs to waste 
concrete (about 320-380 Mt). A comparison between the figures related to the production of 
waste and new concrete, indicates that at present the rate of new concrete production is much 
higher than that for the waste concrete production. The reason is the large time-lag between 
the construction and demolition of a building which results in shifting the production of waste 
concrete to the future. Following the second World war II, a post-war economic boom 
(especially in western European countries) happened which resulted in a significant boost in 
the construction of buildings and infrastructures. Taking the mentioned time-lag into account, 
the amount of waste concrete is going to rise dramatically in the near future. Based on the 
revised Waste Framework Directive (WFD), the minimum recycling percentage of ‘non-
hazardous’ CDW, should be at least 70% by weight by 2020. The current average recycling 
rate of CDW for EU-27 is only 47% and there is still a significant loss of potentially valuable 
materials all over Europe. This indicates that currently the market for recycled concrete may 
not be large enough and it needs innovations to create more attractive products. 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

84

Presently, the treatment of construction and demolition waste in Europe is mostly based on 
scenarios 1 and 2 which are indicated in Figure  1.  
 

 
Figure 1: Three different scenarios for treatment of construction and demolition waste. 

 
Following Scenario 1, some European countries allow the waste to be land-filled at very low 
gate fees. However, countries like the Netherlands encourage extensive material re-use 
through a strategy of selective demolition followed by recycling. With such a strategy, 85% 
of the material from End Of Life (EOL) building constructions is recovered as relatively pure 
mono-material fractions, and only 15% ends up as mixed demolition waste that has to be 
treated in specialized waste treatment facilities. The main mono-material fractions resulting 
from selective demolition are mineral, steel and wood. They have a neutral to positive value 
and are ideally suited for re-use at a high level. In particular, the large mineral fraction (85% 
of all CDW) is crushed off-site or on-site using mobile breakers and is typically applied as a 
substitute for natural gravel in road foundation (second scenario). 
However, despite the fact that road foundation is a useful outlet for recycled aggregates, it is 
not a sustainable application in the long run. In the coming years, a strong increase of the 
amount of waste is expected in Europe due to the large number of constructions from the 
1950s that are closing to their end of life. At the same time, the demand for road foundation 
materials is expected to decline with the time due to the reduction in the net growth of 
infrastructure. Government statistics of the Netherlands, for example, predict that whereas 
nearly 100% of the EOL concrete is absorbed by the Dutch road sector today, this number 
will have dropped to below 40% by 2025 (see Figure 2). 
 

 
Figure 2: Study of the Dutch government for the end of life concrete demand. 
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On the other hand, the required technology and business model for fully recycling and re-
using of EOL concrete into new concrete is yet beyond what can be achieved by the recycling 
industry (Scenario 3 in  Figure 1 is not mature yet). 
In order to achieve a sustainable solution for recycling of concrete into new concrete the 
following goals should be reached: 

1. To widely replace primary raw building materials through recycling of end of life 
concrete. 

2. To achieve a substantial reduction in road transport of building materials. 
3. To create a serious cut in CO2 emission from cement production. 

A wide, efficient and quick replacement of primary raw building materials by recycled 
materials besides a significant reduction in road transport and creating a considerable cut in 
CO2 emission requires innovation of business model and technology which has been the 
focus of the three EU projects C2CA, HISER and VEEP. 
 
Developments of the concrete recycling technology during the C2CA project 
 
The C2CA project aimed at a cost-effective system approach for recycling high-volume EOL 
concrete streams into prime-grade aggregates and cement (see Figure 3). The technologies 
considered are smart demolition to produce crushed concrete with low levels of contaminants, 
followed by mechanical upgrading of the material on-site into an aggregate product with 
sensor-based on-line quality assurance and a cement-paste concentrate that can be processed 
(off-site) into a low-CO2 input material for new cement. To achieve in situ recycling of the 
aggregate has been one of the main goals of the C2CA project. Therefore, liberation of fines 
rich of the cement paste, as well as the sorting and size classification of the aggregate, is 
performed purely mechanically and in the moist state, i.e. without prior drying or wet 
screening. After crushing and sorting out big contaminants, liberation of fragile parts from the 
surface of aggregates is promoted by several minutes of grinding in a small-diameter (D = 
2.2m) autogenous mill while producing as little as possible new fine silica. A new low-cost 
classification technology, called Advanced Dry Recovery (ADR) is then applied to remove 
the fines and light contaminants with an adjustable cut-point of between 1 and 4 mm for 
mineral particles (See Figure 4). ADR uses kinetic energy to break the bonds that are formed 
by moisture and fine particles and is able to classify materials almost independent of their 
moisture content. After breaking up the material into a jet, the fine particles are separated 
from the coarse particles. ADR separation has the effect that the aggregate is concentrated 
into a coarse aggregate product and a fine fraction including the cement paste and 
contaminants such as wood, plastics and foams (see Figure 5). General layout of this 
innovative concrete recycling technology can be seen in Figure 6. 
 

 
Figure 3: Existing vs. proposed novel closed cycle for concrete recycling. 
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Figure 4: Schematic of the ADR principle 

 

 
Figure 5: Products from crushed concrete by ADR: Coarse (left) and Fine (right). 

 

 
Figure 6: General layout of the C2CA technology showing the mass flow distribution for the concrete 
fraction. Some steps of the mechanical process are developed and fine- tuned during the C2CA project. 
The fine fraction technology part is being developed within the VEEP project.  
 
During the C2CA project, The feasibility of this recycling process to produce clean recycled 
coarse aggregates was examined in a demonstration project involving 20,000 tons of EOL 
concrete from two office towers in Groningen, the Netherlands. Results show that the 
recycled aggregate compares favorably with natural aggregate in terms of workability and the 
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compressive strength of the new concrete, showing 30% higher strength after 7 days and after 
aging this difference has become lower, to 5% at 90 days (See Figure 7). 
 

 
Figure 7: Comparison between compressive strength of NAC and RAC in different ages. 
 
Developments of the concrete recycling technology during the HISER project 
 
HISER project in general is developing and demonstrating novel cost-effective technological 
and non-technological holistic solutions for a higher recovery of raw materials from C&DW. 
The main components of C&DW are being investigated with the aim to valorize and to use 
them as replacement of virgin raw materials. In so doing an effective switch from linear to 
circular economy is achieved. 
As the follow-up of the C2CA project, during HISER, industrial ADR insulation was 
demonstrated in the city of Hoorn in the Netherlands in June 2016. This successful 
demonstration was the result of a detailed design and built engineering (See Figure 8) for 
upscaling of ADR followed by the onsite performance evaluation. The recovery of each size 
fraction into all three up-scaled ADR products and the cut-points is shown in Figure 9. 
According to the results the share of coarse, rotor and airknife products are about 56.5wt%, 
31wt% and 12.4wt% respectively. Currently Hoorn site is active producing clean recycled 
aggregates >4mm for the pre-fab and ready mix concrete production companies in the 
Netherlands. 
 

 
Figure 8: ADR upscaling (Join activity of TUDelft and GBN Group-Strukton Civiel, C2CA 

Technology)- Hoorn- the Netherlands 
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Figure 9: The recovery percentage of each size fraction into the three products of ADR. 

 
The C2CA and HISER projects have mainly developed, fine-tuned and demonstrated an 
innovative concrete recycling technology to produce coarse recycled aggregates. However, 
there is still a need to recycle the created crushed concrete fines. ADR Fines (AF) contains 
hardened cement, unliberated pieces of sand, moisture and light contaminants such as wood. 
In fact, the main problem with crushed concrete fines is associated with its contaminated and 
moisturized nature that also applies for AF. The wet state of AF makes any dry separation 
process like screening or ball milling inefficient and costly while the contaminated nature of 
AF is the main concern for re-using it into new concrete. To deal with these problems, at the 
end of C2CA and during HISER, some proofs of concept at TRL3 were performed to develop 
a combination of simultaneous heating, grinding and separation process to produce two main 
products from ADR fines: clean, dry sand ready for using in the concrete production and a 
concentration of cementitious powder with a very low amount of contaminants ready to sell 
as a minerals resource to the cement production companies. The research set-up consisted of 
a Heating-Air classification System (HAS) followed by grinding of materials using a Ball 
Mill (BM). Experimental results show that heating of the materials to 5000C for a duration of 
30 seconds, results in a significantly reduced milling time. This is important for the milling 
cost and to avoid the production of new fine silica during the grinding. When comparing 
different heating temperatures in terms of the efficiency, recovery of hardened cement, sand 
and contaminants removal, 500°C is concluded as the most suitable temperature. The fraction 
0-0.125 mm always shows the highest percentage of the CaO and consequently hardened 
cement. The amount of CaO in the produced very fine fraction is comparable with the amount 
of CaO in low-quality limestone (see Table 1) 
 

Table 1: XRF values for ADR fines and FF in comparison to limestone and clay component 
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Closing the loop of concrete recycling within the VEEP project 
 
VEEP European project with the full title of “cost-effective recycling of CDW in high added 
value energy efficient prefabricated concrete components for massive retrofitting of our built 
environment” was funded from the first of November 2016 for a duration of 48 months. 
VEEP main objective is to eco-design, develop and demonstrate new cost effective 
technological solutions that will lead to novel closed-loop circular approaches for CDW 
recycling into novel multilayer precast concrete elements (for both new buildings and 
refurbishment) incorporating new concretes as well as superinsulation material produced by 
using at least 75% (by weight) of CDW recycled materials. 
One of the main activities during VEEP project (following C2CA and HISER) is to design 
and upscale a mobile HAS pilot plant. This pilot plant will be designed and built to guarantee 
a nominal processing of 3 ton/hour of ADR fine fraction. The HAS pilot plant will be based 
on the combination of simultaneous heating, grinding and separation process aiming to 
weaken the cement paste adhered to fine recycled sand (particles <4mm). This facility will be 
made of three main zones: pre-heating, heating and cooling. The fractions <0.250 mm, which 
are hardened cement rich particles, will be separated by using the air flow, while organic 
constitutes (wood, plastic) will be burnt. Cyclones and electrostatic filters will be used to 
maximize the production of valuable fractions, while minimizing the emission of dust. The 
whole process will result in the production of very clean sand and hardened cement. Design 
and upscaling of the HAS technology will be followed by its integration and optimization 
with the ADR for the simultaneous production of high quality recycled aggregates, sand and 
hardened cement.  
 
Economic figures 
 
For recycling of concrete, most of the time lack of economic benefits puts constraints on the 
technology and the business model. The economy of concrete recycling is extremely 
dependent on the situation and local conditions. In the Netherlands for example, in time, there 
will be more amount of crushed concrete available in the market. Taking the continual 
fluctuation in the price of natural aggregate and crushed concrete into account, it is concluded 
that the maximum cost for the recycling process should not exceed 5 €/ton. Figure 10 shows 
approximate costs of each unit process in the C2CA process and the selling price of recycled 
products. 

 
Figure 10: Simplified process flow sheet of  the C2CA process. Approximate costs of each unit 
process and the selling price of recycled products are shown in green and blue colours respectively. 
The maximum particle size of the crushed concrete as the process input material might change based 
on the market demand and currently it is changed from 32 mm to 22 mm.  
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Conclusions 
 
While the C2CA and HISER projects focused on the production of upgraded coarse recycled 
aggregate, some proof of concept at TRL3 was also performed separating the hardened 
cement paste and contaminants from fine recycled sand. This proof of concept constitutes the 
starting point for the new HAS technology proposed in the Horizon 2020 VEEP project, 
aiming to shift the technology readiness level from TRL3 to TRL5/6. In addition, the novel 
HAS is expected to produce upgraded recycled sands and supplementary cementitious 
materials for new concrete production. The ADR technology will be adapted to light-weight 
concrete waste recycling and the combination of ADR and HAS technology for simultaneous 
production of coarse and fine recycled aggregates will be an innovative solution in VEEP. At 
present, according to rough estimates, less than 5% of recycled concrete aggregates are used 
in new concrete manufacturing. Nevertheless, replacement levels are typically allowed up to 
20% or 30% of the coarse fraction of the recycled natural weight concrete aggregate, with 
acceptable negative effects on visual quality, workability, compressive strength and durability 
of the mortar and concrete. The C2CA project revealed that the use of the ADR technology 
can lead to higher quality coarse recycled concrete aggregates for their use in concrete, on the 
basis that moisture absorbing fine fractions and contaminants are effectively removed from 
the coarse fractions. That fact can even lead to superior compressive strength that opens up 
new opportunities for the construction industry. The resulting concrete hardens much faster 
than concrete made from natural aggregate, while the same amount of cement is being used. 
It might allow the prefab industry to reduce the use of additional cement or additives and to 
increase the productivity of the existing facilities. The use of fine recycled concrete fractions 
in new concrete production is still restricted due to high water absorption, low density and the 
presence of impurities. The labscale novel HAS technology demonstrated that recycled sands 
(with absorption values below 3% and without organic fractions) and a potential cementitious 
powder below 0.25 mm can be produced. The effect of those recycled fractions in cement 
based materials and new concrete has to be yet studied. 
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ABSTRACT  
 
The framework of the research presented in the paper is a project oriented to promote the use 
of construction and demolition waste (CDW) as a new resource for constructing sustainable 
and very low-energy buildings. 
Intensive research activities have been carried out in application of recycled concrete and 
recycled brick as a replacement of natural aggregate in concrete. Based on conducted 
mechanical, durability and thermal testing of recycled aggregate concrete, replacement ratio 
of natural aggregate by 50% was determined as optimal. Research resulted with development 
of an energy and resource efficient construction product ECO-SANDWICH® - ventilated 
precast concrete sandwich wall panel with integrated formaldehyde-free mineral wool 
insulation. ECO-SANDWICH® wall panel is a benchmark construction product that allows 
very low energy design and retrofit of buildings; therefore, it can be coupled with an exigent 
need to improve energy performance of the building stock in the EU and neighbouring 
countries. Storage of recycled materials from CDW in concrete and production of a new high 
quality construction product can add value to CDW and contribute to closing the loop of 
product lifecycles which is the basis of a circular economy. The last part of the paper presents 
the first application of ventilated precast concrete sandwich wall panels produced with 
recycled CDW and an overview of current research on its hygrothermal properties. 
 
Keywords: construction and demolition waste, recycled aggregate, energy efficiency, 
precast sandwich panel, ECO-SANDWICH® 
 
INTRODUCTION – Why CDW? 

 
Increasing demand on energy efficiency and natural resources conservation, caused by energy 
poverty and depletion of natural resources, is strongly challenging the construction sector as 
one of the top consumers. Europe has set the legal framework and established the 
requirements that all Member States are obligated to fulfill regarding the energy efficiency in 
building sector [1], and management of construction and demolition waste (CDW) [2]. How 
to transform those ˮlimitationsˮ  into opportunities and advantages? Can CDW gain added 
value and be used as a resource for production of new construction products that will satisfy 
all regulations, fit into concept of sustainability and ensure lower energy consumption? Can 
CDW be one of factors that drive revival of European economy and construction sector? Can 
CDW be a milestone in a life cycle of buildings? Those were the guiding principles in 
extensive research that has been carried out within the ˮ ECO-SANDWICH Energy Efficient, 
Recycled Concrete Sandwich Façade Panelˮ project funded by CIP-Eco Innovation. 
Conducted research resulted with the development of ECO-SANDWICH® (ES®) panels with 
high degree of recycled materials obtained from demolition of existing buildings and 
production process of construction materials. 
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Comprehensive approach consisting of designing out and minimizing waste from root cause, 
incorporating reused and recycled materials into new enhanced construction products and 
managing the end of life reuse and recycling of assets will help achieve a circular economy 
[3]. Circular economy offers an opportunity to boost global competitiveness, foster 
sustainable economic growth and generate new jobs [4]. 
 
ECO-SANDWICH ® panel – Bank of CDW 
 

ES® panel is an innovative 
precast sandwich wall panel with 
integrated glass wool core 
insulation allowing very low 
energy design and retrofit of 
buildings. It consists of two 
concrete layer interconnected 
through stainless lattice girders 
(Fig. 1).  

a) 
 

b) 
Figure 1. ES® panel: a) model, b) detail of connection with 

concrete slab 
Innovation lays in using CDW as a resource for producing concrete layers, formaldehyde-free 
core insulation and ventilation layer for preventing possibility of water vapour condensation. 
The inner (self-load bearing) layer is made of recycled concrete aggregates (RCA) while the 
outer façade layer is made of recycled brick aggregates (RBA). ES® represents possible 
technological solution for fast construction of very low energy or passive house standard 
buildings on a large scale, thus minimizing environmental impacts. During the project 
duration, the first step was to determine the most favorable replacement ratio of virgin 
aggregate with CDW in concrete mixes from the aspects of best balance between mechanical, 
durability and thermal properties. The second step was to deal with market uptake of the 
developed solution. Based on optimization, the replacement ratio of 50% of virgin coarse 
aggregate was chosen as optimal for the ES® panels [5, 6]. 
Mechanical properties: Compressive strength of RCA concrete is classified as C30/37 and 
RBA concrete as C25/30, respectively [5, 6].  
Thermal properties: Mean thermal conductivity of RCA concrete is 0,858 W/mK and RBA 
concrete 0,746 W/mK, respectively. When comparing it with literature values of concrete 
with approx. the same density, it can be concluded that the RCA and RBA concretes have 
13–27% and 29–40% lower thermal conductivity [5, 6]. Fire resistance: ES® can withstand 
exposure to fire 90 min, which classifies its fire resistance as EI90 [8]. Detailed results of 
mechanical, durability and thermal testing are published elsewhere [5, 6]. They are also 
visible in ES® Declaration of Performance, accompanied with CE mark. 
 
Application of ES®: The first 
application of innovative ES® 
panels is a 3-storey family 
house (A+ energy class) 
constructed in 2016 within 
socially-supported housing 
program in City of Koprivnica, 
Republic of Croatia (Fig.2).  

a) 
 

b) 
Figure 2. First application of ES® panels: a) construction phase, b) 

S-E facade  
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Only in Europe, over 750 million m3 of concrete is produced annually, which rounds up to 4 
tons of concrete per capita [7]. Having in mind that aggregate accounts for 60-80% of the 
volume and 70-85% of the weight of concrete, it’s clear that there is a tremendous potential 
for incorporating CDW into concrete, thus reducing the amount of disposed CDW and 
excavated raw materials. In case of ES® panels total amount of 1759 kg of aggregate was 
used per 1 m3 of concrete, of which 879.5 kg was recycled aggregate. At European level, that 
would mean hundreds of billions of kg of recycled aggregate per year. In that sense, buildings 
can be considered as materials bank. 

CURRENT RESEARCH of ES®– How it actually performs? 

The question arises whether, properties at material level are sufficient to predict performance 
of construction product at large scale in real environment? Particularly in case of new 
innovative product. Building envelope can be considered as building ˮskinˮ  which is exposed 
to loads from the exterior and interior environment and tries to achieve hygrothermal balance. 
This so called hygrothermal performance implies a combined heat, air and moisture transfer. 
Moisture and heat transfer reflects by temperature and moisture content variations within the 
characteristic layers of envelope. It is important to highlight that 75-90% of all construction 
damage is caused by moisture [9]. Künzel et al. [10] emphasize the necessity of knowing the 
hygrothermal properties of concrete since the moisture is a key factor influencing the 
pathology and energy behavior of concrete elements. Currently, there is a lack of knowledge 
on hygrothermal performance of recycled aggregate concrete at material level and ventilated 
precast sandwich panels at large scale level. To gain a better insight, a program of 
experimental monitoring on hygrothermal performance of a building envelope constructed 
with ES® panels in Koprivnica is designed (Fig. 3).  
 

 
Figure 3. Scheme of hygrothermal monitoring system in Koprivnica 

 
CONCLUSION 
 
Buildings offer a great opportunity to incorporate a large amount of CDW, acting as a 
materials bank. This can result with significant reduction of CDW disposal, raw materials 
excavation, environmental footprint, giving a CDW added value and development of new, 
more sustainable construction products. Additionally, it can also be one of triggers for 
construction sector in terms of new jobs and market expansion. Practical application resulting 
from scientific research is the key towards stronger economy and a more competitive market. 
ES® panel is an example of possible ways of embedding circular economy thinking into the 
built environment. Next step ahead is obtaining information on real-time hygrothermal 
performance which can give directions how to design smart buildings, i.e. optimizing and 
improving building performance in-time by taking into account envelope behavior.  
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The use of renewable materials in reversible building design: a literature study 
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Abstract 
 
Today we are getting more and more confronted with the finiteness of mineral and fossil 
deposits of organic material. Extraction costs are rising and the availability of resources is 
decreasing. Together with an increased demand -as world population expands and developing 
nations are becoming wealthier- the situation will become unbearable, even if resources are 
recycled in perpetuity. Instead of using finite resources, such as concrete and steel, renewable 
materials, such as flax and hemp, can be used in the building sector. Renewable materials are 
sourced from living plants and animals and do not disadvantage future generations. They do 
not only take pressure off finite resources, they can be composted at the end of their useful 
life if no undegradable materials are added, beside other advantages.  
Furthermore, the use of reversible building design is recommended to reduce the extraction of 
resources. For example, a building can be more easily maintained and can anticipate changing 
needs during its useful life, such as a changing family composition, without generating 
additional waste by using reversible building components.  
By combining both strategies, the use of renewable building materials and the use of 
reversible building design, the advantages of both strategies can be combined too. The use of 
renewable materials in reversible building components enables the closure of the loop at both 
scale levels: material and component level. In this way, a building component can be reused, 
but can be composted when a component is damaged. 
Therefore, in this paper additional advantages, opportunities, barriers and threats are 
identified of using renewable resources in reversible building design. In addition, current 
application is examined. 
 
Keywords: circular product design, reuse, renewable materials. 
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ABSTRACT  
 
Construction and demolition waste stream has generated news materials that may be re-
introduced into new concrete, e.g. as recycled aggregates. The specific feature of recycled 
concrete aggregates (RCA) is the presence of hardened mortars influencing their behaviour. 
This study aims to distinguish processes that allow the complete separation and quantification 
of attached mortar. The laboratory developed method has to be transferable on a wider scale 
to be exploited on a real recycling platform. This study is linked to the RECYBETON 
National Research Project involving public research laboratories, institutes and private 
companies. 
Several methods are tested in laboratory conditions to determine their efficiency. They are 
based on mechanical, chemical and physical principles. The definition of this efficiency 
concept and the mortar content denomination are also discussed. 
Originality of this study consists in optimizing hot or cold thermal processes combined with a 
mechanical treatment. To perform that, a multi-criteria phase experiment was carried out and 
several values of the multi-criteria parameters were optimized. Results allow for a thorough 
knowledge of treatment efficiency. However, it appears that not any one method is 100% 
satisfactory as aggregates are never completely cleaned and/or are damaged. 

 
Keywords: Recycled concrete aggregates, attached mortar, separation, process. 
 
1. INTRODUCTION 

 
The presence of primary mortar in recycled concrete aggregate (RCA) is responsible for the 
different behaviour of these aggregates and natural aggregates [BRA 16]. It influences the 
composition of concrete in which RCA could be introduced [DEO 15, DEJ 09]. A solution is 
to pre-treat on the recycling platform RCA in the aim of re-obtaining aggregates without 
mortar. This study aims firstly to select and to experiment processes leading to a highest 
separation, and secondly to propose an in-depth study on the real efficiency of treatments.  
 
2. EXPERIMENTAL METHODS AND RESULTS 
 
First, some methods are tested in the laboratory: mechanical wear, sandblasting, micro-
waves, acid and thermal treatments (Figure 1). 
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Figure 1. Separation processes tested in the laboratory. 
 
Processes efficiency is analyzed using mass loss measurement, density variation and visual 
comparison. In most of the studies presented in the literature, efficiency is only correlated to 
mass loss which is directly linked to the separation of mortar from primary aggregates [TOR 
13,YOD 03,FLO 14, AKB 13]. However, a high mass loss does not always mean that the 
process is efficient, it is necessary to control the properties of the treated aggregates before 
concluding, especially their density and water absorption. Without knowledge of the primary 
aggregates properties, it is quite difficult to conclude about the separation rate and a visual 
check is necessary. 
This exploratory study indicates that, among treatments identified as efficient, thermo-
mechanical treatments are the most easily transferable to industrial scale. Also, they are not 
harmful to health or environment. High or low temperature treatments lead to a first 
degradation of mortar. Then it can be separated from primary aggregates with a mechanical 
post-treatment 
 
Then, multi-parameter study of thermo-mechanical methods is carried out ( Figure 2 and 
Figure 3) and several values of parameters are optimized. 
Concerning high temperature heat treatment, a temperature of 600°C is required to 
decompose constituents such as CSH and portlandite [FAR 10]. However, this temperature 
leads to damage the aggregates in the case of the calcareous natural aggregates. In the case of 
low temperature heat treatment, industrial conditions limit the value of the low temperature 
(not lower than -10°C) and the duration of the freeze/thaw cycles (not longer than 4 days). 
These conditions limit its effectiveness. It has been shown that saturation and immersion of 
the material favors mortar damage by internal and external pressure of water during 
temperature cycles. 
Analyze of the efficiency criteria indicates that to obtain a cleaned aggregate, a "manual" 
sorting is necessary to complete the sorting by sieving. Indeed, it has been found that the 
mortar, even if it is detached from the primary aggregate, is not completely crushed and 
remains mixed with the treated aggregate. This manual sorting could be transferable at an 
industrial scale by optical visual sorting equipment, but it increases cost of the process.  
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Figure 2. High temperature thermal-mechanical processes and their parameters. 

 

 
Figure 3. Low temperature thermal-mechanical processes and their parameters. 

 
The definition of efficiency must be extended to this visual check or to density properties of 
treated aggregates (as Table 1) and must be characterized by the proportion of material 
cleaned and undamaged. Indeed, mass reduction and density are not correlated (Figure 4). 
Finally, the efficiency of the treatments remains low since, for 1 tons of material to be 
processed only 130 kg are clean and undamaged for the low temperature thermo-mechanical 
process, and 240 kg are clean and undamaged for the high temperature thermo-mechanical 
process. For the latter, the densities of the parent aggregates are found, contrary to the 
cleaned but damaged aggregates (Table 1). 
 

 

 
Figure 4. Mass loss vs density for high TM treatments 

 
Table 1: Control of aggregates after high temperature TM process 

Aggregate Density Porosity Absorption 
Clean and undamaged 2,72 g/cm3 2,70% 0,99% 
Clean and damaged 2,35 g/cm3 2,41 % 5,67% 

Partially cleaned 2,39 g/cm3 8,21% 3,43% 
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Mortar 2,09 g/cm3 17,67% 8,46% 
Untreated aggregate 2,25 g/cm3 12% 6% 

Initial 4- 20 mm concrete aggregate 2,55 g/cm3 1% 0,75% 

 
3. CONCLUSION  
 
Among the studied processes, thermo-mechanical processes make it possible to obtain a 
cleaned and undamaged aggregate, but the production efficiencies are low and, depending on 
the nature of the aggregate, the damage may be inevitable. Thus, it appears that no method is 
100% satisfactory because the aggregates are never completely cleaned and / or are damaged. 
At the end of this study, which contains numerous experimental results, it has been shown 
that few processes for cleaning recycled aggregates can be transposed on an industrial scale at 
reasonable environmental and economic cost if a very good cleaned aggregate is attempted. 
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ABSTRACT  
 
The recycled concrete aggregates (RCA) produced by the demolition of old buildings seem to 
be an option in order to construct new buildings and to preserve the environment by the 
reusing of inert materials, reducing the resort to the natural materials and the disposal in 
landfills. Numerous countries are multiplying studies concerning this subject and evolving 
their regulations consequently. These days, it seems fundamental to go further in the 
environmental protection by minimizing the impact of road transport through the 
implementation, on the same urban site, of the following process: in a first phase the 
demolition, then recycling, then storing and finally reconstructing the buildings. 
In fact, the increase of the recovery rates of recycled concrete aggregates seems globally 
meeting the current environmental constraints. However, the transportation of the demolition 
wastes from the site to the recycling plant and potentially their return are still problems, 
which are not correctly considered in environmental assessments. Research of the briefest 
possible short loop is not really developing in France. This study is devoted to understanding 
the stumbling blocks to this development. If the aim of the financial viability of the short loop 
is obvious, the study shows that the complexity of project building in urban refurbishment is 
the first block to remove. The role of the various operators of the project doesn’t comply with 
the global coherence provided by short loop circuits. The study highlights several technical 
blocks concerning the recycling organization in situ, the storing of recycled concrete 
aggregates and finally their reuse in order to produce new concretes.  
 
Keywords: recycled concrete aggregate, urban refurbishment, road transport, short loop.  

 
INTRODUCTION 
 
In France, the analysis of the social housing real estate market is that it’s mostly 
ancient and doesn’t meet the modern criteria of comfort and energy efficiency. Most 
of the housing (70%) were built before 1980 (Statistical Data, USH 2011). Those 
housing have usually similar construction method, that is to say generally reinforced 
concrete frame building with masonry infill walls. In light of their construction 
methods, a complete renovation and an upgrade to standards is hardly conceivable 
from an economical point of view.  
The need in housing is growing in France, it’s necessary to build new housing and for 
that occupy either a new land on the outskirts of the cities or a land inside of the cities 
which were freed by the demolition work. Moreover, the concerns for the 
environmental questions became essential through the “Grenelles” lows and recently 
the ALUR low. A land resource and energetically efficient urbanism becomes an aim 
for the construction sector, simultaneously other objectives like the reduction of the 
personal vehicle usage are considered.    
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Therefore, in order to solve the problems of the need in new housing, aging housing 
stock and the preservation of land, a simple solution is coming out: demolish the 
ancient buildings in order to free the land for the construction of new housing.  
This solution represents a major challenge. Indeed, once demolished, the buildings 
form a source of not negligible and potentially reusable waste. Currently in France 58 
million tons are sent in landfill whereas 26 to 49 million tons could be recycled, 
especially in the concrete (“Thème3”, Recybéton 2015). One of the solutions would 
be the recycling of inert materials resulted from the demolition work. This solution 
fits in the environmental friendly approach, however it’s not always adapted to the 
urban constrains. Waste sorting centres and recycling plants are generally located on 
the outskirts of the cities, which implies after the demolition of a building, an increase 
of road transport to those facilities. On the other hand, the construction of new 
housing also implies an important road transport of construction materials. But it was 
demonstrated that the environmental impact of the recycled aggregate concrete could 
be substantially decreased if the quantity of the additional cement and the road 
transport were reduced. (“Evaluation environnementale du béton de granulats 
recycles, Recybéton 2015 and LCA of concrete made using recycled concrete or 
natural aggregates MARINKOVIC et al, 2014). 
So, an ideal solution comes out: the short loop that is the reuse of inert materials 
resulted from demolition of the previous building which will be used in order to 
produce the concrete of the new building and this, on the same or a nearby site.  
This solution answers to all the issues: preservation of the natural resources by the use 
of the recycled concrete aggregates, the decrease of disposal in landfill of inert 
wastes, preservation of the land resource through the demolition and the 
reconstruction on the same site, significant reduction of the heavy road transport in 
urban area and consequently the diminution of the environmental impact of the 
recycled aggregate concrete.  
However, recourse to the short loop in the production of concrete is not used in 
France. Different kinds of stumbling blocks prevent this approach.  
 
The abundance of operators.  
 
The operator’s interaction is a fundamental component in the demolition-
reconstruction process in accordance with the short loop. Indeed, the deconstruction-
construction process requires the intervention of numerous stakeholders who are 
appointed for their skills.  
The contracting authority, which is the client and the backer of the construction, is in 
principle interested by the short loop concept. For instance, the social housing 
landlords have the will to keep the demolished concrete on the site, yet they don’t 
have a 100% reuse target. A basic sorting is generally done on the site and the 
aggregates are recycled in the construction of platforms and in the road structure. By 
other means, the contracting authority only has a slight interest in the deconstruction 
of their buildings. We note that generally there is an important lack of information 
regarding the building to demolish: lack of plans, landfill vouchers, plan of sorting, 
inexistent waste audit.  When asked about those pieces of information, the contracting 
authorities systematically send to the prime contractor, who often doesn’t have further 
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details and is tasked only with the monitoring of the demolition work and the asbestos 
removing.   
The demolition-construction operations are always set up in a call for tenders 
procedures. This system of competing offers divides the project in numerous 
technical lots, demolition being part of those lots. When the project is significant, a 
prime contractor is appointed. This demolition prime contractor is always distinct 
from the construction one. He is generally in charge of the asbestos-removing 
program too and he’s genuinely not interested in the benefits of the short loop as long 
as it’s not imposed in the contract. He doesn’t have a vision of overall cost, which 
could reveal an economic gain.  
Specialised design offices could take action in order to promote the short loops. 
However, there’re few of them currently. As a result, there is a lack of support for the 
decision making of the clients.  
When we consult those design offices that support the contracting authority, we 
realise the extent of the compartmentalisation of the operators. The communication is 
very difficult between the different operators, especially due to the low interest in the 
demolition. We notice that in the costs, an increase of construction costs and a 
stabilisation, even a decrease of demolition costs. Moreover, this lack of added value 
for the contracting authority explains the low interest in this kind of operations.  
 
A salvage reasoning of light work wastes by the specialised industries is noted 
whereas the recycled aggregates are often sent in landfill and in the best cases used in 
the road structure.  
The building companies role is determining in the process, because they must provide 
technological solutions (crushing, sieving etc.) as a result, they have to invest.  
The role of the regional authorities is essential too. They deliver the building permits 
and ensure that the project is in compliance with the public requirements (for 
example, the project must be in keep with the local urbanization plan). When we 
consult the town halls, we realise that each one of them have their own approach. 
Some of them are sensible to the short loop process; others don’t even suspect this 
option. As a result, it’s difficult to imagine a global master plan that could be used in 
a more important territorial scale. Nevertheless, the decrease of the urban truck traffic 
stills an excellent argument to convince the councillors. 
In France, another operator is playing an important role: the public land institution 
(PLI). It’s an organization funded by the government. It manages the planning of 
public lands for the urban refurbishment operations and in case of social housing 
operations. Given the kind of operations, the PLI seems to be an important 
protagonist for the short loop process because he helps the local authorities to find, 
purchase, and restructure the lands. Once he completed his assignment, he returns the 
land to the local authorities in exchange for the commitment to build social housing. 
On a temporal scale, from the convention signature to the return of the land, on 
average 5 years could pass, this duration can be reduced or extended.  
So, it’s understandable that the cooperation between all the operators is essential 
regarding the complexity as well as the duration of the urban refurbishment 
operations.  
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Standard blockage. 
 
Despite the law reinforcement in the sector of waste management: the landfills are 
categorised since 2014 (Decree n° 2014-1501 of 12 December 2014), and the 
recycling targets of the construction sector wastes on the horizon 2020 is set to 70% 
(European directive 2008/98/C), the evolution of standards is cautious regarding the 
recycled concrete aggregate. The substitute rates cannot exceed 30% according to the 
concrete standard NF EN 206-1, which is shown in the Table 1 
 
Table 1: Substitution rate depending on the type of recycled aggregates 

Type of 
aggregates 

Exposure classes 

X0 XC1, XC2 XC3,XC4,XF1,XD1,XS1 Other exposure 
classes 

Type 1 60 30 20 0 
Type 2 40 15 0 0 
Type 3 30 5 0 0 
Sand 30 0 0 0 

 
Recycled aggregates are not allowed in the prestressed concrete. The storing and the 
use of recycled aggregates are subjected to additional tests in order to guarantee the 
quality of the future concrete. Those tests are both temporal and qualitative, for 
example twice a month and also every 2000 tons. 
 
Conclusion and possible solutions.  
 
The public authorities and the contracting authorities awareness of the construction 
industry wastes, the conservation of lands and the necessity of an environmental-
friendly approach pushes the use of recycling aggregates in the front row. However 
some stumbling blocks prevent the use of the short loop process in the demolition-
reconstruction operations. The problems are interpersonal, standard and technical. In 
those three fields, solutions can be provided in those three fields. 
Regarding the abundance of the stakeholders and the temporal scale a precise 
identification in the operators network of the decision-makers must be established. 
The intercession to those decision-makers must be done with convincing technical 
arguments including if possible some tangible examples in order to demonstrate the 
viability of the short loop system.  
Regarding the standard blockage, the employ of the precast concrete seems to be the 
solution. Indeed, precast concrete products are not subjected to the concrete standard 
(EN 206-1) but they are subjected to the performance guarantee.   
So, we could imagine a transportable precast concrete process, which arrives on the 
construction site, uses the demolished concrete in order to produce structural 
components of the future construction. It’s a new way of building that opens up some 
new perspectives in the use of the important deposit that represents recycled 
aggregates stemming from demolition work and which corresponds to the 
environmental friendly criteria.  
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ABSTRACT  
 
Sustainability concerns are in all sectors’ agendas, and building industry is not an exception. 
Sustainable design should both, reduce the environmental impact caused by buildings 
throughout their life cycle and positively contribute to people’s well-being by addressing and 
being adaptable to their needs. 
There is the need for an early design support tool to aid implementing sustainability concepts 
since the project beginning toward sustainable built environment. Regardless of the existing 
number of building sustainability assessment tools, these were not developed to be applied at 
early design, requiring great data detail, inexistent at these stages. Most of the tools are 
directed to evaluate the performance of chosen solutions rather than aiding the decision-
making process. This paper presents a new approach for an early design support tool for 
residential building. The tool is aimed to aid designers evaluate and compare different design 
alternatives, allowing them to make an informed decision based on the performance of the 
solutions, across the three cornerstones of sustainability. Additionally, the tool was thought to 
increase awareness across all stakeholders, promoting and encouraging the adoption of more 
efficient solutions. The structure of the tool and its main framework are depicted in this 
paper. To identify the criteria to include in the tool it was necessary to analyse the existing 
sustainability assessment standards and tools as well as the project teams’ actions. The level 
of detail of the indicators was also analysed as at early design not all aspects are relevant or 
capable of being addressed. This analysis led to the nineteen indicators, spread in seven 
categories. Using this tool, it is expected that buildings can easily be adapted to new 
necessities, extending their life cycle while improving life quality, and consequently reducing 
their environmental impact. 
 
Keywords: Early design stage, sustainability, buildings, flexible design. 
 
INTRODUCTION 
 
It has been largely accepted that a building’s life cycle performance depends on the decisions 
made during early design phases [1]. Thus, despite its difficulty, predicting design 
consequences for the building life cycle, at early design phases, it is crucial to improve the 
buildings sustainability [2]. Nevertheless, most building sustainability assessment (BSA) 
tools were not design to be used in such early stages as they reply on detail data, which is not 
available at those stages [3]. Sustainable design should then assure the reduction of 
environmental impact, and contribute to people’s well-being by addressing and being 
adaptable to their needs.  
With this in mind, a design support tool was developed aiming to aid the designers decision-
making process at early design phases, across sustainability three cornerstones. Additionally, 
the tool was thought to increase awareness across all stakeholders, promoting and 
encouraging the adoption of more efficient solutions. 
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FRAMEWORK FOR EARLY STAGE SUSTAINABILITY DESIGN MOD EL 
 

Aim and scope 
Early Stage Model for Sustainable Design – EasyMode aims to establishing a method to aid 
designers’ decision-making since early stages, considering environmental, social, and 
economic criteria, attaining for a sustainable built environment. To do so, two viewpoints 
were established quantification and decision making. The quantification, intends at estimating 
the design solutions potential impacts. This occurs at the indicator level, quantifying the 
performance of each alternative. The decision-making viewpoint, provides valuable 
information for the decision-making process throughout the building design, from the 
comparison of design alternatives. 
The approach established had the following premises: (i) be simple and easy to use; (ii) 
follow international standards for sustainable construction; (iii) comprise the three 
sustainability dimensions; (iv) Be applicable for dwellings; (v) simultaneity of quantitative 
and qualitative criteria; (vii) in line with Portuguese regulations and reality and, (viii) enable 
to validation. 
EasyMode boundary system considers the building and its external works, within the building 
site and its foundations, as recommended by EN 15643-2:2011. All the building’s life cycle 
phases are considered, and the default reference service life (RSL) established is fifty years. 
 
Structure 
EasyMode follows the workflow shown in Figure 1 and it is structured in seven fundamental 
categories: (i) Project quality and management – the whole must be understood as well as its 
parts to pursue sustainability; (ii) Place – consider site conditions, ecology and social 
constrains; (iii) Selection of materials – select low impact and high performance materials, 
components and technologies, promote efficient use of resources; (iv) Efficiency – reduce 
resources exploitation, such as water and energy, by designing buildings that enable efficient 
use of resources and less waste generation; (v) Health and comfort – promote well-being and 
comfort, from thermal comfort to indoor air quality; (iv) Functionality – improve building’s 
functionality, such as space efficiency and adaptability potential and; (vi) Life cycle costing – 
consider life cycle costs for more informed decisions. 
Each category has at least one indicator, comprising a total of nineteen indicators (Table 1). 
Designers are not obliged to evaluate all the indicators, they are able to choose the ones to do 
so.  
The indicators were selected considering the following requisites: (i) be recognised in 
international BSA standards; (ii) address the whole building life cycle; (iii) presence in 
existing BSA tools; (iv) consider regional characteristics and; (v) cover all sustainability 
dimensions. The selection process accounted for a deep review of existing standards and tools 
[3], a survey to designers and a deep analysis to sustainability indicators required data and 
calculation procedures.  
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Figure 1. EasyMode workflow. 

 
Table 1. Proposed structure for EasyMode. 

Area Category Indicator 

Environment 

C1. Selection of materials 

I1. Life Cycle Environmental impact 
I2. Certified products and responsible 
sourcing 
I3. Recycle and reuse of materials and 
components 
I4. Heat island effect 

C2. Efficiency 
I5. Energy efficiency 
I6. Water use 
I7. Waste production 

Social and 
Functional 

C3. Health and comfort 

I8. Thermal comfort 
I9. Visual comfort 
I10. Acoustic comfort 
I11. Indoor air quality 

C4. Functionality 

I12. Space efficiency 
I13. Adaptability 
I14. Accessibility/design for all 
I15. Cleaning and maintenance 
management 

Location C5. Place 
I16. Efficient use 
I17. Cultural value 

Technical 
C6. Project quality and 
management 

I18. Passive design 

Economic C7. Life cycle costing I19. Life cycle cost 
 
 
Evaluation process 
 
The evaluation framework process is organised in three main steps: (i) input, (ii) engine and, 
(iii) output. The first, consists of gathering the building generic data (typology, location, 

Project quality and 
management

Place Selection of 
materials

Efficiency Health and 
comfort

Functionality Life cycle 
costing

Initial defined 
alternative

Other design 
alternative 

Quantification 

Comparison

Sustainability 
performance

Objectives and vision statement

Quantification 

Sustainability 
performance

Best alternative for each 
indicator
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climate, main characteristics, etc.), basing the assessment. The engine is the calculation stage; 
despite not visible to the users, it is the most important part of the tool. The algorithm 
implemented in each indicator differs from indicator to indicator. Nevertheless, in all it is 
possible to add and compare alternative solutions. 
An indicative performance three-level scale is used in each indicator to enable alternative 
comparison and to aid setting sustainability goals; being Level 1 the minimum performance 
and Level 3 the highest. For most indicators, the factor for rule [4] is used to set the 
thresholds for each indicative performance level.  
EasyMode does not weight nor aggregates indicators in an overall score; results are displayed 
individually, as mid-point indicators. 
 
CONCLUSION  
 
This paper presents a novel sustainable design methodology for supporting early design 
stages decision-making in dwellings - EasyMode. This tool enables a building project to be 
conscientiously designed, improving its performance while reducing its environmental 
impacts since early design. This way resources and materials can be spared, design for reuse 
can be adopted, thus improving environmental performance and social well-being toward 
sustainable built environment. 
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Reuse of building products and materials – barriers and opportunities 
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Abstract 
 
BRE have been working with the reclamation sector in the UK for around 20 years to 
promote the reuse of end-of-life building products and materials in preference to recycling 
and recovery. Much of this has been dedicated to the promotion of pre-demolition and pre-
refurbishment audits to facilitate targets being set and markets for reusable resources sourced 
prior to work commencing. Against this backdrop the surveys undertaken to measure levels 
of reclamation in the UK over a 15 year period showed a significant decline. The cause of 
this decline was investigated and revealed a number of challenges which were affecting both 
the supply and demand for reclaimed products and materials.  Many of the challenges to 
reuse are connected to the availability and robustness of data. Therefore, the work currently 
being undertaken as part of the H2020 funded project BAMB (Building As Material Banks) 
provides a great opportunity to address such gaps in buildings of the future. However, since 
the existing built environment will have a major impact on resource flows for many years, it 
is also important to consider approaches to improve data in this context also. Therefore, this 
presentation will summarise the challenges for reuse of building products and materials in 
existing and future buildings. It will then briefly describe the opportunities and solutions to 
address these challenges in the context of improved data access, management and evaluation. 
Finally, the BAMB research which should contribute to providing solutions will be explored. 
 
Keywords: reuse, pre-demolition audit, circular economy, deconstruction, end of life. 
 
Introduction 
 
Reuse should be considered as a priority compared to recycling but this option increasingly 
does not occur. Reuse typically requires minimal processing before reapplication in a similar 
application, whereas recycling typically requires breaking down waste into a homogeneous 
material for a lesser value application or introduction as replacement feedstock for 
manufactured components. A common misunderstanding lies between the realms of reuse 
and recycling of old buildings; they are often considered together when they are actually 
competing choices for the continuing use of resources. 
Historically, the reuse of building materials and products has been high, with the building 
blocks of old structures typically used to form new ones, and old materials repurposed until 
no longer fit for use; however this has decreased in the last 70 years. What are the factors 
behind this shift in behavior and how can we reverse the continuing decline in the reuse of 
products and materials? To this end, BRE have been working with the reclamation sector in 
the UK for around 20 years to promote the reuse of end-of-life building products and 
materials in preference to recycling and recovery. Much of this has been dedicated to the 
promotion of pre-demolition and pre-refurbishment audits to facilitate reuse through setting 
targets and identifying markets for reusable resources prior to work commencing. Against 
this backdrop, surveys undertaken to measure levels of reclamation in the UK over a 15 year 
period have shown a significant decline1.  
 

                                                           
1
 BigREc survey 2007 http://www.wrap.org.uk/sites/files/wrap/BigREc%20Survey%20report.pdf 
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Challenges to increasing reuse 
 
There are a number of challenges affecting reuse. Depending on national and local 
circumstances, these can include: 
• Mismatch of supply and demand – both in terms of quantity and quality. If heavy 

materials need to be moved long distances to reach their markets, this can increase costs 
and environmental impact significantly.  

• Insufficient time allowed for deconstruction and careful packing of reusable items – the 
length of time needed to deconstruct can be unappealing where extra costs are incurred 
through having a building (such as local property taxes) or loss of revenue on a 
replacement building owing to an extended scheduling of works. There can also be a time 
constraint linked to planning permission expiration.  

• Lack of facilities locally – some countries, such as the UK, have a good spread of 
reclamation facilities, although space is limited and expensive in highly built up areas. 
This can cause a disparity between the location of the stocks of reclaimed items and the 
market for such items. The third party costs will need to be added to the purchase price, 
which can diminish the attractiveness of reclaimed products compared to new. This is 
particularly key when matched against possible risks associated with reuse.  

• Reluctance to use products without certification of tested performance is one of the 
biggest barriers to reuse, particularly in a structural capacity. Often there is very little 
information on where the product has come from and its length of use in a particular 
application. This means that the ‘worst case scenario’ is normally applied to the potential 
reuse applications. Testing of performance can be expensive and require destruction of 
samples to mitigate possible risks of further use. These costs will be added to the cost of 
the product/material and may override savings from reuse.  

• Health and safety risks of manual deconstruction are considered to be a key reason for the 
move to mechanical demolition techniques. Whilst these risks can be mitigated through 
improved data on the building design and composition, such information is often not 
available.  

• Building technology is a mixture of traditional and rapidly changing techniques. Both can 
cause challenges in further reuse, such as cement mortar used in brick and block 
construction, through to rapid fix, prefabricated panelized systems which are multi-
material composites.  

• Value of products and materials can be an opportunity or a barrier. In case of low 
value/cheap products and materials, the incentive to reuse versus the cost of careful 
removal can be low or negative.  

In summary, there are multiple and inter-related reasons for the fall in reuse, making it 
inevitable. The main challenge is to consider how to overcome these barriers in the 
forthcoming and existing built environment.  
 
Opportunities to increasing reuse 
 
There are many opportunities to reuse materials, from all stages of the supply chain, 
including procurement, design, construction, refurbishment and demolition. Some high level 
strategies include: 
• Reuse of offcuts and surplus materials within the construction project (or exchanged with 

nearby projects) 
• Design for deconstruction and adaptability 
• Pre-demolition audits, on-site sorting and separate collection  
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• Waste exchanges and industrial symbiosis  
• Standards and testing of products to promote reuse  
• Planning and procurement practices which promote incorporation of reclaimed products 

and materials 
• Involvement of the community sector to maximize local benefits 
 
The Waste Framework Directive2 (WFD) considers reuse to be any operation by which 
products or components that are not waste are used again for the same purpose for which they 
were conceived.  When in compliance with the WFD, reuse can effectively remove materials 
and products from the wastestream and allow for further application without the regulatory 
restrictions that can accompany recycled material application.  
 
The EU policy on Construction Product Regulation (CPR)3 and its Basic Requirement of 
Construction Works (BRCW) 7 Sustainable use of natural resource could provide a good 
basis for optimizing resources, including reuse. The inclusion of this requirement will allow 
Member States to regulate for the use of sustainable products and for a sustainability 
characteristic to be included in the DoP (Declaration of performance) and the CE marking. 
However, this is yet to be defined and needs a method for describing the products 
performance.  
 
Pre-development audits include demolition and refurbishment assessments of what can the 
reused from deconstruction and strip out respectively. These should also inform the potential 
to reuse products and materials in subsequent construction and/or fitout (of refurbishment). A 
recent EU project has developed further guidance relating to pre-demolition audits4.  
 
Certification is not always required to enable reuse, even in structural applications. For 
example, the Steel Construction Institute in the UK recommends the following for reuse of 
structural steel5: For example, deconstructed sections are inspected to verify their 
dimensional properties; tested to confirm their strength properties and the section is then 
shot or sand blasted to remove any coatings and refabricated and primed to the requirements 
of the new project. This will usually involve cutting the ends of the beams and columns to the 
required length. 
 
However, the absence of warranties and manufacturing data can severely hamper future 
reuse, so a significant opportunity exists around improved data management at the point of 
design and throughout an asset’s life cycle. This is a key area of work within the Building as 
Material Bank (BAMB)6 project, where Building Information Modelling (BIM) is being 
linked to aspects of Reversible Building Design and improved product data (Material 
Passports) to facilitate future reuse at building, system, product and material levels.  
 
Greater promotion of the benefits of reuse compared to recycling could encourage more 
clients and designers to spend time and energy to increase reuse, often with a cost benefit 
attached. For example, there can be great community benefits in reuse, as demonstrated by 

                                                           
2
 http://ec.europa.eu/environment/waste/framework/ 

3
 http://ec.europa.eu/growth/sectors/construction/product-regulation/ 

4
 http://www.construction-products.eu//documents/document/20161123090156-

2016_11_22_resource_efficiency_workshop_1_dg_growth.pdf 
5
 http://www.steelconstruction.info/Recycling_and_reuse 

6
 Buildings as Material Banks - http://www.bamb2020.eu/ 
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the Community Wood Recycling group in the UK, whom also undertake reuse activities. In 
2015 they obtained over 17,000 tonnes of waste wood, nearly half of which was reused and 
provided training and work experience places for more than 600 unemployed people7.  
 
Other benefits include the heritage value of the products which stay in circulation, as 
demonstrated in a market assessment of Truly Reclaimed Wood in the UK8. BRE worked 
with Salvo on this Innovate UK funded project to understand the main drivers for decorative 
reuse that could be used to move the market away from reproduction towards genuine reuse. 
A surprising conclusion to this market study of architects and clients revealed that access to 
the reclaimed product/material’s history was deemed more important than environmental 
benefits.  
 
In terms of environmental benefits, the evidence is difficult to access in a way that is 
meaningful to those seeking to justify end-of-life reuse. In Life Cycle Assessment terms, the 
main benefit of reuse, in terms of displaced embodied impact, will be accounted for in the 
subsequent application. This approach does not translate into benefits to those responsible for 
enabling such reuse, through careful deconstruction or designing for high reuse potential. The 
work in BAMB should allow for environmental benefits to be more transparent to such 
decision makers and therefore promote activities which support future reuse.  
 
Recommendations to Increase Reuse 
 
In a recent project, BRE worked with other partners to identify best practices across the EU, 
which included increasing the level of reuse9. The results from evaluating Member States 
policies, practices, performance and stakeholder viewpoints were used to develop a series of 
recommendations. In terms of reuse, these recommendations included: 
• Mandatory pre-demolition and renovation audits with promotion of reuse – as currently 

in place in Hungary & Finland. Ideally, these would be undertaken by an independent 
party and the actual performance (in terms of levels of reuse) compared to the suggested 
levels of reuse proposed in the audit 

• Managing supply and demand – where products and materials cannot be used again on 
the same site, there should be mechanisms to match supply and demand (linked to clear 
traceability to promote best use options). This could be through stockholding facilities, 
such as reclamation yards, and material exchanges/reuse platforms, which directly 
connect those with surplus materials/products to those who might want them.  

• Innovation in reuse – some of the issues preventing reuse, such as time consuming 
manual labour needed to separate products, can be alleviating through new technologies. 
For example, the REBRICK10 mechanical brick cleaning system in Denmark.  

• Support for the reclamation sector – both in terms of R&D and business support. There 
are new start ups and longstanding enterprises in this space, though the demand for the 
‘reclaimed aesthetic’ can lead to the stocking of reproduction items, which should be 
discouraged.  

                                                           
7
 http://www.communitywoodrecycling.org.uk/about-us/our-impact/ 

8
 http://www.salvonews.com/story/truly-reclaimed-wood-x92406x9.html 

9
 Resource Efficient Use of Mixed Wastes - Improving management of construction and demolition 

waste. Report due for publication 2017 - 

http://ec.europa.eu/environment/waste/studies/mixed_waste.htm  
10

 https://ec.europa.eu/easme/en/news/new-old-bricks-construction-industry 
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• Construction product declaration and recertification to address a key barrier to reuse. This 
is challenging in existing buildings where the data link to the past, in terms of 
manufacturing information, are often severed through periods of multiple ownership and 
management.  

• Better impact data – especially in the context of life cycle assessment. There is currently 
little distinction between reuse and recycle in calculating impacts, although this is under 
review in a number of projects, including BAMB, Holistic Innovative Solutions for an 
Efficient Recycling and Recovery of Valuable Raw Materials from Complex 
Construction and Demolition Waste (HISER) and FISSAC11.  

• Data management, including BIM, could be improved and manipulated to give much 
better understanding of the reuse potential of new developments, prior to construction. 
This could facilitate a much better end of life outcome in terms of future reuse. This is a 
key outcome from the BAMB project, which is also looking to adapt to existing buildings 
to influence refurbishment options.  

 
Conclusions 
 
Many of the challenges to reuse are connected to the availability and robustness of data. 
Therefore, the work currently being undertaken as part of the H2020 funded BAMB project 
provides a great opportunity to address such gaps in buildings of the future. However, since 
the existing built environment will have a major impact on resource flows for many years, it 
is also important to consider approaches to improve data in this context also. This is where 
projects such as HISER and BAMB can also contribute valuable knowledge and support to 
provide decision makers with the relevant tools and techniques to .enable greater reuse. 

 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

                                                           
11

 HISER www.hiserproject.eu/; FISSAC https://fissacproject.eu  
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ABSTRACT 
 
The built environment is considered as a key sector in which circular economy can be 
implemented. Within the H2020 project “Building as Material Banks” (BAMB), two 
innovative solutions are being forward to support this transition: i.e. Materials Passports and 
Reversible Building Design Protocols. 
Based on desk research and interviews with frontrunners, key opportunities and barriers have 
been identified related to the implementation of both innovative solutions within policy, 
commercial, societal and R&D realms. In order to better understand these opportunities and 
barriers five emerging trends putting the current socio-technical system under pressure are 
explained. In addition, value chain and value network analyses of business-as-usual and state-
of-the-art practices have been examined over major building phases: conceptualisation & 
design, construction, usage/operation, demolition/deconstruction & repurposing. We 
observed that that it is unlikely that an actor will be involved within all phases of the building 
and that the availability of building (product) information over all building phases is 
restricted. By supporting the development of Materials Passports and Reversible Building 
Design Protocols actors involves within the conceptualisation, design and construction stages 
will better understand why circular and change-supporting building design strategies are 
necessary. Moreover, the development of Materials Passport IT Platform and a BIM 
prototype will serve as a proof-of-concept on exchanging information on building products 
and the building's operation to actors involved within reverse logistics. 
 
Keywords: system analysis, value network, actor analysis, building. 
 
INTRODUCTION 
 
According to SytemiQ & Ellen MacArthur Foundation [1], three circular innovation priorities 
within the built environment have been identified: i.e. designing and producing multi-usage, 
modular/transformable, energy-positive buildings from durable, non-toxic materials; boosting 
re-use of building materials and components, and integrating circular economy principles into 
urban design and development.  
The Building as Material Banks (BAMB) project [2] introduces two innovative solutions to 
support these priorities: Materials Passports – i.e. digital sets of data describing defined 
characteristics of materials and components in products and systems that give them value for 
present use, recovery and reuse – and Reversible Building Design Protocols – i.e. instruments 
to inform designers and decision makers about the technical and spatial reversibility of 
building design(s) and the impacts of design solutions during the conceptual design phase.  
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This paper seeks answers to the following question: how can Materials Passports and 
Reversible Building Design Protocols support the transition towards integration of circular 
economy and related design strategies within the built environment? 
 
METHODOLOGY 
 
In order to answer the research question, three iterative actions have been undertaken: (1) 
analysing the current system (in which currently buildings are designed, constructed, 
renovated and demolished), (2) identifying the required system changes (towards an 
integration of circular economy within the built environment) and (3) describing the key 
opportunities and barriers related to Materials Passports and Reversible Building Design 
Protocols to be used and applied within building practice. 
The above actions were the result of co-creation between all partners within the BAMB 
project, through interactive face-to-face  and group sessions, value network analyses, state-of-
the-art reporting, monitoring of niche activities and back-casting of leverage actions – starting 
from a desired view of the future. More information on the above activities is elaborated by 
Debacker et al. [3].  
 
RESULTS 
 
Analysing the current system. From a process point of view, the value chain of a building is 
described according to 4 main phases: (1) conceptualisation & design, (2) construction, (3) 
usage & operation and (4) repurposing & demolition/deconstruction. These phases can be 
further subdivided in smaller stages and milestones. From a stakeholder perspective, the built 
environment is the playing field of a broad variety of actors, from different type of users and 
owners to building professionals and policy actors. Based on a thorough analysis of the value 
network and the value chain of different building types and building practices within several 
EU countries, we observed that it is very unlikely that an actor will be involved in all building 
phases. Most actors are only involved in one or two main phases; and not throughout the 
entire value chain. We observed that the design and construction phases have relatively well 
established connections in terms of actors that are involved in both. However, as soon as the 
building is commissioned, these connections are cut off and actors that were involved in the 
design and construction of the building are rarely involved again during later phases. This 
means that a lot of valuable information about the construction, the operation, the materials 
and the reuse/recycling/recovery options is not available for the actors involved within 
repurposing and demolition/deconstruction activities. Seen from the 
demolition/deconstruction side, this also means that building design and construction actors 
do seldom take into account the end-of-use consequences when making design or 
construction choices, leading to waste streams that cannot be recycled or only down-cycled. 
Moreover, if potential end-of-use issues would be taken into account during the design and 
construction phases, this would also facilitate the reuse of components, that are often worth 
much more than their constituent materials.  
Making changes in the value network is all but easy in a dominantly conservative building 
sector, with practises based on decades and centuries of traditions. Current renewal and 
refurbishment of buildings usually end up into linear solutions, because (innovative) circular 
and reversible building solutions are perceived as too expensive compared to the 
conventional solutions, being optimised for decades. However, this is viewed from a short-
term perspective (i.e. taking into account only the initial investment cost and not potential life 
cycle gains) and based on traditional business and financing models, in which ownership of 
products is being pushed forward instead of (performance based) product service systems, in 
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which resources/products are taken back by the same manufacturer or pooled with others. 
Furthermore, based on the completed state-of-the-art analyses, 5 main landscape trends have 
been discerned: (1) increasing awareness of sustainability and circular economy; (2) down-
cycling and disposal of construction and demolition waste as mainstream waste management 
solutions within EU; (3) building vacancy and premature demolition due to mono-functional 
design; (4) a third digitalisation wave towards cognitive buildings and (5) an increasing 
number of fragmented building regulation and building codes, making manufacturing, 
architectural and engineering industries reluctant to take on (additional) responsibilities. 

Required systemic changes. To support the transition towards a change-supporting and 
circular built environment, some systemic shifts are required: i.e. 
1. Change in design culture: (a) design buildings to support future change and possible 

disassembly, instead of (merely) designing them to be constructed and create the illusion  
they will last forever; (b) design open building systems – with the intention to exchange 
building components –  instead of designing buildings as such; (c) educate building and 
product designer through life-long learning in designing for the future 

2. Intense collaboration within the entire value network: (a) involve key stakeholders in 
all important decision moments; from conceptualisation, design, to repurposing of 
buildings and building components; (b) Initiate harmonisation agreements within the 
building industry, in order to coordinate dimensions of building components and 
standardise connection systems. (c) provide quality reassurance of reclaimed products 
and recycled materials, by matching (reverse) supply with demand 

3. Business creation through product service systems: (a) develop business models 
leading to a win-win situation for end-users and manufacturers – providing end-users 
access to affordable and high quality buildings and manufacturers valuable resources; (b) 
create business opportunities based on user-ship instead of owner-ship, through 
performance-based product services 

4. Centralised management of building and material information: (a) store building 
information related to current, past and potential future situations in a digital and 
centralised way; (b) create trust within the value network, by providing transparent and 
traceable information; (c) use digitalised information to learn and/or augmented 
intelligence 

Innovative solutions. Although the identified systemic changes will not happen in one-day, 
it is of crucial importance to start the transition today. Within the BAMB project, the 
development of Materials Passports and Reversible Building Design Protocols are considered 
as first step to support the transition. Key opportunities and barriers have been defined, 
should both instruments be fully implemented within building practice and policy. Main 
opportunities are: (1) anticipating demographic changes and changing user requirements, (2) 
eradicating C&D waste, (3) lowering environmental and health pressures of the built 
environment. (4) development of applied socio-technical solutions, (5) development of 
guidelines and assessment instruments, (6) exchanging valuable (resource) information 
within the value network; (7) introduction of new commercial services on the market; (8) 
introduction of innovative business models; (9) increasing adaptability and versatile use of 
space; (10) increasing life expectancy and real value of real estate; (11) decreasing renovation 
costs and added value of reusable building components; (12) decreasing periodic maintenance 
and replacement costs.  
Main barriers are:  (1) fragmented policy framework: from the EU to municipalities, (2) 
conflicting Energy and. Environment policy measures; (3) lack of standardisation of 
qualitative data/ information over the entire value chain of the product/building; (4) 
intellectual property of material and product related data, (5) linear construction industry 
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models; (6) higher complexity of disassembly compared to demolition; (7) general perception 
that reversible design solutions entail high financial costs; (8) lack of certification and quality 
assurance for reclaimed products and recycled materials; (9) lack of a business model 
framework related to circular and reversible building; (10) Reversible building is largely 
unknown to the general public. 
 
CONCLUSION 
 
In order to foster circularity in the building sector, connections between all phases in the 
value chain are necessary in order to support communication and information transfer across 
the whole of the value network. This is exactly what the BAMB project is aiming for! By 
supporting the development of Reversible Building Design Protocols, Materials Passports 
and related decision-making instruments during this innovation action project, actors 
involved in the conceptualisation & design and construction will have a better understanding 
on the potential consequences of their decisions made during these two crucial phases within 
the value chain. Moreover, the development of a Materials Passport IT Platform and a BIM 
prototype will serve as a proof-of-concept on exchanging information on building products 
and the building's operation to actors involved in the reverse logistics. 
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Abstract 
 
Whilst there is an increasing recognition of the circular economy concept within the building 
sector, opportunities for its implementation at project level remain largely underexploited. 
Research has shown that challenges to its uptake include limited knowledge and awareness 
among stakeholders; a fragmented supply chain; an unclear business model and financial 
case; and a lack of incentives to implement circular economy in building projects.  Whilst 
these challenges are present across the construction supply chain, clients have a pivotal role 
in addressing them and driving the shift towards circular economy from project inception to 
completion. As such, clients can progress a number of enabling factors for the uptake of 
circular economy, including the implementation of innovative business models, whole life 
thinking, information sharing, facilitating supply chain collaboration and establishing a clear 
vision. This paper focuses on the role of the client in enabling a circular economy within the 
building sector by analyzing data obtained from a supply chain workshop on the critical 
success factors for implementing the circular economy. Supporting actions of the 
construction supply chain are also discussed.   The results indicate that whilst a client can be 
influential in applying circular economy principles with a resulting reduction in material 
usage and waste generation through setting suitable conditions within the procurement 
process such as requirements for material efficiency, support from the construction supply 
chain is required to enable this to happen. 
 
Keywords: circular economy, building sector, client, supply chain, critical success factors. 
 
Introduction  
 
The ‘circular economy’ concept is becoming more common across a variety of industries, 
including the building sector, with the goal of moving away from a linear model of ‘take, 
make, dispose’ to a circular one where material resources are kept for future use, preferably at 
the highest economic value possible.  This is an important aim in the building sector whereby 
a large amount of waste is generated together with high material resource usage (DEFRA 
2016; de Koning et al. 2013). Even though much of this waste is recovered in the UK, much 
of it is downcycled, where the value, quality and functionality are lower than the original 
product (Walsh 2012; Sassi 2008). 
The circular economy concept can be applied at a number of levels within the building sector: 
asset (building), component, product and due to the diversity of the sector, different 
approaches and solutions are required, which may vary across the building’s lifecycle. For 
example, at the design stage, aspects such as adaptability should be considered to extend the 
functional life of a building and the inherent resources within; design for deconstruction 
which may enable the future reuse of components and products should also be explored.  At 
the construction stage, aspects such as procuring reused and high recycled content products to 
create demand, returning surplus products and waste to the manufacturer and the use of 
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circular business models for producer responsibility should be investigated.  Commonly, 
circular economy aspects are often applied in isolation in construction projects and lack wide 
scale adoption (Adams et al. 2017).  
 
Studies have shown various challenges for the building sector in adopting a circular economy 
including the fragmented nature of the construction industry, an unproven business case, lack 
of interest and awareness and an unproven business case  (Adams et al. 2017; UKCG 2015, 
Schult et al. 2015).  A common factor in overcoming many of these challenges is the role of 
the client who can be a major force in ensuring circular economy outcomes at a project level. 
Whilst, there has been research undertaken on the role of the clients to enable improved 
economic and sustainability project outcomes (Häkkinen & Belloni 2011; BIS, 2013), there 
has been less so in the arena of circular economy.   
  
Methodology  
 
A supply chain workshop was held in December 2016 with the aim to investigate the ‘critical 
success factors’ for embedding circular economy within the building sector. There were 25 
attendees (5 x client; 4 x designer; 7 x manufacturer; 5 x contractor; 2 x demolition; 2 x 
other) and the workshop was divided into two sessions. For the first session, attendees were 
grouped into their respective supply chain roles and based on their role, asked to identify the 
critical success factors which will create a functioning circular economy in the building 
sector. The groups were asked to prioritize the identified CSFs and provide feedback to the 
whole group. For the second session, the attendees were grouped into a typical supply chain 
and asked what actions are needed and by whom to implement the identified CSFs.  The 
CSFs identified at the workshop in the first session have been analyzed and synthesized.    
 
Results and Discussion  
 
Table 1 shows the CSF’s identified by clients at the workshop. Most important was the need 
for a Government mandate in the form of legislation or policy to act as a driver for circular 
economy, similar to the requirement by the English Government to require BIM on certain 
projects. However it was noted, that this would likely be a long term ambition and therefore 
the need for a business case was seen a paramount. This includes understanding the financial 
costs and benefits of circular economy approaches and where the value lies within the supply 
chain and when it may arise. Some of this information will need to come from the supply 
chain in providing an evidence base for a product or solution and its performance in use as 
well as aligning it to the end-user and the market offering. The business case may vary 
depending on the type of end-user and their drivers; for example an owner-occupier is likely 
to have a longer-term viewpoint than an end-user that is leasing short-term. The role of the 
supply chain was considered as a CSF with the need for buy-in to enable innovation; however 
the client needs to ensure that they create the right climate for this to occur such as long term 
frameworks and partnering along with the acceptance of any potential risk. Warranties and 
assurance of performance was a continuing theme. A key issue for the client was the 
requirement for any circular economy solution not to impact on cost or the construction 
program – this is where whole life value needs to be considered. Interestingly, a CSF 
identified by the supply chain was the need for a clear vision and strategic objectives to 
enable circular economy thinking; however this was not raised as an issue by clients.   
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Table 1: CSF’s identified by the clients 

CSFs Main issues from a client perspective 

Policy and 
legislation  

• Enable change through policy and mandates e.g. such as BIM  
• Desire to have new policy and legislation to compete with 

linear economy 

Business case 
including  value  

• Requirement to demonstrate the financial benefits; needs to 
pay back 

• Evidence to be aligned with the end-user  
• Need to understand what the market wants  

Supply chain   

• Supply chain buy in 
• No impact on construction programme 
• Any procedures fitted into the existing development processes 

Technical  
• Performance and assurance issues - building and component 
• Long term warranties/ performance guarantees 

Cultural  
• Issues of acceptability of reused/recycled products 
• Improved awareness, knowledge and skills  

Data, evidence, 
quantification  

• Empirical evidence that the concept works and is supported 
with benefits show 

• Known routes for recovery/reuse 

Vision and 
strategic 
objectives   

• Strong desire for clarity by the client on project vision and 
strategic objectives from rest of the supply chain  

• Circular economy objectives need to be there at the start 
• Enabling factor for the rest of the supply chain (e.g. allowing 

manufacturers to  invest) 
 
Conclusion  
 
The importance of embedding a circular economy in the building sector should not be 
underestimated. There are different approaches and levels of applications, due to the diversity 
of the sector and those organizations who work in it. The client has a key role in overcoming 
a number of the challenges for adoption at a project level including providing enabling 
conditions for collaboration and innovation across the supply chain and the sharing of data. 
One of the most important CSFs identified by others in the supply chain is the need for 
greater clarity of the client’s vision and strategy with long- term thinking; however there is a 
disconnect here, with the client not recognizing this as a major factor. To enable the client to 
have a pivotal role, support is needed from the rest of the supply chain such as the provision 
of new business models, evidence of the benefits of circular economy applications, 
technological innovation and provision of performance information and assurance.  The next 
stage of this research is to use these CSFs to develop a strategic framework for embedding a 
circular economy in the building sector in the UK.  
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ABSTRACT 
 
Nowadays, buildings consist in an assembly of several components and systems allowing 
them to fit the users’ technical, functional and comfort needs. In general, buildings’ systems 
and components are rather integrated into each-other and therefore, rather difficult to 
maintain, repair, update or dismantle separately, leading to precocious obsolescence and 
waste. 
Design for Change (DfC) and Design for Disassembly (DfD) approaches aim at a reduction 
of waste by designing buildings enabling reuse of their components, elements and materials. 
To do so, one key aspect is the interface between buildings’ components. Indeed, depending 
on the connection type (reversible, non-reversible), their accessibility and assembly sequence, 
buildings’ ease of dismantling may differ drastically. 
Today, approaches such as the relational pattern method, propose to map components’ 
interactions through nodes and edges representing respectively components and connections. 
Although a network is defined within the framework of this method, it appears that the 
networks are mainly used as visual support for the assessor, allowing him to qualify 
components’ interactions. This paper explores the potential of graph theories in general, and 
social network analysis to characterise buildings’ networks. 
To do so, comparisons between DfD concepts and graph theory metrics will be investigated 
to show the main similarities, differences and opportunities. Furthermore, a discussion 
showing the specific interest of social network for DfD will be developed. Finally, the 
implementation and testing of those propositions into an automated Building Information 
Modelling (BIM) tool will prove the potential, limitations and opportunities of such 
approach. 
In conclusion, this research proposes to use state-of-the art knowledge of other fields related 
to data management and network analytics to be able to characterize and assess disassembly 
and therefore, will allow designers to reduce waste and increase buildings’ reuse of 
components. 
 
Keywords: BIM, Design for Change, Design for Disassembly, Design decision support, 
SNA. 
 
INTRODUCTION 
 

Network systems are present all over our life from the most evident and easily 
distinguishable such as social networks or communication networks (phones and internet) to 
traffic management or spatial layout (Space Syntax). However, today, even though graph 
theory, which is the mathematical background of network systems, is well defined and used 
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widely, it appears that the construction industry or at least designers are not yet using it to 
analyse, understand or optimise buildings’ designs12. 

Indeed, in this paper we propose to look at buildings using a different set of glasses. 
Instead of seeing buildings as one static and finished product, it is proposed to look at 
buildings considering them as assemblies of elements and components linked and attached 
together physically through different connection systems13. 

In other words, buildings are complex systems composed of elements varying in shapes, 
life span, functions, environmental impact to cite only a few. Fortunately, graph theory 
proposes metrics and theories allowing to quantify and qualify such systems. First, we will 
discuss if buildings are networks or if network analysis could help to assess buildings. 
Second, the similarities between buildings’ assemblies and social networks will be discussed 
briefly and some key metrics will be presented. Finally, potential new metrics or concepts to 
investigate in the future will be discussed.  
 
ARE BUILDINGS NETWORKS? 
 

Previously in the introduction we stated that we can consider buildings as networks of 
components linked together through connections. This vision comes mainly from our 
background in transformable architecture, design for change (DfC) and design for 
disassembly (DfD). Indeed, to improve buildings’ ease of disassembly it is often proposed to 
design reversible connections (also often referred as dry connections) [1, p. 37], [2, p. 4], [3]–
[5]. Although, Elma Durmisevic [6] proposes a representation of the relations between 
functional, technical and physical domains [Fig. 13]. By comparing this representation with a 
rather classical representation of a network (in this case a social network) [Fig. 14] one may 
find similarities in the way elements are displayed. Although, an analogy is not a proof that 
both systems are equivalent, we decided to investigate further the link between graph theory 
and DfD. 

                                                           
12

 As an exception, we might consider the use of space syntax to characterise space layout. 
13

 These elements might be divided into different types depending on the functions they fulfil within 

the whole system, the building level, or into sub-system, the component level. 

  
Fig. 13 – representation of the relations between functional, technical and physical domains [6, p. 137] 
Fig. 14 - A NodeXL social media network diagram of relationships. Taken from [7, p. 33] 
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BUILDINGS THE NEW SOCIAL NETWORKS? 
 

Because of our highly connected society, social networks (SN) are being more and more 
useful in our everyday lives. They are also extensively studied in social sciences because they 
are of huge importance in understanding human behaviours and interactions. One could 
wonder why specifically social networks are interesting to compare to buildings components’ 
networks.  

Social networks rely on graph theory which is a reliable and strong mathematical 
background. Moreover, there is a quite intriguing and potentially useful analogy between 
buildings components’ networks and social networks. Indeed, social networks map the 
relationships between people or their interaction. We can create a graph of the people 
knowing each other and their potential influence on each other. On the other hand, buildings 
components’ networks will represent the connection between components and their influence. 
Designers would benefit from a network allowing to analyse, calculate or characterise the 
influence of connections (e.g. reversible, non-reversible, contaminating or not) between 
elements and the total disassembly potential of the building14. 

In other words, social networks are specific networks used to consider relationships or 
exchange between people. Their mathematical background (graph theory) allow to determine 
and characterise the influence of an individual on the whole system, while SNA specific 
metrics and tools allow to process and interpret it. Buildings’ disassembly is highly 
dependent on the connections between the elements and today, we lack tools allowing to 
measure the influence of one element on the global ease of disassembly (e.g. the literature 
provides generally guidelines or generic qualitative assessment). 

 
 

                                                           
14

 Moreover, current Social Network Analysis (SNA) systems allow to store, comment, and manage 

huge amount of data and today, the construction industry is moving towards digital solutions (e.g. 

BIM) all over Europe  [9]–[11] generating similarly a tremendous amount of data which could be 

processes by such systems. The illustrations presented earlier in this paper already prove that current 

tools allow to generate such graphs and process them within a SNA system [Fig. 3 & Fig. 4]. 

Fig. 15. Revit (Autodesk) model 
used as input to extract a 
components’ network. 
Fig. 16. Network representing 
the connectivity between the 
components of the sample 
model (NodeXL) 
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SOCIAL NETWORKS ANALYSIS APPLIED IN BUILDINGS’ NETW ORKS 
 

Five different metrics will be discussed within this chapter, three at the level of the nodes 
(e.g. people or components) – degree, betweeness centrality and closeness centrality - and 
two at the level of the whole system (e.g. the social network or the building) – clustering 
coefficient and graph density. To do so, we will use the illustrations below which represent 
theoretical networks having the same structure. 

The degree (1) of a vertex is a count of the number of unique edges that are connected to it 
(e.g. in the Fig. below Ike has a degree of 2 while Diane has a degree of 6). This rather simple 
value allows to define the node having an higher amount of connection. If we transpose this 
to a building, a bearing wall might have a very high degree. Coupled with a parameter 
defining the kind of connection would allow to assess the influence of the wall on all the 
elements it is connected to. 

The betweenness centrality (2) allows to identify bridging elements. In terms of social 
networks it could be a person connecting two identified groups of people. In the example 
below we might consider Heather with a high betweenness centrality. Although he is only 
connected to three persons (degree=3), he is a key element of this network because he is 
bridging a gap between Diane’s group and Ike’s group. The interest of this parameter for 
buildings rely on the idea that building elements are fulfilling different functions (e.g. 
supporting, servicing, partitioning or finishing) with different life spans. Therefore, being 
able to identify elements connecting groups of elements will also allow us to identify key 
connections. 

The closeness centrality (3) is the average shortest distance from each vertex to each 
other. This parameter is less intuitive but may present a huge potential in assessing the 
disassembly sequence and to compare different disassembly scenarios. 

The clustering coefficient (4) is a metric allowing to characterise the number of 
groups/clusters within a network. This parameter might be very important for buildings’ 
networks because as stated in [6], [9], [10] it is important to separate elements having 
different functions (e.g. Site, structure, skin,…) because service life span differ from one 
function to another. Thus, the clustering coefficient will allow to consider if the graph is 
rather composed of sub-groups of the same function or not. 

The Graph density (5) defines how interconnected the vertices are in the network. If we 
apply to buildings, it relates that the more interconnected elements are the more connections 
you should remove to disassemble. Furthermore, if there is a high graph density and a small 
clustering coefficient it will mean that a lot of elements with different functions and lifespan 
are interconnected to each other, leading to a potential weakness in terms of disassembly. 

 
Fig. 17. A theoretical social network sharing the same structure as a building components’ network. 

Inspired by [7] 
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CONCLUSION, NEW DEVELOPMENTS, AND POTENTIAL NEW 
METRICS 
 

In the previous parts of this paper, we tend to consider that buildings components’ 
networks were showing a good potential to assess buildings’ disassembly. The paper was 
therefore mainly showing the reasons to investigate it or the metrics already available to do 
so. Nevertheless, there are still some things to develop or adapt to use buildings components’ 
networks widely. 

First, buildings are hierarchized and separated into different levels – Building level, 
Element Assembly or Systems and Element level- while social networks consist on the 
relations between nodes having the same characteristics. 

Second, social networks are changing over time. People meet new contacts and forget 
others. While buildings are not changing that fast, they are also changing during their lifespan 
and evolve through renovations, demolition or deconstruction. Furthermore, the design 
process is a rather iterative process and using metrics used to compare the evolution of 
networks might be useful to compare design proposals. 

Third, other metrics related to specific items from DfD should be considered an 
investigated: Assembly sequence – allowing to assess and measure the ease of disassembly in 
addition to parameters related to the kind of connection –, Assembly direction – useful to 
identify host and hosted elements and to check which elements relies on which –, Group 
distinction – allowing to differentiate elements not only regarding the clusters made by the 
network but regarding their function into the building. 

If the three previous points and the future tools are developed in that perspective, 
DfD will be added to the field using graph theory to model complex interactions within a 
system. However, already today, because of the huge similarities between social networks 
and buildings, designers and researcher can already start developing simplified assessment 
based on tested methods. Hopefully, maybe in a near future, buildings components’ networks 
may be as usual as social networks. 
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ABSTRACT 
 
The presented BIM-SD tool is a software tool supporting the user in the pre-demolition audit 
and C&DW assessment. Its main objective is to support the collection and management of 
information on the existing elements and materials in a building to be demolished, the 
decision making around the optimal demolition sequence and the management of the 
subsequent waste streams. Maximizing the recovery rate from buildings will be fostered 
thanks to the visibility of the present materials in the pre-demolition stage. More in detail, the 
BIM-SD tool will ease calculations of inventory experts and/or demolition experts, which 
nowadays are principally done by hand (or supported by basic tools such as calculation 
sheets), potentially improving reliability of calculation, facilitating the traceability of 
materials and quickening the evaluation of alternative demolition/recovery options. 
It is expected that the tool can assist both demolition contractors for improving the production 
of the waste audits which they already perform; and also building owners (and the team 
commissioned for the design of the corresponding demolition works) in producing reliable 
waste audits together with projects. Moreover, distribution of the original BIM-model or of 
the inventoried BIM-model from the building owner to e.g. demolition contractors 
participating in a tender could happen. 
 
Keywords: BIM, demolition, waste, materials, building  
 
1. INTRODUCTION 
 

a) Gaps at the pre-demolition stage 
A waste inventory performed prior to a demolition (or refurbishment) provides relevant 
information about the building and the contained C&DW. Qualities and quantities of the 
materials present in the building that will be set free along the process are identified, together 
with information about the location and form of the material. The identification includes 
information on the hazardousness of the materials (both due to the nature of the material or 
contaminations occurred during the use of the building). 
By adding to this inventory recommendations on how these waste materials can be managed 
(reuse, recycling and other forms of material recovery, energy recovery or disposal), 
depending on legal requirements, (local) economics (e.g. value of recycled materials) and 
location (available (regional) infrastructure), a waste audit is produced. This will make it 
possible to generate a waste management plan (times, tasks & resources) and the 
corresponding budget. 
Nowadays waste audits are seldom available, do not provide enough detail or are claimed to 
be unreliable [HISER, 2015]. Moreover, in most cases audits are prepared by non-experts or 
by non-independent professionals. However, in all countries, most of demolition contractors 
make their own pre-demolition audit (or have it done by a professional), principally to 
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calculate the price of the demolition works. This audit is typically of internal use of the 
demolition company only. 
The lack of digital representation of the buildings to-be demolished and lack of information 
on the present materials hampers the decision on the optimal demolition process, the waste 
streams produced and corresponding treatment processes. Lack of computerized tools 
supporting the study leads to studies principally done by hand or supported by basic tools 
such as calculation sheets (e.g. Excel). 
In a more general framework, there is a need to improve the collection of data and statistics 
for monitoring C&DW by authorities. Nowadays, the low quality of the available data is a 
main barrier in estimating the actual quantities of generated C&DW and recycling and 
recovering rates. As a result, there are difficulties in a valid comparison between Member 
States and the establishment of targets and better policies and practices. Improved pre-
demolition audits will provide more visibility and accuracy to the forecast of waste, 
notwithstanding the fact that verification on the actual generation of waste and subsequent 
treatment will be required for a good data collection. 
 

b) Building Information Modelling 
Traditional building design and, by extension, demolition projects have been largely reliant 
upon two-dimensional technical drawings (plans, elevations, sections, etc.). This is however 
quickly evolving and Building Information Modelling (BIM) is taking over. 
BIM is a digital representation of physical and functional characteristics of a facility (Figure 
1). BIM changes the paradigm going from drawings to digital models which extend beyond 
3D. These BIM models are based on entities which include both (3D) geometrical and 
semantical information like materials, manufactures’ detail, construction details, etc. A BIM 
is a shared knowledge resource for information about a facility forming a reliable basis for 
decisions during its life-cycle; defined as existing from earliest conception to demolition. 
Some advantages of BIM are: improved visualization; improved productivity due to easy 
retrieval of information; increased coordination of construction documents; embedding and 
linking of vital information such as vendors for specific materials, location of details and 
quantities required for estimation and tendering; increased speed of delivery; and reduced 
costs. 
In the context of refurbishment or demolition works, use of BIM is still limited, as these 
buildings were constructed in the pre-BIM era and, as such, lack a BIM representation. 
Considering however the explained potential of BIM, together with the quick spread of new 
technologies allowing an economical interesting and easy generation of a BIM model of a 
building lacking such representation, the tool explained in the present document has been 
developed. 
 
2. Description of the SD-BIM Tool 
 

The main objective of the tool is to support the collection and management of information on 
the elements and materials available in a building to-be demolished and the decision making 
around the optimal demolition sequence and the management of the subsequent waste 
streams. Maximizing the recovery rate from buildings will be fostered thanks to the visibility 
of the present materials in the pre-demolition stage. 
The BIM-SD tool will ease calculations of inventory experts and/or demolition experts, 
which nowadays are principally done by hand (or supported by basic tools such as calculation 
sheets as e.g. Excel), potentially: 

- improving reliability of calculation 
- facilitating the traceability of materials 
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- quickening the evaluation of alternative demolition/recovery options (by running the 
tool with different solutions). 

The BIM portable editor particularly supports the pre-demolition inventory process. Using 
this tool, the user will identify the products, construction systems and materials present in the 
building using a database linked to the tool, which will provide relevant information for the 
completion of the building inventory, such as: deconstruction processes usable for each 
element (e.g. disassembly); definition of materials present and assignation of codes from the 
European List of Waste; or formulas for the calculation of weight and volume of each of 
these materials (with the corresponding list of relevant parameters). Additionally, depending 
on the specific element, the collection of auxiliary information (typically some dimensions, 
such as partition wall thicknesses) will be required from the user. Moreover, the user will 
have the opportunity of editing (default and rest of) values for a more accurate calculation.  
Based on the identification and assignation of elements, a weight and volume calculation of 
each expected waste material will be done by the tool, providing automated and reliable 
results. This inventory can be done onsite, as the tool has been designed for portable devices. 
Furthermore, could be edited/completed at the office afterwards if preferred by the user.  
In this document, an overview of the BIM editor functionalities and its use is done providing, 
screenshots and explanations. Aspects reviewed are e.g.: how to check on the progress of the 
inventory process and elements pending to be inventoried, other visualizing options of the 
building, how to inventory elements (both with a BIM entity or without), how to spread 
properties from one inventoried element to others to speed up the process, or how to add 
estimations on hidden elements such as cables, pipes and foundations.  
As a second task after the inventory, a waste assessment can be developed by means of the 
second part of the HISER BIM-SD tool, i.e. the Smart BIM-SD Analyser. 

 
3. Processes the tool is addressed to 
 

The tool developed in HISER focuses on two pre-demolition studies: the waste inventory (1) 
and the waste audit (2). 
 
Inventorying onsite: Portable editor 
A tool allowing an onsite waste inventory process has been developed. The user will identify 
the products, construction systems and materials present in the building with the guidance of 
the tool. Based on this assignation, a calculation of the expected waste materials will be done 
by the tool, providing automated and reliable results.  
 
Planning the waste management: Smart BIM-SD Analyser  
For the generation of the waste audit, the second tool supports the desk study of the actual 
waste streams that will be produced depending on the (disassembly, removal, and demolition) 
processes planned for the different elements in the building. Subsequently, corresponding 
reuse, recycling, energy recovery or disposal options can be established. 
For a successful waste audit at least some main assumptions on the demolition process must 
be considered, as the waste streams that are actually released depend on the demolition 
process itself. The user will define groups of elements that are released from the building in 
each of the steps of the planned demolition process. It would be expected that elements of 
each group are of the same nature, for a segregated management of the different materials and 
optimized material recovery. Similarly, elements should be disassembled, when possible.  
In addition, this second tool provides recommendations on the equipment and tools needed 
for the removal of each building element, depending on the specific process planned. 
Moreover, onsite storage options can be evaluated for each waste stream, together with an 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

133

eventual transportation to the final destination, in which the corresponding waste 
management process is applied. 
 
4. CONCLUSION 
 

A BIM based tool for supporting predemolition studies has been developed in the framework 
of a European project. The first functional version has been internally launched in March 
2017. Along the same year its use will be demonstrated in several case studies around Europe 
with the participation of demolition companies, software developers, public bodies and RTD 
centers. The results are promising in terms of improving reliability and accuracy of materials 
quantification, facilitating the traceability of materials and quickening the evaluation of 
alternative demolition/recovery options. 
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ABSTRACT  
 
The waste management is a pregnant problematic in the European continent and in France 
too. The new paradigm called circular economy aims to be driver for the waste valorization. 
This objective is particularly applied in the civil engineering, the first generator of CDW 
(Construction and Demolition Waste) in France.  
In this context, except the eco-construction, the recycling or reusing is currently necessary for 
the CDW valorization. But, the economic criteria such sell price or manufacturing cost are 
brakes to facilitate the waste valorization. In addition, using the waste is confronted to 
standards and NIMBY (Not In My BackYard). 
To lift these brakes, the waste upcycling allows producing high quality materials from CDW. 
This choice seems to be a relevant orientation in terms of economic and technology. For 
further details, the recycling plant can produce high quality materials with a sell price more 
competitive than the high quality raw materials. This economic advantage can guarantee the 
investment necessary to set up this kind of plant. 
For example, the Esterel group has chosen this orientation since several years. The obtained 
results of the materials valorization are compared to the results from a study realized by the 
French energy agency. 
Finally, this comparison allows concluding about the relevancy of the CDW upcycling, which 
can be economically sustainable. 
 
Keywords: waste management; CDW; upcycling; economic; technologic process. 
 
1. INTRODUCTION 
 

The waste management is a pregnant problematic in the European continent and in 
France too. In 2012, 246.7 million tons of CDW were officially produced in France [1]. The 
circular economy is driver for the waste valorization, and is particularly relevant for the civil 
engineering, the first generator of CDW in France. In this context, except the eco-
construction, the CDW valorization based on recycling or reusing can reduce environmental 
pressure [2]. 
However, brakes such as not a priority for the clients, lack of treatment facilities induce a 
down-cycling option such as roadfill [3]. To boost CDW recycling such as, new recycling 
techniques and plants are necessary to improve quality certification of recycled aggregates, 
and public perception [4]. 
But the reuse of materials in the industrial field can be divided into three categories [5]: i) 
Cascading converts consumed material to a lower quality; ii) Recirculation reuses non-
consumed material in a process; iii) Upgrading returns the consumed material to a higher 
quality, which is called upcycling. 
After have defined upcycling, an industrial practice is illustrated with the plant of the French 
Esterel group. A perspective of the plant of Esterel group through a study driven by the 
French energy agency shows how the valorization option for CDW can be enlarged. 
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2. DEFINITION OF UPCYCLING 
 

Upcycling process aims to convert waste materials into new materials with higher 
quality or higher environmental value in order to reduce the consumption of raw materials 
[6]. 
Two dominant viewpoints are identified: 1) Material recovery in order to maintain value and 
quality of materials safely in their second life or even the improved recycling; 2) Product 
(re)creation for higher values and qualities by transforming waste or used materials either by 
companies or by individuals.  
According to Sung [7], although drawbacks and barriers of up-cycling are depending on types 
of industry, and contextual situations, benefits can be environmental (e.g. solid waste 
reduction, landfill space saving,), economic (e.g. cost savings and new profit opportunities) 
and social (e.g. psychological well-being and socio-cultural benefits). 
 
3. UPCYCLING IN PRACTICE 
 
3.1. Presentation of Esterel group 
 

After a quarrying activity, Esterel group is today specialized in 
demolition/earthworks and recycling of inert materials on its site (figure 1). The activity of 
CDW valorization has modified the economic strategy demanding an investment for the 
procurement of the necessary equipment.  

 
Figure 1. View of Esterel group site in the Esterel massif near Fréjus (France). 

 
 

About 100 kt/y of inert waste are treated by a process with a recovery ratio equal to 98% and 
with high quality. Indeed, the sand produced by this plant has the CE2+ European certificate 
[8]. 
 
3.2 Description of the recycling plant 
 

Process of CDW in waste management plants is based on the following objectives: i) 
Separation of mixed waste fractions; ii) Crushing, grinding and sorting to achieve defined 
grain sizes and thus marketable products. 
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The choice of best techniques and their configuration is challenging. This depends on 
technical, legal and economic aspects [9]. The objective of doing upcycling needs to apply an 
optimization of every step constituting the process of valorization. These design guidelines 
are noticeable through the process of the Esterel group plant (figure 2). 
 

Figure 2. Synoptic of the waste valorization process carried out by the Esterel group. The six are 
located in the process. The inputs of the process are four: CDW, B class wood, CDW containing 

bitumen and drilling sludge. The outputs (in bold) are marketable or can be useful for the process. 

 
 

The valorization process is composed of six steps. The major unit (1) is the step of crushing, 
grinding and sorting. This produces recycled aggregates, with several sizes, high quality 
recycled sand, and sludge generated by the sorting process. 
In order to ensure the complete valorization of recycled aggregates, a manufacturing step (2) 
produces concrete components for the water waste networks and used for roadside. This step 
is carried out by a Demler DL 200 press. Then, the treatment of sludge (3) is another 
manufacturing step. Compressed Earth Blocks (CEB) and roadfill earth are obtained by a 
press filter and multi-blocks press. 
To facilitate the treatment of CDW along the process, a step of fines extraction (4) is set up in 
the beginning of the valorization process. A pre-treatment of CDW upstream makes possible 
to have an optimized process sizing. The extraction of fines contained in CDW in the input of 
the process induces a downsizing of the equipment dedicated for the sludge treatment. And 
Refuse Derived Fuel (RDF) is obtained as the output of this step. Thus, an energy 
valorization with this RDF and B class wood can be realized by a pyrogazification step (5). 
Finally, the heat generated is used for the recovery of bitumen (6) constituting the 
components of building waterproofing. 
Thus, one can identify three steps classified in the upcycling process: 1) Production of high 
quality sand [8]; 2) Production of CEB because earth waste and sludge become earth 
construction materials; 3) Recovery of RDF [10] in order to obtain a useful energy for the 
process. 
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3.3 Esterel group plant among French recycling plant 
A study driven by the French energy agency [11] highlights two observations: 1) The 

French current valorization rate equal to about 50% is inferior to the objectives of the Waste 
Framework Directive 2008/98/EC (WFD); 2) the complexity of the waste valorization 
process fosters the received amount of waste (e.g. the plants having an elaborate process 
receive in mean 177kt/y, while the plant having a more simple process receive in mean 35 
kt/y). 
These observations mentioned in this report are confirmed by the example of Esterel group. 
CDW has therefore gained increasing interest from both a waste management and a resource 
efficiency perspective. Consequently, the Esterel group plant demonstrates that a 
sophistication level of waste treatment process is economically sustainable.  
 
CONCLUSION AND PERSPECTIVES 
 
Upcycling is the choice in order to develop the reuse of CDW and to avoid the environmental 
pressure (decrease of landfilling, saving of natural resources or raw materials). 
However, this choice is taken still too little. Indeed, the report of the French energy agency 
observes that the valorization rate of CDW is weak in weak the WFD objectives. The drivers 
such as legal objectives are a way to have an increase of technological level of recycling 
plant. 
A key parameter is a more complex process of recycling plant. The valorization rates of 
CDW may be increased undoubtedly. The example of Esterel group demonstrates that the 
R&D investment can boost the CDW recycling. And if the industrial aim is to produce high 
quality materials, so an economic success can be achieved. Thus, it enables to demonstrate 
that it is possible to economically upcycle recycled aggregates and CDW. 
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ABSTRACT  
 
Since the Industrial Revolution, humanity’s use of natural resources has been basically the 
same: TAKE, MAKE and THROW AWAY; which consequently led to the indispensable 
problems of waste materials. Around 461 million tons of Construction & Demolition Waste 
(C&DW), excluding excavation materials, are yearly generated in EU28. This undoubtedly 
gives a call to novel closed-loop circular business models which reshape the Eco-system in a 
way the waste is 'designed out'.  
Here, we present a novel closed-loop circular economy model of a high-performance building 
insulation material from silica containing C&DW materials to silica aerogels with λ≈0.015 
W/mK. In the present model, the benefit comes with the use of massive construction waste to 
a silica precursor and thereby aerogel production guaranteeing at least 40% product cost 
reduction and 40% reduction in energy consumption in real construction environment.  

 
Keywords: C&DW, aerogel, circular economy, energy efficiency, thermal insulation. 
 
INTRODUCTION 
 
Buildings account for almost a third of final energy consumption globally and are an equally 
imperative source of CO2 emissions. Around 461 million tons1 of construction and demolition 
waste (C&DW), excluding excavation materials, are yearly generated in EU28. Recent 
studies2 on the characterization of diverse C&DW samples at European level revealed that the 
predominant material constituent is concrete with an average value of 52%. The most 
advanced concrete recycling technologies currently produce upgraded coarse (>4mm) 
recycled concrete aggregates. However, the fine fraction (0-4 mm), accounting for roughly 
40% of the recycled concrete, still faces technical barriers to be incorporated into new 
concrete and consequently, it is often down-cycled. In global terms, C&DW streams have not 
yet found technological and business solutions along with their whole circular supply chain, 
being mostly landfilled. On the other hand, the market for aerogels (the most effective 
materials known for thermal insulation) as building-insulation materials remain largely 
underdeveloped due to the high cost of precursor (~80%) associated with industrial scale 
production. Thus, price is clearly the biggest entry barrier of this material in the building 
sector. 
Therefore, in the present emphasis, both energy consumption and CO2 emission reductions 
can be achieved by a novel closed-loop circular economy model of a high-performance 
building insulation material from silica containing C&DW materials such as recycled 
siliceous concrete sand, recycled building glass, recycled mineral wool to silica aerogels 
whose thermal conductivity values is nearly 0.015 W/mK. Aerogels are nanoporous materials 
with the best thermal insulation performance in ambient conditions. This way a new value 
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chain is created by expanding the size and attractiveness of C&DW recycling and reuse for 
energy-efficient buildings construction and refurbishment, as shown in Figure 1. 
 

 
Figure 1. Schematic of closed-loop circular economy business model of high-added value products for 
energy efficiency 
 
DESCRIPTION OF THE CONCEPT AND THE PRODUCT 
 
The in-line production system integrates the following three steps:  
 
i) Low cost water-glass based precursor production by using silica containing C&DW 
recycled materials: Using hydrothermal technology is highly efficient silica extraction 
obtained from silica rich C&DW (Cost reduction over 60%). This process is successfully 
applied to different natural and alternative silica-rich materials such as quartz sand, glass 
waste, foundry sands, fume silica and the own aerogel. 
ii) Gelification/Formation of wet gel by sol–gel chemistry: As a result of hydrolysis and 
condensation process of the as developed silica precursor, a nanostructured solid network is 
formed. Aging processes are applied to strengthen the solid skeleton of silica.3 The silica 
aerogel will be produced in different forms (granular and impregnated blankets). 
iii) Drying process/Low Temperature Super Critical Drying (LTSCD): LTSCD is 
recognized as the most environmental suitable and adequate process to obtain high quality 
aerogels. Based on recent fundamental knowledge on effective binary diffusion, a continuous 
multi-solvent LTSCD process has been developed and validated, which shortens the drying 
cycle up to 40%. This time reduction entails two direct benefits: high reduction of OPEX (by 
reduction of energy consumption and used solvents) and the reduction of CAPEX by 
increasing production rates at fixed volumes.  
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PROOF OF CONCEPT 
 
Realization of the business model is accomplished by the proof-of-concept of the 
manufacturing and performance at pilot scale. The idea was firstly executed at laboratory 
scale with positive and promising results: silica rich recycled concrete aggregates of 0-4mm 
size range were employed for the synthesis of high quality water-glass which was gelled and 
dried leading to aerogel samples. Following Figure 2 (a) shows the pilot scale LTSCD 
process and high-added value product (aerogel granules). Figure 2 (b) highlights the results of 
different process to obtain the gel at lab scale. The current emphasis is on going to is to 
implement and test the concept in a continuous manner at pilot scale. 
 

 
Figure 2. a) Pilot Plant for LTSCD process (left) and manufactured granular aerogel product (right), b) 

the process to get the gel at lab scale. 
 

MARKET 
 
New regulation in energy efficiency of new and existing buildings will be imposed in EU28 
in 2020. In consequence, thermal insulation and renovation market (over 1,500 billion €. in 
2015) will require an improvement in their product portfolio. This “energy efficiency 
transition is being recognized by the price of performance. In 2014, production of 
prefabricated components for building or civil engineering has started to grow significantly. 
As a result, the EU-28 market has reached a value of 24 billion Euro5. Out of this figure, 25% 
is estimated to be the market share of precast concrete insulated wall panels in Europe, which 
results in a market of 6 billion Euro. Driven by the aforementioned drivers, this market is 
expected to grow in the next years in order to meet the targets established by Europe for 
carbon emissions reduction and energy efficiency increase of the building stock.   
Within this framework, as produced cost-effective aerogels will be able to compete with 
current commercial insulation materials for being used in precast concrete insulated wall 
panels providing superior thermal insulation performance. The main selling point lies 
especially in the high thermal insulation performance with significantly lower thickness. This 
position the product as a valid alternative not only to precast concrete insulated wall panels, 
but also to ETICS (External Thermal Insulation Composite Systems) solutions, plasters, 
cavity insulation, etc. 
 
CONCLUSION  
 
In conclusion, the novelty herein comes with the use of massive construction waste to 
manufacture and integrate high-added value products for energy efficiency. To the date, no 
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technology exists to develop aerogel materials from C&DW. Therefore, novel circular 
economy business model of high-added value products for energy efficiency is foreseen. The 
obtained thermal conductivity of as produced aerogels is very low, λ≈0.015 W/mK. New 
technology will reduce over 40% of manufacturing cost, allowing aerogels to be cost-
competitive compared with standard products.  
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ABSTRACT 

 
France is currently producing about 17 Mt/year of demolished concrete, most of this material 
being used in road subbase courses or embankments. However, this flow should increase in 
the near future, although less and less new roads are to be built. Another 20 Mt of mixed 
demolition materials, a good part of it being concrete or natural rock is also available. 
Therefore there is a duty both for the society and the planet to make the best use of this 
resource, in order to preserve the natural resource and to avoid waste material landfill. 
Based on this reality, a national project, partially sponsored by the Ministry of Ecology, was 
set in 2012, gathering 47 partners among which representatives of all construction 
stakeholders.  
The paper aims at presenting the main outputs of the project, which will produce various 
deliverables: a scientific book (to be published), a guide (under preparation), a number of 
proposals to adapt standards and regulations, and, last but not least, five experimental 
constructions, including a parking lot, a bridge, various buildings and industrial 
constructions. 
 
Keywords: recycling, recycled concrete, recycled concrete aggregate, national project, 
experimental construction site. 
 
INTRODUCTION 
 
After two years of preparation and meetings, the most important actors of the French 
construction sector decided to launch in 2012 a national project about “Recycling concrete 
into concrete” called Recybéton [1]. The stakes were numerous, all pushing toward this 
direction: i) need to preserve the natural aggregate sources given the difficulty to open new 
quarries, ii) future increase of the flow of construction & demolition materials generated by 
the cities, iii) need to ultimately suppress all landfill in the country, iv) need to decrease 
transportation distances for both social and environmental reasons, and, finally, v) need for 
the concrete industry to catch up as compared to competing materials, some of which being 
more advanced into the circular economy. This paper gives a brief overview of the work done 
by more than 100 researchers and practitioners, spending a budget of about 5 M€ in 5 years. 
 
MAIN OUTPUTS 
 
Material processing 
 
Most of the project aimed at developing the use of recycled concrete aggregate (RA) into new  
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concrete, with a replacement rate ranging from 0 to 100 %, for both coarse and fine 
aggregates.  
Recycled concrete aggregates are generally used “as obtained” through the sole process of 
crushing and sieving (plus removal of the steel reinforcement). As-obtained ordinary recycled 
aggregate display a low density and a high porosity, as compared to natural aggregates. 
Before batching fresh recycled concrete (RAC), pre-saturating is advised to avoid early 
workability losses generated by water absorption. Otherwise the process of recycled concrete 
production does not differ from the one of natural aggregate concrete (NAC). Finally, 
numerous techniques are available to perform selection – sorting the undesirable particles in a 
mixed demolition material – detection – on-line identification of the presence of such a phase 
– or fracturation – debonding the cement matrix from the original virgin aggregates. A 
review was performed on these techniques. 

The possibility of using fine recycled aggregate as a supplementary cementitious 
material was also investigated. When grounded with the clinker (to make a blended cement) 
or to the concrete, the product performs as a filler, with sometimes a tendency to degrade the 
fresh concrete slump retention (a problem which can be solved through the use of a set 
retarder). As a raw material, it was tested at a replacement rate of 15 %, producing 
industrially a “good” CEM I cement. Unlike the previous processes, this one is currently 
allowed by the cement standard EN 197-1, so that the only obstacle is the availability, for 
cement factories, of a consistent, close and large enough source of recycled fine aggregate. 
 
Recycled materials and structures 
 
The impact of incorporation of recycled aggregate into concrete was investigated in a quite 
comprehensive way. The effect is minor on strength (only noticeable at high replacement 
rate), but all deformability properties evolve towards more strains in recycled aggregate 
concrete: E-modulus, shrinkage, creep. The flexural fatigue strength is also affected with a 
trend to more scatter in the results. 

The behavior of structural elements - columns and beams of various dimensions were 
tested - is in line with the material properties: higher deflections in beams, higher buckling 
risk for columns, contribution of concrete to shear resistance depending on its tensile 
strength, as the bond between steel and RAC. Therefore no significant increase of crack 
width is observed in loaded reinforced RAC pieces. 

In terms of durability, incorporation of RA increases the total porosity of concrete. 
This microstructural modification entails an easier transport of gas, water and alien species 
through RAC. However carbonation is only affected in the lower strength range of the mixes. 
Also, durability can be adjusted by lowering the water/binder ratio. Depending on the origin 
of RAs, they can be frost-sensitive, overcoming their use in RAC if the risk of freeze-thaw is 
present. 
 
Sustainable development 
 
The available national resource in RA was investigated. A total of 17 Mt was identified, to 
which another 20 Mt of cement treated or untreated NA have to be added. These materials are 
currently devoted to road and embankments, but can be partly redirected to the concrete 
business. In terms of Life Cycle Analysis, the positive points deal with the saving in non-
renewable resource and the avoidance of landfill. Regarding carbon footprint, two key 
aspects must be examined: the transportation distances, which can be shorter for RA as 
compared to NA, and the cement content of RAC, which tends to increase for large 
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replacement rates. Finally, leaching of RA or RAC does not seem to release significant 
amount of pollutants when exposed to water, unlike other types of waste materials. 
 
Standards and regulations 
 
Recybéton is preparing proposals to extend the range of possible uses of RAC in France (EN 
206/CN, Eurocode 2 etc.). Possible incentives to favor the process are also studied [2]. 
 
Dissemination, among which demonstration sites 
 
A number of seminars are organized and will be continued in order to disseminate the results 
of the project. A scientific book is being completed [3] and will be published by the end of 
this year, a guide is also being processed, addressing all relevant categories of stakeholders 
involved in the construction world. Finally, five different experimental sites were carried out 
(see photographs in Appendix), showing how easy is the process of recycling concrete into 
concrete. 
  
CONCLUSION 
 
After 5 years of collective work, the French construction community has increased its 
awareness about recycling concrete into concrete. Most technical problems were addressed, 
and none of them appear to be a roadblock. All the tools will be available to improve 
significantly the sustainability of the concrete world, using at least partially a resource which 
represents about 30 % of the current aggregate consumption in concrete. Let’s hope that the 
efforts undertaken will be paid off by a gradual change in the current practices, as it is already 
the case in more advanced countries. 
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Wall in Genevilliers (92) Sidewalk, same location 

Archive building in Mitry-Mory (77) Construction of the same 
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ABSTRACT 
 
The main goal of this paper is to identify barriers and opportunities for creating the 
circular business models in the EU C&DW sector. Having in mind this fact, author of 
the paper describes market, social, governance and regulatory failures which may 
limit opportunities for achieving market success in the EU C&DW sector. The 
presentation will take into account current economic situation of the sector which is 
under the pressure of both global economic challenges and the EU policy aiming at 
popularization of the circular economy approach. As a result, different 
recommendations that may determine the final shape of the business models will be 
identified, including key resources that have to be used for successful 
commercialization of the different circular C&DW solutions.   
 
Keywords: Circular construction, C&DW sector, market barriers and opportunities, 
recycling and recovering. 
 
INTRODUCTION 
 
Circular construction adopts the principles of circular economy along the life-cycle of 
buildings, from the extraction of building materials to the demolition and recycling processes. 
Many of these materials can be recycled, reused or recovered for energy or other purposes. In 
spite of the potential for recovery, rates differ between less than 10% to over 90% across the 
EU (Leiden-Delft-Erasmus Centre for Sustainability 2016). Nevertheless, that rate can be 
improved by implementing increasingly better regulations and creating new closed value 
chains which would be based on many innovative technologies (such as solutions created 
within the frame of the HISER project which is funded by the European Commission). 
Companies are continually working to improve resource management, but they are held back 
by a range of market barriers which limit the opportunities for development of the circular 
economy approach on EU level. The following article summarize challenges which are met 
by all stakeholders involved in creating green value chain in the C&DW sector, including 
market, social, governance and regulatory failures. The text also identifies the most important 
opportunities which would allow the stakeholders to overcome the barriers presented below. 
 
THE MOST IMPORTANT BARRIERS 
 
As it was mentioned above, the most important barriers can be divided into several groups, 
among which market failures (economic problems), governance and regulatory barriers, 
social issues and organizational problems can be found.  
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Market failures 
In the case of the first group – market failures – the barriers are often related to low costs of 
alternatives to recycling. Landfill gate prices are too low, so construction companies are not 
interested in reducing negative impact of the sector on natural environment. Moreover, 
primary aggregates are very cheap and widely available. It is also worth noting that the 
European construction sector is seen as fragmented, which means that it is difficult to 
coordinate activities taken by many C&DW actors (Zou, Hardy, Yang 2015). 
Apart from issues mentioned above, literature also describes barriers which are encountered 
particularly by small and medium enterprises (SMEs). In some cases SMEs suffer from the 
lack of the financial resources to establish and manage a recycling scheme (Rizos 2015). 
As a result, many companies do not tend to invest in innovative recycling and recovery 
infrastructure, which leads to the lock-in of existing technologies.  
Aside from the direct financial costs, there are also indirect ‘hidden’ costs such as the time 
and human resources that businesses need to devote to make environmental improvements. 
Moreover, many stakeholders often “rely on external consultants to meet their obligations; 
this in turn entails an extra cost, which might be significant for very small enterprises” (Rizos 
2015). 
Governance and regulatory failures 
The lack of government support and encouragement (through the provision of funding 
opportunities, training, effective taxation policy, import duty, etc.) is widely recognized as a 
significant barrier in the uptake of environmental investments. As Rizos emphasizes, “Such 
barriers tend to persist in a context where prices do not reflect the real costs of resource use to 
society” (Rizos 2015). 
European and national regulations often still limit opportunities for the use of 
construction and demolition waste as sub-products (Zou, Hardy, Yang 2015). First of all, 
current regulations are characterized by lack of clarity  on several concepts of EU legislation 
such as producer responsibility, quality of separate collection and definitions of recycling, re-
use and recovery (Rizos 2015). Weaknesses in policy coherence (e.g. bioenergy and waste 
policies) and lack of harmonized standards can also be identified, as standardisation bodies 
and environmental agencies are not involved in creating regulations which would support 
implementation of the circular approach in the EU economy (European Commission 2014). 
Another obstacle is the fact that the transition of SMEs to green business practices usually 
incurs administrative burdens stemming from environmental legislation. Moreover, most 
tools for environmental management (such as the European Eco-Management and Audit 
Scheme - EMAS) are produced for larger companies, without taking into account the 
specificities of the SME sector (Rizos 2015).  
Organizational issues 
The circular approach requires exchange of information about nearby industries and their 
inputs and outputs, but it is often difficult or costly to obtain. One of the most important 
problems is the lack of enablers to improve cross-cycle and cross-sector performance due 
inter alia to non-alignment of power and incentives for transformation between actors within 
and across value chains (European Commission 2014). 
Another important barrier is related to the different budget and management structures 
between jurisdictions preventing cooperation in certain areas. For example, each city 
develops its own transport flows system, which leads to confusion among shippers and 
transporters. Thus, inconvenience of location of recycling facilities or need to take materials 
to many different places is often visible (Zou, Hardy, Yang 2015). 
Experts also emphasize that the circular approach faces barriers caused by the lack of 
practice and infrastructure for the segregating of biological from technical nutrients 
and phasing out toxic materials. Moreover, “many waste are not separated at source, which 
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limits opportunities for recovering and recycling valuable building materials” (Van Eijk 
2015).  
Social failures 
Companies may lack the information, confidence and non-economic capacity to move to 
circular economy solutions due to the barriers which are caused by social behaviours, low 
technical skills, insufficient knowledge of stakeholders and unavailability of accurate 
information for parties involved in construction activities and waste management. These 
factors, “together with existing infrastructure, business models and technology, keep 
economies ‘locked-in’ to the linear model” (Rizos 2015). Many construction enterprises are 
also characterized by “conservative nature (skeptical concerning innovations), which also 
means that construction and demolition material is not considered as a potential resource” 
(Zou, Hardy, Yang 2015). 
The lack of knowledge about the benefits of the circular economy has been identified as 
one of the barriers to the implementation of circular economy practices especially among 
SMEs and end-users (Rizos 2015).  
On the other hand, many companies do not have the technical capacity to identify, assess 
and implement more advanced technical options. Another problem is the lack of 
education on the drivers of circular economy and insufficient dissemination about best 
practices. As a result, many stakeholders, such as individual citizens and enterprises, often 
do not know what can be recycled or what recycling opportunities exist within the region 
(Rizos 2015). The consumers also do not have “comprehensive information on origins 
and perishability of products (such as composition of the raw materials they use), which 
reduce confidence in the green solutions created within the EU construction sector” 
(European Commission 2014).  
 
CONCLUSIONS – HOW TO TURN BARRIERS INTO OPPORTUNITI ES? 
 
Bearing in mind all barriers described above and taking into account economic condition of 
the EU C&DW sector, it can be assumed that the shape of business models aimed at 
implementing the circular solutions in the sector should be based on detailed analysis of 
several trends, among which the following issues can be found: 
− changes in legislative solutions implemented by local and national governments in EU 

countries, including requirements and incentives aimed at popularization of the 
innovative, green technologies and circular practices (especially reduction of landfill 
disposal and initial investment costs), 

− medium-term economic condition of the EU C&DW sector which is still under the 
pressure of global economic challenges that may significantly influence the future 
opportunities for commercialization of green and circular innovations, 

− global organization of work, especially shifts of industrial production to other 
geographical regions, 

− rate of technology adoption among EU C&DW companies (Frost & Sullivan 2012), 
− the transition from ownership to usage and performance-based payment models (European 

Commission 2014). 
The analysis of these trends would allow all stakeholders interested in popularization of the 
circular construction solutions to turn the most important barriers into opportunities and to 
create business strategies which will lead to successful popularization and commercialization 
of green value chains in the EU C&DW sector. It is very important, as the circular approach 
still meet many challenges and its future seems to be uncertain, especially in the context of 
human habits, unstable EU economy condition and insufficient support of many 
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governmental institutions which are responsible for popularizing green solutions in the EU 
countries. 
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Abstract 
 
In France the building industry accounts for the largest share of greenhouse gas emissions. It 
represents about one quarter of France’s national emissions. To deal with this challenge, the 
French energy transition for Green Growth law was adopted in July 2015. Buildings 
renovation, clean transport, renewable energy and the circular economy are at the agenda. 
The law sets several ambitious objectives for construction and demolition wastes (C&DW). 
The goal is to recycle 70% of construction and engineering waste by 2020 while around 60% 
of construction and demolition wastes (C&DW) are currently reused, recycled or recovered. 
Reuse of components is currently undisclosed but represents an opportunity to fully take 
advantage of wastes potential. Moreover, it brings environmental and economic benefits for 
future constructions and local territories. 
This paper focuses on the economic benefits of reuse. The aim is to examine whether a 
demolition project promoting the reuse of demolition wastes offers value for money in 
comparison with a demolition project that does business as usual. 
After a literature survey, an in depth evaluation of costs and labour impacts is proposed for a 
case concerning bricks for a small arena. Results show that reuse can bring direct economic 
benefits if the demolition process is based on the same tools as a traditional demolition. 
Moreover it would have a positive impact both in terms of direct costs and local employment 
if the process is optimised. Deconstruction is still in its infancy and the value-added chain is 
not well developed. Thus, the learning curve is important. 
This paper is produced within the REPAR 2 project, cofounded by the Agency for the 
Environment and Energy Management. 

 
Keywords: reuse, economic analysis, deconstruction, local economic impact. 
 

1. Introduction 
 

To mitigate climate change, most European countries have decided to reduce greenhouse gas 
emissions by a factor of 4 before 2050. In France the building industry accounts for the 
largest share of greenhouse gas emissions. It represents about one quarter of France’s national 
emissions. To deal with this challenge, the French energy transition for Green Growth law 
was adopted in July 2015. Buildings renovation, clean transport, renewable energy and the 
circular economy are at the agenda. The law aims at tackling waste and promoting the 
circular economy. It set several ambitious objectives for construction and demolition wastes 
(C&DW). The goal is to recycle 70% of construction and engineering waste by 2020 while 
around 60% of construction and demolition wastes (C&DW) are currently reused, recycled or 
recovered.  
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Among the “3Rs” (reuse, recycle and reduction), reuse of components represents an 
opportunity to fully take advantage of wastes potential.  
This paper focuses on the economic benefits of reuse. After a literature survey, an in depth 
evaluation of costs and labour impacts is proposed for a case concerning bricks for a small 
arena. The aim of the comparative analysis is to test whether a demolition project promoting 
the reuse of demolition wastes offers value for money in comparison with a demolition 
project that does business as usual. 
 

2. The economic advantage of deconstruction: a literature review 
 

Disassembly, demolition and deconstruction concern the end-of-life phase of a building and 
are frequently source of confusion while they refer to distinct actions: 

• Disassembly means “taking apart components without damaging, but not necessarily 
to reuse them”; 

• Demolition is “a term for both the name of the industry and a process of intentional 
destruction”; 

• Deconstruction is “similar to disassembly but with thoughts towards reusing the 
components” (McGrath and al., 2000). 
 

The literature provides several reasons to explain why demolition is still dominant and 
prevails over deconstruction: 

• Most buildings are not designed and built to be deconstructed; 
• Clients may be reluctant to reuse materials when there are no certification schemes 

proving that the employment of second-hand materials and components does not 
jeopardise the quality of the new building; 

• The lack of detailed information about the materials and components employed in a 
building may affect the economic feasibility of a deconstruction project. This issue 
reinforces the need for a careful pre-deconstruction survey; 

• Demolition is a niche and most contractors prefer to make comfortable margin and to 
do business as usual; 

• Deconstruction is still in its infancy and the value-added chain is not well developed. 
There is a lack of guidelines for architects (to create a building that is easier to 
deconstruct) and contractors (to improve the efficiency of the disassembly process). 
This lack of experience limits the benefits associated with this approach. 
 

Despite these barriers, deconstruction can be a valuable solution since it offers social, 
economic and environmental benefits: 

• Social benefits: demolition is mainly based on mechanical equipment used to bring 
down buildings while deconstruction is more labour intensive. As such, it offers 
employment opportunities. Deconstruction and the resale of recovered materials is a 
source of business. It can provide employment to local communities in search of 
economic revitalisation (Penn and al., 2003). 

• Economic benefits: several examples indicate that sales of materials and components 
strongly reduce deconstruction costs. The deconstruction of six downtown buildings 
in Wisconsin saved approximately $37,000 (Newenhouse and Fuller, 2003). This is 
mainly due to the avoided landfill costs. Since the amount of materials disposed in 
landfills is reduced, it has positive environmental impacts. Similar results were found 
by Storey and Pedersen (2003) in New-Zealand. Around large cities such as 
Auckland and Christchurch, tenders were offered at a price lower than the cost of 
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demolition. It was offset by the selling of the salvaged materials and the avoidance of 
landfill costs. However, costs can also exceed benefits. 
According to Eklund and al. (2003) who analysed two projects, “using a large degree 
of reused concrete elements cost roughly 10% to 15% more than building with 
conventional building practice”. Moreover, it creates financial uncertainty around the 
project. They also mentioned the lack of experience of most stakeholders. For 
example, the contractors who were surveyed indicated that with more experience and 
by developing technology and building techniques for use with reused materials, the 
same job could be done with a 10% to 15% cost reduction. 

• Environmental benefits: Deconstruction improves the effective sorting of C&DW. It 
improves the identification of materials and potential contaminants, the separation of 
materials that are valuable such as glass, metals, concrete, etc. Thus, it positively 
impacts reuse and recycling rates. 
 

However, the economic benefits of reuse and recycling appear strongly dependant on local 
conditions: 

1. There is a need to find projects with recovered materials, demands for this type of 
resources and established businesses that can do the deconstruction; 

2. Size of sites matters. Manoeuvrability is more limited for small sites. Thus, 
productivity is affected. It is also more difficult to store materials on small sites. 
Urban sites have probably more resources but they are more constrained by their size 
than sites away from densely populated area. 

3. Distance between the construction site and the C&DW treatment installation strongly 
impacts the profitability According to Lassandro (2003), transport costs can affect the 
demolition costs by 40%. 
 

All these issues are presented in the following case. 
 
 

3. Case study: reuse of bricks 
 
3.1. The steps from deconstruction to reuse 
 

The case involves an arena made of bricks. The building site was 5 km away from the 
deconstruction site consisting of an old factory located in La Courneuve, a city in the suburbs 
of Paris. About 5,000 m² were deconstructed but only a small percentage of bricks were 
reused. The study examines the different stages of the deconstruction project and details the 
data used for the analysis: 

• Pre-deconstruction survey: it was done by Bellastock a local association specialised 
in deconstruction. Two types of bricks with different qualities were identified. 
Mechanical equipment used for demolition was not considered as adapted to preserve 
these secondary materials. The diagnosis proposed to screen the bricks before sorting 
them on the deconstruction site. 

• Sorting: the bricks were collected and taken for sorting, before being transported to 
the building site. A sifter was used for one day to treat 450 m3 of bricks. Only 16,400 
(33%) were recovered. With a manual approach a higher quantity of secondary 
materials would have been preserved. 

• Evacuation: Costs of transport of C&DW to remote backfilling sites and recycling 
platforms were avoided. Trucks had only to drive for 5 km instead of 40. Three 
round-trip rides were necessary. 
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• Storage: it was done on a site owned by the client. 
• Transformation of materials: This activity consists in manual sorting, restoration of 

the bricks and quality control. It is carried out on the construction site. This step was 
performed as part of a school project by 12 low-skilled workers in integration. They 
were supervised by one person employed by Bellastock. For this phase of manual 
sorting which lasted 17 days, some mechanical equipment was rented for 5 days to 
facilitate the handling of the bricks. 

• Purchases of new materials: the cost for a new brick is €0.68 and the brickyard is 
located 60 kilometers away from the construction site. 
 
3.2. The financial analysis 

 
Six main cost categories were considered for the analysis: 

1. Transportation costs were calculated according to driving hours, distances between 
deconstruction site and worksite / recycling platform; 

2. Labour costs consist of deconstruction activities, supervision work and training of the 
low-skilled workers; 

3. Pre-diagnosis costs refer to surveys done before the deconstruction in order to 
appreciate the potential of the old buildings; 

4. Mechanical equipment costs consist of renting machines for sorting bricks; 
5. Material costs relate to the purchase of new bricks; 
6. Disposal costs. 

 
Cost of reused bricks: €1.41/brick – cost of new brick: €0.90/brick 

  
Figure 1. Secondary materials versus new materials 
 

3.3. Social analysis 
 

Deconstruction is more labour intensive and it entails greater labour costs. However, it also 
has a greater social value since it contributes to the training and employment of low-skilled 
workers (table 1). 
 
Table 1: Working days: deconstruction and reuse versus demolition and purchase (for 10 000 bricks) 

Deconstruction and reuse of bricks Demolition and purchase of new bricks 

 Working days  Working days 

Pre-deconstruction 
survey 

0.1 Transportation of old 
bricks (to recycling 

platforms) 

0.1 

Mechanical sorting 0.2 Disposal costs 0.6 
Supervising, training, 210,4 Manufacturing 5 

8% 15,50%

47%

29,50%

Mechanical

sorting

Mechanical

equipment
75%

18%

6% 1%

Purchase

of new

materials
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restoration and 
quality control 

process 

  Transportation of new 
bricks 

2.3 

Total 211 Total 8 
 

3.4. Sensitivity analysis 
 

Deconstruction is still in its infancy and the value-added chain is not well developed. The 
learning curve is important. Thus, it is appropriate to look how productivity improvement in 
manual sorting and restoration would impact the economic results. Several hypotheses, set 
with different contractors and based on feedbacks, were retained: 

• Manual sorting and restoration time is reduced by 30%; 
• Mechanical equipment are better used and renting time is reduced by 30%; 
• Supervising time is divided by two (the case is a school project and more time is 

dedicated to supervision than in traditional projects). 
 
Table 2: Socio-economic analysis integrating productivity improvement due to experience 

 Deconstruction and reuse of 
bricks 

Demolition and purchase of 
new bricks 

Cost for one brick € 0.79 € 0.90 
Working days (10,000 

bricks) 
132 8 

3.5. Conclusion 
 

Results show that reusing bricks can bring direct economic benefits. Moreover it would have 
a positive impact both in terms of direct costs and local employment if the process is 
optimised. Indeed, there is a learning curve since this approach is still in its infancy and the 
value added chained is not organised yet. The impact could be very significant on local 
employment, especially if processes are based on reintegrated employees. 
Two other case studies based on concrete reuse have shown similar results but with a lower 
impact on local employment. Those first results suggest that reuse can contribute to the 
economic revitalisation of a territory. 
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ABSTRACT  
 
To reach ambitious goals of Europe 2020 Strategy, circular economy concepts need to be 
widely adopted. In terms of construction sector, which generates almost 10% of European 
GDP but on the other hand consumes enormous quantities of raw materials, other materials 
and energy, the idea of circular economy can be achieved by strategic, collaborative 
approach, in the whole value chain and cross-industrial cooperation. It is however a very 
challenging task because of the sector's complexity and its various players. To meet the 
challenge European Circular Construction Alliance (ECCA) was established on 12 January 
2017, supported by the European Commission (COSME) and the European Cluster 
Collaboration platform. The main objective of ECCA, as an EU wide meta-cluster,  is to 
establish a long term European Strategic Cluster Partnership (ESCP) supporting clusters and 
business network organizations, their SMEs and other cluster members collaborating for 
innovation, market-uptake, and marketing of competitive products, services and technologies 
in the field of circular construction and supports SMEs in global competition. To reach those 
goals the thematic areas around the construction and relevant sectors and industries (eco-
innovative, ICT, waste management, energy sector, tourism etc.) have been identified. This 
will drive collaboration beyond the borders of the building and construction sector and 
initiate new cross-sectoral collaborative value proposition schemes, new business models, 
optionally leading to new industrial value chains. Keeping in mind resource efficiency as a 
key principle of the circular economy, and the re-use as the next one, ECCA is working on 
strategies and plans to support a cross border innovation project implementation, and search 
for synergies and best competences of SMEs and other innovation actors. European 
Lighthouse Circular Construction Solution (ELCCS) concept has been initiated as a basis for 
the development of globally competitive offers by different EU clusters and their members. 
The first ELCCS was presented at the 1st ECCA conference in Ljubljana, in January 2017.  
 
Keywords: circular economy, construction, partnership, internationalization 

 
Circular Economy and Circular Construction 
 
Within the European Circular Construction Alliance project (COS-CLUSTER-2014-3-03) the 
relevance of the circular economy concept in current and future activities has been assessed 
by means of via online surveys among number of EU construction clusters. The results 
clearly show that this approach cannot be avoided in all strategies decision of companies and 
other entities in the construction sector (Figure 1). 
 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

158

 
Figure 1. The relevance of circular economy approach in current and future activities 

 
For the facilitation of the transition towards a circular economy only common initiatives, like 
European Circular Construction Alliance (ECCA), have all the potential to overcome barriers 
and diversity in the construction sector. Cooperation among the construction and relevant 
sectors and industries can lead to the adoption of the circular economy principles in the 
building life cycle through finding common areas of interest and collaborative work on 
innovative solutions. That is the reason why ECCA is open for different players which 
represent eco-innovations, ICT, waste management, energy sector, tourism etc. More than 50 
cluster organizations from European countries as well as supporting members demonstrated 
interest to be involved in ECCA alliance. 
 
To assure ECCA dynamics and openness, it was decided that ECCA for the time frame of the 
project remains a voluntary network of clusters interested in circular economy in 
construction, and the ECCA partnership agreement is a written statement of this interest (like 
ESCP-4i charter15).  
 
Moreover, as internationalization is one of the main aim of ECCA, the alliance focuses on 
technologies with higher level of maturity, at least at TRL5 (technology validated in relevant 
environment) in order to enable industrial development with partners in third countries, and 
for higher TRLs technology transfer and commercialization on third markets. 
 
European Lighthouse Circular Construction Solutions 
 
Keeping in mind the resource efficiency as a key principle of the circular economy, and the 
re-use as the next one, ECCA is currently working on strategies and plans to support a cross 
border innovation project implementation, and search for synergies and best competences of 
SMEs and other innovation actors. 
 
A desk research on critical success factors for an EU meta-cluster development has been 
conducted. The outcomes indicate that clear vision and mission , engaged clusters and 
especially their members (SMEs), cross cluster collaboration and cross sector collaboration 

                                                           
15

 European Strategic Cluster Partnerships – Going International (ESCP-4i) Charter 
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are the critical success factors for the ECCA partnership. Complementarities in terms of 
visions, competences and technologies between partners need to be created and used for 
further ECCA project implementation. It was clear that ECCA strategy needs to define more 
focused initiatives, where critical success factors will be met. A concept of so called 
European Lighthouse Circular Construction Solution (ELCCS) has been initiated.  
 
European Lighthouse Circular Construction solutions are to fulfil the following criteria:   
 
• EUROPEAN: know-how originally developed in the EU, by actors/ partners coming 
from different EU clusters, as a results of cross border collaboration R&D projects and/or 
business collaboration. They should integrate and demonstrate European competences which 
are connected to realization of European policies, such as climate change, eco-innovation, 
waste management, social policies, protection of the environment etc.  
• LIGHTHOUSE: The solutions have to be of high importance for the clients and 
markets. They should bring some important impacts, for example:  contribute to business 
(construction) ecosystem changes and improvements along value chain, realization of 
innovation process dynamics, leading to closures of material loops, enlightening serious 
changes in the industry, leading to change of mind-sets of business actors, changes of 
business models, should demonstrate high implementation feasibility, replicability, 
adaptability for different markets, and have profound, long term impact. 
• CIRCULAR: High and measurable contribution to the implementation of circular 
economy principle, for example in terms of RESOLVE framework16.  
• CONSTRUCTION: key value provision is about delivering buildings, infrastructure, 
use, and operation of it. But these solutions are not only within the construction sector. A 
collaboration with other sectors is expected when needed:  
• SOLUTION: Group of (cluster) of complementary technologies, processes, method, 
tools, developed competences of the actors, established framework conditions intentionally 
and systematically integrated and implemented to deliver result or solve a problem in a novel 
way, leading to new value chain integration, and/or new business model development. 
 
The first outline of ECCA ELCCS was discussed within the workshop at the 1stECCA 
conference (see http://circularconstruction.eu ) . The following solutions were initiated:  
 
1. NZEB, Smart building/district, modular& flexible design, replicability for different 
climatic zone, BIM integration, e-mobility integration.  
2. CDW management, on site-recycling &use of recycled materials. 
3. Wood based building sustainability: advanced wood and composite products, 
prefabricated houses, wood based retrofitting. 
4. IKT supported building material and components database, digitalization solutions, 
including IOT/BIM integration. 
5. Bioclimatic house, nature based design, use of local/natural/renewable materials, 
and/or by-products of agriculture.  
 
This work will continue, and will be closely linked to upcoming activities among ECCA 
partners – survey about in-depth circular construction markets study. Interested ECCA 

                                                           
16

 The framework takes the core principles of circularity and applies them to six actions: Regenerate, 
Share, Optimise, Loop, Virtualise, and Exchange; 
https://www.mckinsey.de/files/growth_within_report_circular_economy_in_europe.pdf, page 4. 
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partners and other organisation are invited to contribute to initiated solutions as well as 
prepare new ones. 
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ABSTRACT 
 

 This paper investigates the water content of pre-saturated recycled concrete aggregates 
(RCA) that has a diameter of 1-4 mm called recycled sand (RS), in order to determine the 
degree of saturation of the RS. It also puts forward the effects of the saturation state of the RS 
on the mechanical properties. For this matter, experiments were conducted in this research as: 
evaporation method to determine the water content of the RS and the compressive strength of 
mortars. These properties are tested for different saturation states and different saturation 
methods of the RS and for two types of curing conditions: laboratory curing conditions 
(LCC) and water immersion conditions (WIC). Results show that the standard method (NF 
EN 1097-6) largely underestimates the water absorption coefficient of RCA and that the 
saturation state of the RS and curing conditions affects the compressive strength of mortar. 

 
Keywords: Recycled aggregates, saturation state, degree of saturation, compressive 
strength. 
 
INTRODUCTION 
 

The world business council for sustainable development stated that one cubic meter of 
concrete is consumed per year per person [1]. In order to conserve natural resources and for a 
better management of waste, construction and demolition waste are nowadays used as (RCA) 
in different construction fields. 

However, the difference in water absorption coefficient (WAC) between the RCA and the 
natural one stand in front of completely replacing the natural aggregates by the RCA. Being 
unable to determine the WAC of the RCA causes an inaccuracy in the water/cement (W/C) 
ratio of concrete. This property affects directly the fresh and the hardened properties of the 
new concrete made of RCA. 

 
MATERIALS 

 
The cement used for this study is CEM I 52.5 N CE CP2 NF. The RS (1-4 mm) used is 

provided by the French national project Recybeton. The RCA is a heterogeneous material and 
its content depends highly on its source and on the quantity of adherent cement [2]. The 
WAC should be determined: 6.86 % for the RS and 2.3% for the natural sand (NS). 
 
MIXING PROCEDURE 

 
Mortar specimens are fabricated according to the standard method NF EN 196-1 [3]. The 
natural sand is totally replaced by the RS. In addition to using the RS in a dry state, two pre-
saturation methods are proposed in this study: the plastic bottle method and total immersion. 
Both methods consist of a pre-saturation time of 24 hours. In the case of pre-saturation in a 
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plastic bottle, the RS is put in a plastic bottle with an imposed quantity water that corresponds 
to a percentage of its dry mass. The bottle is closed to avoid the evaporation of the water and 
agitated from time to time to ensure equal distribution of the water into the sand.  
 
TESTING PROCEDURES 
 

The technique proposed in this paper to determine the quantity of water absorbed is by 
evaporation. The free water and the absorbed water do not evaporate at the same rate [4] and 
[6]. The transition point between these two phases is the SSD state of the sample. The 
transition point can be easily determined by drawing the derivative of the water content with 
respect to time. 

A new method is developed in this article in order to determine the reference WAC of the 
RS denoted as RWAC.The specimen is saturated under vacuum for 24 hours [7]. The 
specimen undergoes a drying process by evaporation to determine the SSD state [8] and then 
dried in the oven at 80°C until constant mass. The RWAC and the density then are calculated 
using the same equations as in the standard method EN 1097-6 [9].  

4 x 4 x 16 cm specimens were casted in order to determine the compressive strength. 
Specimens undergo two types of curing conditions: Laboratory curing conditions (LCC) and 
water immersion cure (WIC). The LCC is done at 20°C and a RH = 50%. After 28 days, the 
compressive strength of mortars is investigated. 
 
RESULTS AND DISCUSSION 
 

WAC, RWAC and density. The WAC determined by the vacuum-based method is 
approximately 42.8% higher than the one determined by the standard method (NF EN 1097-
6). These results prove that some pores in the RS need vacuum pressure to be accessible and 
that the RS is not fully saturated by total immersion, which is consistent with [10] that found 
that the 24h soaking at atmospheric pressure is not enough to saturate all pores.  

Having the total porosity of the RS, a simple calculation was done in order to determine 
the volume fraction of water in the pores of the RS water-filled under vacuum. The result 
obtained shows that the volume of water in the RS is 99.7% of the pores volume. This 
indicates that the RS can be considered as fully saturated when saturating under vacuum.  

 

 

 

 

 

 

Effects of the pre-saturation on the empty pores. The vacuum based method was found 
to completely fill the pores of the RS. Determining the degree of saturation (Vwater / Vpores) can 
then be done for each pre-saturated specimen. Results are shown in figure 1 along with the 
compressive strength results. The degree of saturation increases with the increase of the 
initially added water. We notice that with a 25% initial added water, the degree of saturation 

Table 1: Physical propertis of RS. 
Method WAC(%) Density (g/cm3) 
NF EN 1097-6 6.86 2.44 

Our method 9.8 2.66 

Standard deviation 
(%) 0.2626 0.0102 
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is almost the same: the quantity of water needed to pre-saturate the RS can be optimized by 
the plastic bottle process, thus decreasing the waste water 

Compressive strength at 28 days. The compressive strengths of mortars fabricated are 
shown in figure 1.  A decrease of 22.2% and 19.7% is observed when the NS is totally 
replaced by RS in the saturated (noted by S) and dry (noted by D) states respectively. This 
loss was expected because of the porosity and the poor properties of the RS. Using RS in the 
dry state lead to a better compressive strength [11] and [12]. This statement is compliant with 
the results obtained in this paper. Mortars cured in WIC develop compressive strengths 
higher than those cured in LCC; WIC provides a better hydration for the mortars. It is noticed 
that the difference in compressive strength between LCC and WIC is more important for 
mortars made of RS.  
 Using the plastic bottle as a pre-saturation method does not enhance the compressive 
strength of mortars. All mortars made of pre-saturated RS in a plastic bottle present 
compressive strength lower than the M-RS-D and M-RS-S. We also notice an increase in the 
compressive strength between 6.86% and 9% and then the values decreases with the increase 
of the pre-saturated water.  
 

 
 
 
CONCLUSION 
 
In conclusion, the standard method EN 1097-6 underestimates the WAC of the RS and the 
vacuum method fully saturates the RS. Using the plastic bottle saturation method, an 
important difference is noticed between the quantity of water imposed and the water absorbed 
after pre-saturation. For that matter, using the plastic bottle reduces water wastage. 

The compressive strength of mortars made of dry sand is higher than the one made of 
saturated sand. Using the plastic bottle technique, the highest compressive strength value is 
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obtained with a 9% of pre-saturation water but not as high as the mortar made of dry recycled 
sand 
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ABSTRACT 
 
This work studies the physical and mechanical behavior of a light gypsum eco-mortar, made 
with aggregates from ceramic waste and extruded polystyrene (XPS) waste. The main 
objective to include waste into the gypsum compound is to reduce the amount of raw material 
used (gypsum) and thus reduce the environmental impact, improving the characteristics of a 
gypsum without additions to be applied as coatings that require hardness values higher than 
usual and even better behavior against water. For this, gypsum samples of dimensions 
4x4x16 cm were made to which different percentages of the residues were added according to 
the weight of the plaster (1%, 2% and 3% of XPS and 25% and 50% of ceramics) and also 
reference samples (without additions). These specimens were tested in the laboratory and the 
following characteristics were determined: dry density, surface hardness, flexural strength, 
compressive strength, water absorption by capillarity and adhesion. After a comparative 
analysis, the following conclusions were drawn: it is possible to elaborate gypsum mortars 
with addition of XPS and ceramic residues and that these gypsums reduce the water 
absorption by capillarity and increase the surface hardness of the reference gypsum without 
additions. 
 
Keywords: Gypsum mortar, Waste, Ceramic, Extruded polystyrene. Recycling. 
 
1. INTRODUCTION 
 
The construction sector consumes 60% of raw materials extracted from the lithosphere and 
generates large amount of construction and demolition waste (CDW). Of these CDW the 
most generated are ceramic waste, which represent 54% of the total generated. The volume of 
ceramic waste is such that its use is already normalized as aggregate in cement mortars, but 
not in gypsum [1]. Other CDW that have been increasing over recent years are waste from 
insulation, given the bigger consumption of these products after the entry into force of the 
Building Regulation. In addition, it is estimated that only 30% of these wastes are recycled 
[2].  
 
Trying to increase CDW recycling percentage, numerous research works have been found 
replacing traditional construction raw materials with other alternative materials with lower 
environmental impact. In the case of gypsum composites, several research works have been 
found suggesting the use of CDW as raw materials and thus, with criteria of circular 
economy, close the cycle of the waste generated in building construction. Among the works 
found, San Antonio et al. [2] analyzed the feasibility of adding extruded polystyrene (XPS) 
waste in a gypsum matrix, concluding that it is possible to use XPS waste to design 
lightweight gypsum compounds with improved thermal properties. However, other 
characteristics worsen: the mechanical resistance and surface hardness. Moreover, Santos 
Jimenez et al. [1] incorporated up to 50% of ceramic waste in a gypsum matrix improving the 
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surface hardness and reducing the water absorption by capillarity. However, these compounds 
have higher densities and thus poorer thermal performance. 
Therefore, due to the good results obtained with these wastes in previous works, a synergistic 
effect could take place by incorporating them combined. Therefore, this research work shows 
the results of an experimental plan analyzing the viability of incorporating --in gypsum 
compounds-- mixed waste mixtures and specifically ceramic waste and XPS waste. These 
compounds can be used as light weight gypsums for continuous coatings with improved 
superficial hardness and water absorption.  
 
2. MATERIALS AND METHOD 
 
Gypsums are classified according to UNE EN 13279-1. Gypsum mortars are designated as 
B2 and the characteristics to be met are the same to those required for normal gypsum 
plasters (B1) --the type of gypsum from which we start in this research (reference gypsum)-- 
and for lightweight gypsums (B4). High hardness gypsums are designated as B7 and they 
must meet the following specifications according to UNE EN 13279-1 and RP 35.04 (table 
1). 
 
Table 1. Main characteristics required by UNE EN 13279-1. [3, 4] 

Gypsum  Code Density Flexural S.  Comp. S  
Surface 
hardness  

Adherence 

Gypsum B1  
-- 

≥1 MPa ≥2 MPa -- 
Breakage occurs in the 
support or in the gypsum 
mass; when it occurs in the 
interface layer of plaster – 
support �Ad ≥ 0.1 N/mm2 

Gypsum mortar B2  
Lightweight G. B4  <1g/cm3 

High hardness G. B7  -- ≥2 MPa ≥6 MPa 
≥2.5 MPa 

≥75 Shore C 

 
The gypsum used corresponds to the Iberplast brand manufacturer Placo Saint Gobain, 
characterized as B1 according to UNE-EN 13279-1. The extruded polystyrene used 
corresponds to wastes of XPS plates of thermal insulation for roofs. Plates were scratched and 
sieved. The final product was a particle size between 6-4 mm referred to as XPS. The ceramic 
waste was obtained from rough brick fragments that were crushed in a crusher. The resulting 
product was sieved and characterized as "Coarse aggregate" (Ag): 70% aggregate retained on 
the sieve of 2 mm and 30% aggregate retained on the sieve of 1 mm.  
To achieve this objective, an experimental plan was done considering the best results 
obtained in previous works [2] [1]. The compounds shown in table 1 were prepared using a 
water/gypsum ratio (w/g) of 0.8. Prismatic specimens of dimensions 40x40x160 mm were 
made according to standard UNE-EN 13279-2 and the following tests were carried out to 
determine the following characteristics: (1) Dry density; (2) Shore C hardness; (3) Flexural 
strength; (4) Compressive strength; (5) Water absorption by capillarity; (6)Adherence. 
Finally, an analysis was performed to compare the results obtained with the compounds with 
additions and those of reference. Finally, the relation between the mechanical resistance and 
the density of the compounds was also explored and compared with the formula defined by 
del Rio Merino (1999) for lightweight gypsums[5]. 
 
3. RESULTS  
 
Table 2 shows the average results obtained in the tests. The values that do not meet the 
standards for lightweight gypsums have been marked in bold. 
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Table 2. Average results obtained in tests on the compounds. 
Compound D F C SH A  AC  
1 Reference 1.14 2.91 5.09 61.87 0.40 a 81.7 

2 Ag25% 1.13 3.02 5.15 68.20 0.53 a 60.0 

3 Ag50%  1.22 3.00 5.00 75.30 H 0.61 a 55.0 

4 XPS 1% L 0.91 2.85 4.95 71.17 - 75.0 

5 XPS 2% L 0.84 2.21 3.06 57.33 - 71.0 

6 XPS 3% L 0.82 1.99 2.76 50.10 - 68.0 

7 XPSg1% + Ag25%  1.02 2.71 3.94 70.37 0.36 b 52.7 

8 XPSg1% + Ag50%  1.05 2.65 4.19 71.83 0.44 b 50.3 

9 XPSg2% + Ag25% L 0.92 2.04 2.66 54.83 0.36 b 60.7 

10 XPSg2% + Ag50% L 1.00 2.41 3.30 79.43 H 0.38 b 46.3 

11 XPSg3% + Ag25% 0.80 1.61 1.85 55.67 - 51.7 

12 XPSg3% + Ag50% L 0.91 1.75 2.15 50.70 - 48.0 
D: Density (g/cm³); F: Flexural Strength (MPa); C: Compressive Strength (MPa); SH: Surface Hardness (Shore C);  
A: Adherence (N/mm2); AC: Absorption  capillarity (mm) 
L: Complies with lightweight gypsum regulation 
H: Complies with high hardness gypsum regulation (except for compression resistance) 
 
Figure 1 compares the relation between the density and mechanical resistance of the 
compounds with ceramic and XPS waste. Moreover, mechanical strength results increase 
when the density increases, following the equation set by Del Rio Merino (1999) for 
lightweight gypsums.   

Figure 1. Relation between the mechanical strength and the density of the compounds - Comparison 

with Del Rio Merino equation 

 
However, results with XPS+Ag obtained slightly lower resistance than compounds with only 
XPS or than the expected resistance achieved with the equation. This can be due to the 
greater amount of aggregates incorporated to the gypsum matrix (both XPS and Ag) and the 
reduction of gypsum. Therefore, a more heterogeneous material is achieved --with greater 
pores—and thus the mechanical resistance of these compounds is reduced. 
 
4. CONCLUSIONS 
 
It is feasible to incorporate ceramic waste along with XPS waste in a gypsum matrix, 
obtaining plaster mortars that meet the requirements of current regulations for light weight 
gypsums (B4): 

· All samples with ceramic waste and XPS waste present flexural strength > 1.0 MPa 
and surface hardness > 45 units Shore C. 

· Only the compound Ag25%+3%XPS has a compressive strength <2.0 MPa. 
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The addition of XPS and ceramic waste in a gypsum matrix does not improve mechanical 
strength values of the gypsum of reference. 

In the case of gypsum mortars with ceramic recycled aggregates, the addition of XPS: 

· Reduces the mechanical strength of the ceramic gypsum mortar without XPS and the 
gypsum of reference (with no additions). 

· Improves adherence, getting breaks type b (within the mass of gypsum). 
· Improves behavior in the water. Moreover, water absorption by capillarity is 

inversely proportional to the amount of added wastes, mainly ceramic. 
Among the compounds studied, Ag50% +2%XPS compound can be considered as 
lightweight gypsum --due to its density— with higher surface hardness --as it exceeds the 
required values for high hardness gypsums--. However, the compound does not meet the 
requirements of the standard for high hardness gypsums in terms of compressive strength (6 
MPa). Moreover, this compound obtained up to 43.27% decrease in water absorption by 
capillarity compared to the gypsum of reference. 

Moreover, mechanical strength results increase when the density increases, following the 
equation set by Del Rio Merino (1999) for lightweight gypsums.   

Finally, these mortars can be applied in continuous coatings for their good properties of 
surface hardness, adherence and behavior in water. 
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ABSTRACT  
 
This paper investigates whether the model uncertainty of reinforced recycled aggregate 
concrete (RAC) beams subjected to bending differs from that of reinforced natural aggregate 
concrete (NAC) beams. 
An introductory remark concerning the importance of the codification of RAC structural design is 
made and notions concerning model uncertainties and their role on structural codification are 
given. Afterwards, the criteria used in the construction of a database of RAC and NAC beams are 
referred before presenting the key findings of an analysis on the model uncertainty of the 
cracking, yielding and ultimate moments of beams subjected to four-point bending tests. The 
analytical moments were calculated following Eurocode 2 provisions. Probabilistic models for 
model uncertainties are proposed. Negligible differences in the model uncertainty of NAC and 
RAC beams are reported. 
 
Keywords: sustainability; CDW; structural concrete; model uncertainty; reliability. 
 
PRELIMINARY REMARKS 
 
The state-of-the-art on RAC supports its use as a structural material. However, most RAC 
studies concern expected performance, neglecting variability and uncertainty. A structural 
code providing specifications for the structural design of RAC would be a decisive step 
towards the widespread design of RAC, contributing to the compliance with EU Directive 
2008/98/EC on waste. The most pragmatic way to provide such code is the adaptation of 
Eurocode 2 to the variability and uncertainty of RAC. NAC is also a fairly variable material 
and the definition of deterministic sets of verifications that indirectly account for this 
variability allows reliable designs. This indirect consideration of variability is made by 
resorting to partial safety factors that are calibrated based on the probabilistic distributions of 
the several parameters that are uncertain and relevant to structural design, such as material 
properties, geometry, and loads. The model uncertainty (θ) is one of these parameters and 
represents the deviations from the expected structural response and the actual response: 

+ = �����,	��������
���,.����,	����������/    (1) 

If θ is estimated from several samples, a probabilistic distribution of a random variable (RV) 
can be inferred and incorporated in reliability models. This document investigates the model 
uncertainty of the cracking moment (+012), yielding moment (+03) and ultimate moment 
resistance (+024) of NAC and RAC as calculated when Eurocode 2 assumptions and 
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formulae are followed, with the aim of providing θ distributions for partial safety factor 
calibration. The primary focus of the paper is the analysis of NAC and RAC beams with the 
incorporation of recycled aggregates sourced from concrete. 

 
DATABASE CONSTRUCTION 

 
The first step of this work consisted in the appraisal of all studies concerning the behaviour of 
RAC beams subject to bending. All test setups found by the authors were of the four-point 
bending type. Afterwards, part of the studies appraised were rejected whenever material and 
geometric properties considered relevant were missing. When the Young’s modulus of the 
reinforcement steel was not reported, it was assumed as 200 GPa. 28-day concrete splitting tensile 
strength tests were converted to uniaxial tensile strength as recommended in Model Code 2010 
[10], and the uniaxial tensile strength was converted to flexural tensile strength after Eurocode 2 
provisions. 
All beams were checked against reinforcement/concrete bond failure following conservative 
Eurocode 2 design values and it was assumed that shear failures did not occur unless reported in 
the respective studies. No beams failed due to insufficient bond and the beams that failed with 
shear interaction were removed from the database. 
 
ANALYTICAL CALCULATIONS 
 
The cracking moment was calculated considering the reinforcement steel. The ultimate 
moment resistance was estimated using a simplified stress-block neglecting compression 
reinforcement (MRd1 - Equation 2) and a parabola rectangle stress-block where compression 
reinforcement was accounted for (MRd2). 

5647 = �89837
4:;<.>?@#@A:

B#C
    (2) 

With �87, 9837, and �7 standing for tensile reinforcement area, yield strength, and effective depth, D 
the cross-section width, and 91 the 28-day cylinder compressive strength. 

In MRd2 calculations, the Bernoulli hypothesis and the stress-strain constitutive parabola 
rectangle model of Eurocode 2 were used. It was assumed that the most compressed fibre had 
a strain equal to E1F and by integrating over the length of the compression zone of the cross-
sections (after iterating the depth of the neutral axis), MRd2 was calculated, based on the 
strains and stress-strain models of the concrete, compression, and tensile reinforcements. The 
maximum tensile strain of the reinforcement was of 4.15%, well below the strain rupture of 
current steels. Despite Ignjatović et al. [1] reporting that the reinforcement of some of their 
beams did not yield, the parabola-rectangle calculations reported yielding for all cases and 
those results were not removed from the database, since such deviations from analytical 
models to actual phenomena could also happen in a structural design. 

Whilst 564G is a more accurate estimative, the approach of Equation (2) is a simplified 
calculation procedure seen as conservative, but that has some assumptions that may not be 
respected: the tensile reinforcement is assumed as yielding and it is assumed that the concrete 
under compression is strained to such an extent that the equivalent rectangle distribution is 

              Table 2. Proposed lognormal distributions of θ 

 
θMcr θ My θMrd1 θMrd2 θMrd [8] θMrd [13] θMrd [14] θMrd [15] θMrd [16] 

Average 1.13 1.03 1.16 1.12 1.2 1.08 1.11 1.1 1.02 

CoV (%) 36.2% 6.7% 8.6% 9.0% 15.0% 9% 12% 10% 6.0% 
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Table 1. Number of beams of each paper 

Paper NAC RCAC50 RCAC100 RCAC RFAC RCARFA All beams 

[1] 3 3 3 6 0 0 9 

[2] 16 0 16 16 0 16 48 

[3] 4 0 4 4 0 0 8 

[4] 4 4 4 8 0 0 12 

[5] 4 0 0 8 0 0 12 

[6] 2 0 0 0 8 0 10 

[7] 8 4 0 20 0 0 28 

[9] 3 0 0 1 2 2 8 

[11] 1 0 3 3 0 0 4 

[12] 11 0 16 16 2 7 36 

Total 56 11 46 82 12 25 175 

 

suitable. 
The yielding moment was calculated using the parabola-rectangle stress-block, assuming tensile 
yield strain. The midspan load-effect caused by self-weight was calculated and subtracted from 
the analytical moments in all cases. After cracking, the tensile strength of concrete was neglected. 
Reinforcement hardening was not considered. 
 
DATABASE ANALYSIS AND NAC/RAC COMPARISON 
 
Table 1 shows the number of beams of different RA incorporations per paper. Different 
statistical descriptors of the θ values were tested for different sub-databases defined by RA 
incorporation. The first and second moment descriptors of some of these sub-databases are 
shown in Figure 1. The effect of RA incorporation on the descriptors was marginal. The same 
claim is valid for the skewness and kurtosis of the databases; thus it was decided to perform 
goodness-of-fit tests on probabilistic distributions only for the database with all beams. 
Correlation assessments were made by plotting and Pearson’s coefficients - no correlation 
between θ and any parameter, including RA incorporation, was found. 
All θ passed lognormal goodness-of-fit tests (α=0.05), except about both tails of θMy. Since other 
RVs have a more significant effect on reliability and the differences between distributions are 
reduced, the parameters proposed for “all beams” (Table 2) are recommended irrespective of RA 
incorporation. θMRd is similar to the models of several partial safety factor calibration 
recommendations concerning NAC beams [8, 13-16]. 
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Figure 19. Statistical descriptors of the sub-databases 
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CONCLUSION 
 
The model uncertainty of the cracking, yielding and ultimate moment of beams subjected to 
bending was analysed statistically and probabilistically. Lognormal distributions fitted the data 
well and statistical and correlation analyses showed that the effects of RA incorporation are 
marginal. Probabilistic distributions for the model uncertainty were proposed and benchmarked 
with recommendations for NAC design. The influence of RA on the model uncertainty of the 
bending strength of reinforced concrete beams is limited and models previously used in NAC 
calibration are conservative and adequate for RAC. 
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ABSTRACT 
 
Large amounts of construction and demolition wastes (C&DW) especially concrete wastes 
are generated annually and will increase in the future. Until now, only a small fraction of 
concrete wastes is re-used as recycled concrete aggregates (RCA) in the manufacture of 
concrete. In this paper, the feasibility of using RCA obtained from old concrete block wastes 
in the production of new concrete blocks is studied. Concrete block wastes from Belgian 
Company PREFER were crushed in the laboratory by a jaw crusher and the different 
fractions of laboratory produced RCA were characterized by measuring the hardened cement 
paste content, the density, the porosity and the water absorption. Results clearly show that, 
the recycled sands possessed significantly higher cement paste content and higher water 
absorption than coarse RCA. Then, concrete blocks with different substitutions (0%, 30%, 
100%) of natural aggregate by the same volume fraction of RCA were manufactured. The 
fresh properties (slump, density, air content), and mechanical properties (compressive 
strength) were studied. The compressive strength of concrete decreased as the substitution of 
RCA increased. Results show that the compressive strength of concrete made with 100% 
RCA could reach 8 MPa after 28 days. Therefore, the use of RCA obtained from old block 
wastes in the production of new blocks can be envisaged depending on their class of exposure 
and the grade requirement. 
 
Keywords: recycled concrete aggregates, concrete blocks, water absorption, compressive 
strength. 
 
1. INTRODUCTION 
 
Large quantities of construction and demolition wastes are produced each year. So far, only a 
small fraction of these concrete wastes are reused as aggregate for concrete production 
(Topcu and Sengel, 2004). Recycled concrete aggregates are composed of a mix of natural 
aggregates and hardened adherent cement paste. The latter is usually much more porous than 
natural aggregates (Zhao et al., 2013) and leads to a large water demand which makes RCA 
harder to recycle into concrete (Courard et al., 2010). Properties of RCA such as water 
absorption, porosity can deeply influence the properties of fresh concrete as well as 
mechanical properties and durability of concrete made with RCA (Khatib, 2005).  
In this study, concrete block wastes from Belgian Company PREFER were crushed in the 
laboratory by a jaw crusher and the different fractions of laboratory produced RCA were 
characterized. Then, concrete blocks with different substitutions (0%, 30%, 100%) of natural 
aggregate by the same volume fraction of RCA were manufactured. The fresh properties 
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(slump, density, air content) and mechanical properties of new concrete blocks were also 
studied. 
 
2. MATERIALS AND EXPERIMENTAL PROGRAM 
 
Concrete block wastes (C8/10) were collected from Prefer Company (Belgium) and then 
crushed in a laboratory jaw crusher retaining the same jaw opening for all products. After 
crushing, RCA_Blocks were separated into four granular fractions (0/2, 2/6.3, 6.3/14, 14/20 
mm). RCA were characterized by measuring the hardened cement paste content, the density, 
the porosity and the water absorption. Only the fraction 2/6.3 mm was used for the 
manufacture of new concrete blocks. 
 
New concrete blocks with different substitutions (0%, 30%, 100%) of natural aggregate by 
the same fraction of RCA (only fraction 2/6.3 mm) were manufactured. Table 1 shows the 
composition of new concrete blocks. CEM III/A 42.5 and water to cement ratio of 0.7 were 
used for the new concrete blocks. Natural calcareous aggregate (noted as NA 2/7) and natural 
river sand (noted as NS 0/2) were used for the manufacture of concretes. The water 
absorption of RCA 2/6.3 was 5.0% and its apparent particle density was 2.52 g/cm3 according 
to the standard EN 1097-6 (while it was 0.68% and 2.7 g/cm3 for natural aggregate). Natural 
aggregate and recycled aggregate were used in air dried condition. The absorbed water was 
adjusted according to the water content of the aggregates and their water absorption. A half of 
the total water was added to pre-saturate the aggregate in the mixer for 5 minutes before the 
addition of cement. The other half of the water was added after introduction of the cement. 
 
Table 1. Compositions of concrete blocks (1 m3) 

 
B_RCA0 B_RCA30 B_RCA100 

NA 2/7 (kg) 1080 754 0 

RCA 2/6.3 (kg) 0 302 1008 

NS 0/2 (kg) 825 825 825 

Cement (kg) 150 150 150 

Efficient water (kg) 105 105 105 

Absorbed water (kg) 13.12 26.00 56.20 

Eeff/C 0.70 0.70 0.70 

 
Cement paste content of RCA was measured by the salicylic acid dissolution (Zhao et al., 
2013). Salicylic acid allows the dissolution of most phases contained in OPC cement paste 
(C2S, C3S, ettringite, portlandite and C-S-H for example) but not of the main phases 
contained in natural aggregates and especially limestone. The water absorption coefficient of 
three coarse fractions of RCA was determined according to EN 1097-6. The water absorption 
coefficient of the fraction 0/2 mm of RCA was determined on the basis of the relationship 
between water absorption and cement paste content (Zhao et al., 2017). After the mixing, the 
slump of fresh concrete was measured with the Abrams cone according to EN 12350-2. The 
air content of fresh concrete was measured according to EN 12350-7. The specimens were 
cast with the vibration table and stored in laboratory conditions. After 24h, they were 
demoulded and stored in climatic room (20±2°C and a relative humidity 95±5%). The 
compressive strength of concrete was measured according to EN 12390-3 on cubic samples 
(150mm x 150mm x 150mm), performed after 1 day, 7 days and 28 days of curing in climatic 
room. 
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3. RESULTS AND DISCUSSIONS 
 
Figure 1 shows the cement paste content (CPC) and water absorption of RCA as a function of 
granular fraction. As can be seen, CPC of fraction 0/2 mm was larger compared with the 
three coarse fractions of RCA, while the values obtained for the three coarser fractions were 
similar. The fraction 0/2 mm of RCA revealed a larger value of water absorption in 
comparison with the three coarse fractions of RCA, while the values obtained were similar 
for the three coarser fractions. Recycled sands thus possessed higher cement paste contents 
than the coarse recycled aggregates, which may heavily penalize their use properties (such as 
water absorption, porosity) comparing with coarse recycled aggregates. 
 

 
Figure 1. Cement paste content and water absorption of RCA as a function of granular fraction. 

 
The workability of three concretes is low (the slumps were zero), which is conventionally 
observed in the industrial environment for the manufacture of blocks (using mechanical 
vibration for putting on a caisson). The air content of concrete increased (8% for concrete 
B_RCA0, 8.5% for concrete B_RCA30, and 10.5% for concrete B_RCA100) when the 
substitution of recycled aggregate increased. Increased air content is also known to occur in 
lightweight aggregate concrete, which shows some similarities with concrete made with 
recycled aggregate. Figure 2 shows the compressive strength of the various mixes at different 
ages. The compressive strengths of concretes with RCA were lower than those of concrete 
with natural aggregate. The compressive strength of concrete made with 100% RCA at 28 
days deceased 14.4% comparing with the reference concrete, while the concrete made with 
30% RCA at 28 days decreased 7.2%. These lower mechanical strengths are certainly caused 
by the poorer properties of RCA in comparison to natural aggregate used; the presence of 
adherent cement paste leading to higher porosity comparing with the natural aggregate. The 
compressive strength of concrete made with 100% RCA could reach 8 MPa after 28 days.  
 

 
Figure 2. Compressive strength of new concrete blocks at different ages. 
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4. CONCLUSIONS 
 
The feasibility of using RCA obtained from old concrete block wastes in the production of 
new concrete blocks is studied. Results clearly show that, the recycled sands possessed 
significantly higher cement paste content and higher water absorption than coarse RCA. The 
compressive strength of concrete blocks decreased as the substitution of RCA increased. The 
compressive strength of concrete made with 100% RCA could reach 8 MPa after 28 days 
without increasing the cement content of the concrete mix. Therefore, the use of RCA 
obtained from old block wastes in the production of new blocks can be envisaged depending 
on their class of exposure and the grade requirement. 
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ABSTRACT 
 
Construction and demolition waste (C&DW) is a source of alternative raw materials. The 
promising research findings on fired clay-based construction and demolition waste as active 
cement additions herald its practical application in several construction sub-industries. 
Nonetheless, new dimensions and applications have yet to be studied. One would be the 
feasibility of valorising other C&DW products to ensure the integral use of this type of waste, 
500 million tonnes of which are generated in Europe yearly. This study consequently 
explores C&DW materials, such as the “fines” generated in recycled aggregate processing, 
that have been put to no specific use to date. Given that this refuse is presently not regarded 
as apt for use in concrete, research on the development of new cements in which it could be 
included is described hereunder. 
 
Keywords: C&DW, cement, pozzolanic activity, supplementary cementitious materials. 
 
1. INTRODUCTION 
 
Construction and demolition waste (C&DW) plays a particularly significant role in the 
present waste recycling scenario, as it constitutes one of the main sources of rubble in the 
European Union. Its composition is heterogeneous, varying with origin and subsequent 
processing. 
Research conducted with fired clay industry C&DW has shown that this type of waste 
exhibits pozzolanicity. The economic, environmental and technical benefits of pozzolans 
have led to their widespread use in the global cement industry. Including active additions in 
portland cement improves the performance of the resulting matrices. Ordinary burnt natural 
pozzolan-bearing cement (CEM II/A&B-Q) is one of the types listed in European standard 
EN 197-1, which defines such pozzolans as thermally activated volcanic, clay, schist or 
sedimentary materials. Metakaolin, the most common of such products, is obtained by 
burning kaolinite (Frías et al., 2000). Initially inert clay minerals exhibit significant 
pozzolanicity when burnt at temperatures of 600 ºC-1000 ºC and ground to the same fineness 
as cement. The loss of chemically combined water during calcination destroys the crystalline 
network of the clay constituents, rendering their components amorphous or vitreous. 
Pozzolanic behaviour is largely governed by the resulting thermodynamic instability (Hea et 
al., 1995). Prior research (Sánchez de Rojas et al., 2006, 2014) has shown that fired clay roof 
tile and brick industry rejects exhibit pozzolanicity. C&DW consisting wholly or partially of 
fired clay materials is another source of such pozzolans. Such waste has also been observed 
to perform well as an addition (Asensio et al.,  2016; Medina et al., 2013) and the procedures 
for its use have been patented (ES2512065). 
This article establishes the differences and similarities among fired clay plant rejects, fired 
clay-bearing C&DW and the ‘fines’ generated during recycled concrete aggregate crushing 
and cleaning from the standpoint of their use as alternative pozzolans. 
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2. EXPERIMENTAL 
 
2.1. Materials  
The materials studied included: 
- roof tile (T) and brick (B) rejects from fired clay plants 
- construction and demolition waste (C&DW) from different recycle plants containing over 

20 % fired clay material 
- ‘fines’ (F) generated during the preparation of concrete aggregate in C&DW recycle 

plants. 
2.2. Methodology 
Chemical composition was determined on a Bruker S8 Tiger X-ray fluorescence spectrometer 
and mineralogy on a Bruker AXS D8 X-ray diffractometer. Electronic microscope studies 
were conducted on a Hitachi S-4800 SEM fitted with a Bruker EDX energy dispersive 
spectrometer. 
Pozzolanicity was assessed with an accelerated chemical test that consisted in monitoring the 
reaction of the materials in a lime-saturated solution at 40±1 °C (Sánchez de Rojas et al., 
2006). The lime fixed by the sample (%) was found as the difference in concentration 
between the initial saturated solution and the solution in contact with the sample at each pre-
established test time. 
 
3. RESULTS AND DISCUSSION 
 
The chemical composition of the materials is given in Table 1. The composition of the fired 
clay roof tile and brick rejects resembled that of other pozzolans. Their silica, alumina and 
iron oxide contents, which together accounted for nearly 75 % of the tiles and around 67 % of 
the brick, explained their high acidity. Both materials had low SO3 contents.  Table 1 also 
lists the mean values for 20 samples, all with a fired clay content of over 20 %, taken from 
different C&DW management plants. These materials were also highly acidic, with 59 % 
SiO2 + Al2O3 + Fe2O3 and a CaO content of 18 %. The mean SO3 concentration was 1 % 
and no greater than 3 % in any of the samples tested. The low sulfate content ruled out the 
presence of significant amounts of gypsum. Acidic oxides also predominated in the 'fines', 
which exhibited a CaO content on the same order as the roof tiles and brick. 

The mineralogical composition of all the waste studied was very similar, with quartz (Q), 
illite (I), calcite (C), dolomite (D), hematite (H), orthoclase (O) and anorthite (An) as the 
main crystalline components. No signal indicative of gypsum (Figure 1) was observed in any 
of the samples. 
 
Table 1. Chemical composition: majority elements 

Component F CDW  T B 
SiO2 57,71 45,84 53,28 45,18 
Al 2O3 10,35 9,83 16,57 17,06 
Fe2O3 1,86 3,63 5,29 5,05 
CaO 12,74 18,20 12,41 15,01 
Na2O 1,19 0,60 0,58 0,51 
K2O 3,45 2,13 3,10 2,63 
MgO 1,44 3,59 3,65 3,15 
TiO2 0,26 0,26 0,58 0,48 
ZrO2 0,04 0,02 0,02 0,02 
SO3 1,57 1,19 0,79 0,04 
Cl- 0,02 0,02 0,02 0,02 
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PPC 9,18 14,55 3,44 10,82 
SiO2+Al2O3+Fe2O3 69,92 59,30 75,14 67,29 

Total 99,81 99,86 99,73 99,97 
 
Since acidic components induce pozzolanicity, their presence would initially suggest the 
existence of that property. That was confirmed by the chemical pozzolanicity test conducted 
on the samples crushed and milled to a cement-like Blaine fineness, with a specific surface 
ranging from 3500 cm2/g to 4000 cm2/g. The finest material was obtained with brick, a 
finding that impacted (particularly early age) pozzolanicity, as discussed below. 
 

 
Fig. 1. Mineralogical composition 

 
Further to the test findings shown in Figure 2, fired clay waste exhibited acceptable 
pozzolanicity, for up to 40 % of the lime was fixed after 1 day by the brick (the finest 
material), over 20 % by the fired clay material-bearing C&DW and 10 % by the roof tile. 
Around 70 % of the lime was fixed by all three materials after 7 days. The curve 
subsequently tended to flatten, with around 80 % fixation after 90 days.  Similar behaviour 
was recorded for the ‘fines’, although the lime fixation values were lower, with only 70 % of 
the total fixed after 90 days. 
 

 
Fig. 2. Pozzolanic activity test 

 
Fired clay rubble, be it in the form of roof tile or brick rejects, fired clay C&DW or fines, 
exhibited behaviour comparable to that of metakaolin, the burnt clay most commonly used as 
a pozzolanic addition in cements. The pozzolanic reaction taking place when the fines were in 
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contact with the lime-saturated solution was monitored under a scanning electron microscope. 
The 90 day findings showed that reaction products containing Ca(OH)2 had formed. 
The C-S-H contained small proportion of Al and other elements (Figure 3). The presence of 
these pozzolanic reaction products confirmed the ‘fines’ to be reactive and hence apt for use 
as an alternative pozzolanic material. 
 

                          
Figure 3. SEM micrograph and EDX microanalysis 

 
4. CONCLUSIONS 
 
The conclusions drawn from this study are as follows. 
1. The chemical and mineralogical compositions of fired clay brick and roof tile rejects, fired 
clay-bearing C&DW and the ‘fines’ generated during concrete aggregate crushing and 
cleaning were essentially similar. 

2. Further to the XRD findings, the increase in the CaO content in some of the materials 
studied, due primarily to calcite formations, was unrelated to the presence of gypsum, which 
may jeopardise cement manufacture. 

3. The pozzolanicity exhibited by fired clay brick and roof tile rejects confirmed earlier 
research according to which the firing temperature used in their manufacture suffices to 
activate their clay component, inducing pozzolanic activity. 

4. Whilst the ‘fines’ exhibited exhibited lower pozzolanicity than observed in metakaolin, 
fired clay C&DW or roof tile or brick rejects, they tested to values suggestive of their 
possible use in cement. 
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ABSTRACT  
 
Recycled concrete aggregates (RCA) have been widely used as concrete aggregates in 
construction. This is due to economic and environmental benefits of using RCA in concrete. 
Unlike natural aggregate (NA), the use of RCA in concrete seems not promising to the users 
implementing it, especially in structural purposes. The RCA concrete is reported to have 
lower quality than NA concrete, especially when a high RCA content is used. The product 
improvement to ensure the quality of RCA-based concrete is needed. This work aims to 
examine the microstructures of different RCA concretes. A new surface coating agent has 
been developed to improve paste-aggregate bonding. After casting coated-RCA (C-RCA) 
concrete specimens with the replacement level of 30%, interfacial transition zone (ITZ) 
between C-RCA particle and cement paste was characterized using a Scanning Electron 
Microscope with Energy-Dispersive X-ray methods. Results indicated a reduction of ITZ 
region when using the C-RCA concrete and, consequently resulting in improved hardened 
performance characteristics. The compressive and flexural strengths of the C-RCA concrete 
were similar to the NA concrete and were higher than the RCA. The use of surface coating 
agent for RCA is one of the promising alternatives such that the use of RCA can be 
broadened in the construction industry. 

 
Keywords: Recycled concrete aggregate, Interfacial transition zone, Microstructure, 
Scanning electron microscope, Hardened characteristics. 
 
INTRODUCTION 
 
A consumption of recycled concrete aggregates (RCA) is ubiquitous in today’s construction. 
RCA differs from natural aggregate (NA) in that RCA composes of two materials of different 
natures: NA and attached cement mortar. Latter material is a cause of different and 
deteriorated properties of RCA: lower density and higher absorption. These result in negative 
effect on RCA concrete quality, mainly affecting to properties related with mechanical 
properties and durability [1]. One aspect that influences on old mortar content is the number 
of crushing processes in the production plants. Increasing the number of crushing processes, 
attached mortar content can be reduced, and consequently leading to aggregate quality can be 
improved. However, this causes an increase of production and maintenance cost, so that an 
optimization between number of stage-crushing processes and aggregate quality is required to 
assess [2-3]. 
This work reports an alternative method to improve RCA quality by using cement-based 
coating agent. The coating agent was reported elsewhere [4-6]. A microstructure or interfacial 
transition zone (ITZ) of coated-RCA (C-RCA) concrete is analyzed here using a Scanning 
Electron Microscope with Energy-Dispersive X-ray (SEM/EDX). Mechanical characteristics 
of C-RCA concrete including compressive strength and flexural strength are determined 
compared with the NA and RCA concretes.  



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

185

MATERIALS AND METHOD 
 
Materials.  
 
Ordinary portland cement was used in all concrete mixtures. Fly ash for concrete mixtures 
was obtained from electrical plant in Lampang, Thailand. The RCA was obtained from 
concrete precast elements. It was crushed into small fragments using an industrial crusher 
with the maximum jaw size of 5.08 cm. Limestone NA was procured locally from Saraburi, 
Thailand. Its specific gravity was 2.7 and absorption was 0.38%. The specific gravity and 
absorption were determined following ASTM C12. Fine aggregate was procured from a local 
source in Saraburi, Thailand and met ASTM C33 requirements. Specific gravity of the fine 
aggregate was 2.6. Tap-water was used throughout this experiment. 
 
Microstructure analyses.  
 
Cross-sections of the NA, RCA, C-RCA concretes were observed using SEM/EDX 
instrument (FEI Quanta FEG 450). The SEM images were observed at 1000X magnification. 
Ca and Si elements were line scan analyzed using EDX. Before analyzed, the specimens were 
cut in half to observe the ITZ between old NA and new mortar, and cured with epoxy. The 
cut specimens were surface-ground with sand papers and Al powders. The surface-ground 
specimens were then kept in a desiccator prior to the SEM/EDX analyses. The EDX was 
normalized with each element itself. The Ca and Si were analyzed to investigate hydrating 
phases of cement around the ITZ. Higher Ca(OH)2 concentration results in higher values of 
the weight ratio of Ca and Si (Ca/Si). The bulk hydrating cement region, on the other hand, 
contains higher C-S-H concentration. This C-S-H attributes to lower Ca/Si, which tends not 
to be present in the ITZ region. Different Ca/Si are used to classify the Ca(OH)2 phase in the 
ITZ region with the C-S-H phase in the bulk hydrating cement region. The approximated size 
of the ITZ region for each system was reported here. 
 
Concrete testing. 
 
 Concrete specimens were prepared following a mix design used for a pre-stressed concrete 
panel. Mix design of 1 cu. m. includes: cement: 186 kg; fly ash: 95 kg; fine aggregate: 910 
kg; coarse aggregate: 1070 kg; and water = 170 kg. Its slump was controlled ranging from 14 
to 15 cm. Three concrete types (NA, RCA, and C-RCA concrete) were investigated. The C-
RCA concrete was evaluated at the replacement level of 30%. The data was normalized by 
the maximum value in the data set. Triplicate samples were conducted for each condition. 
 
RESULTS 
 
Microstructure analyses. 
 
 The SEM/EDX in Figure 1 is the NA concrete and shows regions of the hydrating cement 
paste (left-bottom of the figure), the NA (right-top of the figure), and the ITZ which is in the 
paste region in a vicinity to the NA. The EDX analyses indicate higher Ca/Si is aggregate 
composition and lower Ca/Si is paste composition. The image shows that the point where the 
Ca/Si begins to reduce is the surface of aggregate. Reduced Ca/Si indicates less amount of 
Ca(OH)2 and likely higher amount of C-S-H. The EDX shows that a region between the 
aggregate and paste which approximates 26 microns far from the aggregate. The SEM/EDX 
images of the RCA concrete show in Figure 2. Its regions consist of hydrating cement paste 
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(right-bottom of the figure), the aggregate (left-top of the figure), and the ITZ. The EDX 
analyses show that the ITZ thickness is approximately 63 microns.  Figure 3 shows the cross-
sectional SEM/EDX images of the C-RCA concrete which the region of higher Ca/Si is 
aggregate. The region that is closed to the aggregate is coating agent. The ITZ region is the 
regions where the Ca/Si is decreasing and to the point where the Ca/Si begins increasing 
again. This ITZ region is 18 microns far from the aggregate. Based on the EDX analyses, the 
ITZ region of the RCA concrete is larger than the ITZ regions of the NA and the C-RCA 
concretes, respectively. Smaller ITZ region of the C-RCA concrete is believed to have 
improved concrete performance.  
 
Concrete testing. 
 
 Results in Figures 4a indicate that the 7- and 28-day compressive strengths of the C-RCA 
concretes are similar to the NA and higher than the RCA concretes, respectively. Figure 4b 
shows that the 7-day flexural strength of the C-RCA concrete seems to be similar to the NA 
but 13% higher than the RCA concretes. The 28-day flexural strength of the NA concrete is 
8% and 13% higher than the C-RCA and the RCA concretes, respectively. Both results are 
corresponded to that using the coating agent improves the concrete performance. One reason 
is because the smaller ITZ region of cement paste and aggregate.  
 

 
Figure 1. SEM/EDX images for the NA concrete at 1000X magnification level.  
 

Figure 2. SEM/EDX images for the RCA concrete at 1000X magnification level.  

Aggregate 

Paste 

Aggregate 
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Figure 3. SEM/EDX images for the M-RCA concrete at 1000X magnification level. 

Figure 4. a) Compressive strength; b) flexural strength of NA, RCA, and C-RCA concretes at 7 and 28 
days. 
 
CONCLUSION  
 
Analyzes of the ITZ microstructure of the C-RCA concretes were carried out in this work. 
The results of SEM/EDX indicated that using this coating agent method for the RCA led to a 
smaller ITZ region. The smaller ITZ region in concrete microstructure could result in 
improved concrete performance: increased compressive strength and flexural strength. The C-
RCA could be used as coarse aggregate for making a good quality concrete, instead to the 
NA. This method can be one of the promising technologies to broaden the applications of 
RCA concrete. Research on long-term concrete performance and evaluation of additional cost 
is critical for verification. 
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ABSTRACT  
 
The study presented here aims to develop the use of recycled aggregate issued of concrete in 
total replacement of natural materials (sand and gravel). In regard to natural aggregates, 
recycled concrete aggregates (RCA) contain mortar that influences theirs properties and those 
of concrete in which they are used (RCA). The objective of this work is to analyze the 
characteristics of concrete with 100 % of RCA. In this way, following an experimental 
analysis of physical, mechanical and mineralogical properties of recycled aggregates, these 
characteristics lead to suggesting adaptations on formulation parameters of concrete and 
mortar. Moreover, it was shown that the use of superplasticizers is necessary to reach 
satisfactory properties of concrete. 
 
Keywords: recycled aggregate concrete, absorption, morphology, design concrete, admixture 
 
1. INTRODUCTION 
 
It becomes essential to limit environmental impact of building materials and to consider the 
life cycle of materials used. Recycling of materials from demolition has the dual objective of 
preserving natural resources and limiting the number of storage sites. The presence of 
primary mortar (Figure 1) in recycled concrete aggregate (RCA) is responsible for the 
different behavior of these aggregates and natural aggregates [BRA 15]. In order to 
understanding influences of these differences on the composition of concrete in which RCA 
could be introduced, a complete characterization of these recycled materials is necessary. 
Indeed, many properties at fresh and hardened state of concrete are modified by this mortar 
presence. The use of admixture is proposed in this study in order to balance these effects on 
concrete made with 100% of RCA. [MAR 11, SRI 87, DEJ 11, EVA 14, DUC 12, TAM 08, 
HAN 92, RAM 09]. 

Figure 1. Constitution of RCA 
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2. EXPERIMENTAL METHODS AND RESULTS 
 
Properties of recycled concrete aggregates collected from several sources (GR1 to GR6) are 
studied to identify and analyze their specificities; results are compared to natural ones (GNC, 
GNR). Due to mortar content included in RCA, they present higher water absorption (Figure 
2), lower mechanical strength, a spreader granular distribution (Figure 3) and a different 
shape compared to natural aggregates. Finally, the absorption and morphology of recycled 
aggregates depend on the granular fraction. Correlation between morphological and 
mechanical properties with water absorption have been demonstrated (Figure 4). 
 

 
Figure 2. Water absorption (WA24) of RCA compared to Natural aggregate NA 

GR1-GR5: Recycled Concrete Aggregate, GNC: Natural Crushed Aggregate, GNR: 
Natural Rolled Aggregate 

 

 
Figure 3. Granular Distribution of RCA compared to NA 

 

 
Figure 4. Correlations between properties 
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In order to balance the loss of workability and mechanical strength of concrete containing 
recycled aggregate, several superplasticizers and formulations are tested. Some 
polycarboxylates are identified as appropriate superplasticizers for RAC [BRA 15]. 
Thus, admixtures enhance the immediate workability (rheology measurement at 5 minutes) of 
fresh concrete made of natural or recycled aggregate but retention of this property over time 
is not obtained for concrete with RCA (Figure 5 and Figure 6). Moreover, some 
superplasticizers admixtures allow enhancing mechanical strength, due to a better 
manufacturing. These concrete (RAC and NAC) are composed with constant volumes 
proportions of constituents. In particular a constant cement content and an equal W/C ratio 
(Efficient water) are used. 
 
3. CONCLUSION  
 
Analysis of properties of RCA allowed the optimization of concrete formulation methods 
with use of superplasticizers. Moreover, the complexity of absorption and desorption kinetics 
lead to a discussion around effective water definition. The difference between the 
morphology of recycled aggregates and natural ones involves a correction of the granular 
skeleton, particularly when determining of the specific surface area of aggregates. Finally, 
their weakness during mechanical test modifies the granular skeleton and need to be taken 
into consideration. 

  
Figure 5. Initial and final slump of Recycled Aggregate Concrete (BGR) and Natural Aggregate 

Concrete (BGNC) 
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ABSTRACT 
 
The sustainable development policies presently in place, along with the Paris Agreement on 
climate change, are clear indications that economic growth must be made environmentally 
sustainable to ensure the transition from a linear to a circular economy. 
Given the large volumes of construction and demolition waste (C&DW) generated, which 
account for 30-35 % of the total in the European Union, this type of waste has come under 
particular scrutiny in today’s socio-economic context.  
This paper provides an overview of the types of recycled aggregate obtained in waste 
management plants sited in the Spanish region of Extremadura. The end products were 
characterized chemically, physically and mechanically to determine their compliance with the 
existing legal requirements on materials used in civil and building construction. The findings 
will serve as grounds for raising public awareness of the quality of these new aggregates, 
their potential use in construction and their contribution to sustainable development. 

 
Keywords: Construction and demolition waste, legal requirements, civil works, building 
construction. 
  
1. INTRODUCTION 

 
If the United Nations Framework Convention on Climate Change commitments laid down in 
the Kyoto Protocol and the Paris Agreement are to be met and the economy rendered truly 
circular in today’s economic, social and energy scenario, earnest attempts will be needed to 
valorize industrial waste and reduce natural resource consumption and GHG emissions.   
 
Against that international backdrop, construction and demolition waste (C&DW), which 
accounts for 30-35 % of the total generated in the European Union, is the object of particular 
concern. To reach a 70 % reuse target by 2020, a regulatory framework has been developed 
for C&DW management on the European (Directive 2008/98/EEC on waste management), 
national (Nationwide Waste Management Plan, PEMAR, 2016-2022) and regional 
(Comprehensive Waste Plan of Extremadura, PIEEX 2016/2022) scales.  
 
The construction industry is characterized by a huge demand for natural resources, in 
particular large volumes of natural aggregate. According to European Aggregates Association 
(UEPG) data, in 2013 the EU-28 produced 2.3 billion and Spain 92 million tons of these 
materials [1]. Approximately 45 % of that production is used to manufacture cement-based 
materials such as ready-mix, precast and architectural concrete products.  



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

194

In recent years many authors have analyzed the viability of using different fractions of 
C&DW as recycled aggregate in the design of new concretes [2-4] or fillers (fines fraction) or 
additions in new cement design [5-7]. Further to their findings, such waste has huge potential 
for use in the cement-based materials industry.  
 
This overview discusses the recycled aggregates produced in waste management plants sited 
in the Spanish region of Extremadura. Several types of recycled aggregate were characterized 
chemically, physically and mechanically to determine their compliance with the legal 
requirements on materials apt for use in civil and building construction.  
 
2. EXPERIMENTAL 

 
2.1. Materials 

 
The aggregates studied were sourced from a number of C&DW management plants located in 
the Spanish region of Extremadura. They were initially selected based on two criteria: 
particle size distribution (<4 mm) and appearance. A total of four types were selected and 
conditioned for subsequent characterization.    
 
2.2. Methods 

 
Chemical compositions were studied on a Bruker S8 TIGER wavelength dispersive X-ray 
fluorescent spectrometer, using QUANT EXPRESS standardless calibration 
(SEPECTRAPlus package) software. The physical and mechanical properties analyzed and 
standard test methods used for each are given in Table 1.  
 

Table 1. Physical and mechanical properties 
Property Standard 
Composition EN 933-11 
Fines content EN 933-2 
Density and water absorption  EN 1097-6 
Flakiness index EN 933-3 
Los Angeles coefficient EN 1097-2 

 
3. RESULTS AND DISCUSSION 

 
3.1. Composition 

 
Figure 1 shows the weight percentage of the materials comprising the recycled aggregates 
studied (M1-M4). All contained primarily stony materials (Rc > Ru > Rb) and smaller 
proportions of bituminous matter (Ra) and minority substances such as glass, metal or wood. 
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Figure 1. Recycled aggregate constituents 

 
Further to international specifications for recycled aggregate (RILEM and LNEC 471), the 
end products were classified [8] into two categories depending on their fired clay-based and 
concrete contents, as follows: M1 and M2, fired clay-based recycled aggregate (fired clay > 
30 %, concrete < 70 %) or M3 and M4, concrete recycled aggregate (fired clay ≤ 10 %, 
concrete ≥ 90 %). 
 
3.2. Chemical composition 
 
The chemical composition of the recycled aggregate depicted in Figure 2 shows that all 
comprised primarily silicon (>58 wt%), aluminum (>8.0 wt%), calcium (>7.5 %) and iron 
(>2 %) oxides, with minority magnesium, sulfate, equivalent sodium and other oxides. All 
these components exhibited loss on ignition (LoI) of over 6.8 wt%. 
 

 
Figure 2. Chemical composition 

 
These values were consistent with the chemical composition findings reported by earlier 
authors [9, 10]. The total sulfur and soluble sulfate and chloride contents were under the 
ceilings (1.0 wt%, 0.8 wt% and 0.05 wt%., respectively) laid down in Spain’s structural 
concrete code, EHE-08 [11].  
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3.3. Physical and mechanical properties 
 
The physical and mechanical properties of the aggregates analyzed and the requirements for 
coarse aggregate used in structural concrete manufacture are listed in Table 2. The crushed 
concrete recycled aggregates (M3 -M4) were denser than the mixed recycled materials (M1-
M2). Aggregates M1 and M2 exhibited lower water absorption than aggregates M3 and M4 
due to the higher percentage of mortar and concrete waste in the latter [10]. The values for 
the mixed aggregate were under, and absorption in crushed concrete aggregate was slightly 
over, the EHE-08 maximum.   
 

Table 2. Physical and mechanical properties and requirements  
Recycled aggregate M1 M2 M3 M4 EHE-08 
Dry sample real density (kg/dm3) 2.48 2.52 2.43 2.42 - 
Water absorption (wt%) 3.12 2.80 6.19 5.59 < 5.00 
Flakiness index (wt%) 26.32 16.33 7.89 6.16 < 35.0 

Los Angeles coefficient (wt%) 45.5 50.1 36.0 40.0 
< 40 

40 -50 
Fines (wt%) 0.69 1.63 3.12 2.28 < 1.50 

 
Coarse aggregate shape, defined by the flakiness index, plays an important role in concrete 
workability. As Table 2 shows, all the recycled aggregates were EHE-08-compliant in this 
regard. In addition, aggregates M1 and M2, with a higher fired clay material content, had a 
higher percentage of flakey particles than majority concrete aggregates M3 and M4. A similar 
finding was reported by Medina et al. [12] who, comparing the flakiness index in sanitary 
ware waste-based and natural aggregates, observed that the initial shape of the former 
induced higher flakiness.  
 
Crushed concrete aggregates M3 and M4 had a lower LA coefficient than the maximum 
allowed in EHE-08, with values higher than the mean (28 wt%) previously reported for this 
type of aggregates [13]. The value for the mixed aggregates fell within the range (40-50 wt%) 
allowed by EHE-08 to manufacture concretes with a strength <30 MPa. Their lower 
performance was closely related to their higher proportion of weaker fired clay-based, than 
stronger stone-based, material [14].  
The fines requirement was met by all the aggregates except M1, non-compliance for which 
may be corrected by eliminating the <0.063 mm fraction.  
 
4. CONCLUSIONS 

 
The following conclusions can be drawn from this study. 
a) The absorption coefficient is lower in mixed recycled than in crushed concrete 

aggregates. 
b)  Mixed recycled aggregates exhibit slightly higher flakiness indices and Los Angeles 

coefficients than crushed concrete materials. 
c) Recycled aggregates are apt for use as partial natural coarse aggregate replacements in 

new structural concrete design.  
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ABSTRACT 
 
Construction and Demolition Waste (CDW) raises an environmental problem due both to the 
lack of prevention in their production process and little use of recycled material. In order to 
improve this situation, over the last years the new legislation on the CDW has entered into 
force, fostering the recovery of waste at its end-of-life and incorporating a study on CDW 
management during the planning process and a plan on CDW management during the 
construction phase. 
In the development of this research basic materials were used for the cement mortars 
elaboration in proportion 1:3 and 1:4: cement (CEM II/B-L 32.5 N and CEM IV/B (V) 32.5 
N, aggregates (natural aggregates and concrete recycled aggregates) and water. In case of 
recycled mortars some additive was used. 
The methodology of the research is divided in two parts: in the first part the most relevant 
properties of recycled aggregates such as bulk and dry density, absorption, fines content, 
fineness modulus and friability coefficient were analyzed. In the second part the following 
tests were carried out: flexural and compressive strength, bond strength, shrinkage, density 
and water vapour permeability of mortars elaborated with recycled aggregates with the 
objective to study their feasibility.  
Because of lower density and higher absorption of recycled aggregates recycled mortars 
present generally poorer properties compared to traditional mortars. 
On the other hand, lower density of recycled aggregates presents an advantage in the 
fabrication of lightweight mortars and thus mortars with lower coefficient of thermal 
conductivity, what means better thermal behaviour compared to mortars elaborated with 
natural aggregates.   
Regarding water vapour permeability, recycled mortars have higher permeability compared to 
traditional mortars, what enables evacuation of water vapour existing in the interior of a 
construction avoiding in such a way the condensation in the interior layers of the brick wall.  
According to the obtained results, recycled mortars develop poorer behaviour compared to 
traditional mortars. However, these mortars comply with the standards taken as a reference, 
and their density and water vapour permeability make more attractive the use of these 
materials in the construction sector.  
 
Keywords: waste treatment, masonry mortar, recycled aggregate, Mechanical properties. 
 
INTRODUTION 
 
One of the main objectives in today’s society is the conservation of environment and natural 
recourses. Current regulations foster the use of recycled aggregates reducing the generation of 
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waste without control and massive use of natural raw materials. In this sense, the incessant 
increase of Construction and Demolition Waste (CDW) generation creates a serious problem 
at the European level. CDW constitutes approximately 25%-30% of all the waste generated in 
the European Union [1], and although it is considered to be an inert waste, it produces a great 
visual impact in the landscape. 
Presently in Spain the CDW is used mainly as packing for highways stretches and, to a lesser 
extent, in concrete fabrication. In Spain, the use of the coarse fraction of concrete recycled 
aggregate is regulated by the Structural Concrete Code [2], recommending substitution of up 
to 20%. 
To increase recycling ratios, various scientific researches have studied the feasibility of 
incorporating fine fraction of recycled aggregates (RA) in masonry mortars production. 
Fernández et al. [3] studied the incorporation of recycled aggregates in masonry mortars 
using CEM II/BL 32.5N.  Obtained results show that replacement ratio of 50% can be 
achieved in mortar for indoor use. 
Saiz [4] studied the possibility to fabricate recycled mortars using 100% of concrete, mixed 
and ceramic recycled aggregates. The results show that recycled mortars present technical, 
economic and environmental feasibility independently of the type of the used recycled 
aggregates, being concrete recycled aggregate one that gave better results.  
 
MATERIALS AND METHODS 
 
The testing programme was developed using two types of binders: CEM II/B-L 32.5 N and 
CEM IV/B (V) 32.5 N. There were suggested two cement-to-aggregate by dry weight 
proportions were 1:3 and 1:4.Recycled aggregates coming from treatment plants were sieved 
in the laboratory, eliminating material retained on the 4 mm sieve and material passed 
through 0.063 mm sieve. 
The following code was employed for the mixes identification: 
M-Nº-Z 
Where M = RM= Recycled mortar, TM= Traditional mortar. 
Nº = Recycled aggregate type (II = CEM II/B-L 32.5 N and IV= CEM IV/B (V) 32.5)  
Z= c/a proportion (X= 1:3 and Y= 1:4) 
 
RESULTS AND DISCUSSION 
 
Characterization of aggregates samples was based on the technical requirements regulated by 
the standard UNE-EN-13139: “Aggregates for mortar”. The results of physical 
characterization of recycled aggregates are shown in Table 1. 
 

Aggregates Characterization 

Type 
 

UNEEN 
933-1 

UNE-
EN13139 

UNE-EN  
83115 

UNE-EN 
1097-3 UNE-EN-1097-6 UNE-EN-1097-6 

Fine content 
(%) 

Fin. modulus 
(%) 

         Friability 
             (%) 

Bulk. Dens. 
(kg/m3) 

Relat. Dens. 
(kg/m3) 

Water absorption 
(%) 

NA 2.55 4.22 22.60 1550 2400 0.98 

RAC 3.98 4.12 23.94 1320 2110 6.05 
Table 1. Physical Characterization 

.   
As it is observed in Table 1, the characteristics that mainly differentiate recycled aggregates 
from natural aggregates are their lower density and higher absorption. Higher absorption 
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provokes higher water demand in mortars fabricated with recycled aggregates and thus these 
mortars have higher water-to-cement proportion what limits their mechanical properties.  
Regarding the results of the X-ray diffraction test, main crystalline phases obtained are quartz 
and calcite. Observed phases, with the exception of quartz, do not show a high crystalline 
state presenting low intensities. Other observed phases are sanidine, phlogopite, albite and 
gypsum. 
The results of the characterization of recycled mortars are shown in Table 2. 
 

Recycled mortar characterization 
Test RM-II-X RM-II-Y TM-II-X TM-II-Y 

RM-IV-X RM-IV-Y TM-IV-X TM-IV-Y 

Workability time (min) 89/92 83/90 118/122 121/126 
Dry density(kg/m3) 1830/1810 1780/1780 2060/2030 1980/1970 
Real density(kg/m3) 2390/2150 2280/2130 2320/2300 2270/2270 
Shore hardness (ud) 73/73 72/70 80/78 78/77 
Flexural strength (Mpa) 4.74/5.02 3.12/3.42 5.12/5.75 3.87/4.36 
Compres.strength (Mpa) 17.41/19.21 9.82/11.92 21.94/23.10 14.75/17.02 
Bond strength(N/mm2) 0.41/0.42 0.37/0.39 0.51/0.50 0.49/0.49 
Shrinkage(mm/m) 0.082/0.083 0.090/0.089 0.023/0.025 0.031/0.034 
Water vapour.permeability 
(kg/msPa) 

-/5.65x10-12 -/6.34x10-12 -/2.40x10-12 -/3.09x10-12 

Note: 1% of additive over the weight of cement. 
Note: same water amount for all types of cement. 

Table 2. Recycled mortar characterization 

The time in minutes obtained with CEM II is shorter than that obtained in the mortars 
elaborated with CEM IV. It happens due to the presence of fly ash in high proportion in this 
type of cement, leading to the improvement in the workability of mortar.  
The decrease in the compressive strength is more important in the mixes made with CEM II 
compared with mixes made with CEM IV. In case of CEM II the decrease of strength was 
20.65% for the dosage 1:3 and 33.42% for the dosage 1:4. In either case, all the mixes 
comply with the limit of 7.5 N/mm2 established by the reference standard (UNE-EN 998-1). 
Surface hardness of recycled mortars are slightly lower than that of mortars made with 
natural aggregates. In terms of the type of the used cement, there were observed no 
differences in hardness. 
Both bulk density in hardened state and real density of mortar depend on the density of the 
materials it is fabricated with, on the particle size distribution and on the water-to-cement 
proportion.  
Generally, bulk density and real density in hardened state are lower in recycled mortars 
compared with mortars elaborated with natural aggregates. 
The results of the bond strength test show poorer behaviour of recycled mortars compared 
with the reference mortars. However obtained results are higher than the limit of 0.30 N/mm2 
established by the standard UNE-EN-998-1 for this type of mortars. 
Recycled mortars present higher shrinkage than mortars fabricated with natural aggregates. 
This is produced mainly by the higher absorption of recycled aggregates. Water vapour 
permeability values for the mixes containing recycled aggregates are higher with respect to 
the mixes made with natural aggregates. This characteristics enable the evacuation of water 
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vapour existing in the interior of the construction avoiding in such a way the condensation in 
the interior layers of the enclosure wall.  
 
CONCLUSIONS 
 
The experimental research leads to the following conclusions: 
Recycled aggregates have lower density and higher absorption compared with natural 
aggregates due to the amount of adhered mortar in this type of aggregates. 
Real density of recycled mortars is lower than that of mortars elaborated with natural 
aggregates due to the lower density of recycles aggregates. This causes a slight decrease of 
the building permanent loads.  
Generally, recycled mortars have poorer mechanical behaviour than traditional mortars. 
Shrinkage is one of the properties that is affected more significantly.  However, recycled 
mortars comply with all the requirements of the standards taken as a reference.  
As a final conclusion, it can be stated that masonry mortars elaborated with CEM IV and 1:3 
and 1:4 compounds proportions can incorporate 100% of three types of RA complying with 
the requirements established by the Spanish standards.  
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ABSTRACT  

 
SUPREMA – Sustainable Application of Construction and Demolition Recycled Materials in 
Road Infrastructures was a research project developed by the Laboratório Nacional de 
Engenharia Civil (LNEC), in cooperation with the University of Lisbon (IST). The use of 
recycled materials has major environmental and economic benefits. Its recycling contributes 
for a more sustainable construction and rehabilitation of road pavements. The main goals of 
this project were to achieve a deeper knowledge on recycled materials and correspondent 
technologies and to increase the confidence of road agencies and construction companies for 
its application in road pavements.  
 
The objective of the paper is to analyse the mechanical performance of recycled aggregates, 
from construction and demolition waste (C&DW), used in unbound granular layers and 
evaluated on experimental sections of asphalt pavements. Four sections were instrumented 
with strain gauges and load cells. The recycled aggregates used in these sections were: 
crushed concrete, crushed mixed concrete and crushed and milled reclaimed asphalt 
pavement (RAP). A crushed natural limestone aggregate was used in one section as a 
reference material. The sections were submitted to in situ load tests performed by the Falling 
Weight Deflectometer (FWD). In addition, an extensive program of laboratory tests was also 
performed related to geometrical, physical, mechanical, chemical and environmental 
characteristics. 
 
This paper presents the mechanical behaviour of aggregate layers obtained from the back-
analysis of FWD tests results and from the instrumentation measurements. In general, it was 
concluded that stiffness of unbound granular layers with recycled aggregates could be 
considered equivalent to the stiffness of layers constructed by natural aggregates. Results of 
resilient modulus obtained for the studied recycled aggregates could be useful for pavement 
design purposes. 

 
Keywords: road, pavement, C&DW, recycling, performance. 
 
INTRODUCTION 

 
Experimental investigation involving laboratory (e.g. large-scale triaxial tests) and in situ 
tests (e.g. plate load tests, falling weight deflectometer tests) are essential in order to validate 
an adequate mechanical behaviour of the recycled materials (Aurstad et al. 2009). 
Considering the enormous variety of origins and conditions of the application, it is advisable 
a thorough research based on real sections, monitored along the life cycle of the recycled 
materials. 
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LNEC in cooperation with IST, Portugal, carried out the research project SUPREMA – 
Sustainable Application of Construction and Demolition Recycled Materials (C&DRM) in 
Road Infrastructures. The project has included an extensive experimental programme 
comprising laboratory and in situ tests performed on natural and selected recycled aggregates 
(Freire et al. 2011). Based on the experimental sections monitoring, this paper presents the 
mechanical performance of unbound granular layers composed by recycled aggregates from 
C&DW, in terms of resilient modulus. These results were obtained from back-analysis of 
FWD tests, performed after the pavements construction, and the validation of instrumentation 
measurements. 
 
METHODOLOGY 

 
Four different aggregates were selected to the construction of the experimental sections in 
order to evaluate the mechanical performance: crushed mixed concrete (CMC), composed by 
a mixture of concrete and clay masonry units; crushed reclaimed asphalt pavement (CRAP); 
milled reclaimed asphalt pavement (MRAP); and natural aggregate from crushed limestone 
rock (ABGE), as a reference material. In the case of MRAP, a mixture of RAP (30%) and 
ABGE (70%) was used. Table 1 presents the proportion of the constituents in the case of the 
recycled aggregates obtained in accordance to the procedure of the EN 933-11. Other 
laboratory tests were performed on the materials, aiming at the geometric, physical, 
mechanical, and chemical and environmental characterization (Freire et al. 2011, Roque et al. 
2016). 
 
The pavements of the experimental sections consisted of unbound granular layers (UGM), 
composed by recycled and natural aggregates, and wearing course, composed by asphalt 
concrete (AC). A total of four sections were constructed with the geometry presented in the 
Figure 1a. Each section was divided in two sub-sections where strain gauges and load cells 
were placed, as represented in Figure 1b. The structural behaviour of the pavements was 
evaluated by FWD tests, associated with strain gauges and load cells measurements. 
Temperature was also controlled by thermocouples. Freire et al. (2013) present more details 
on the construction and in situ monitoring of the experimental sections. 
 
RESULTS AND DISCUSSION 

 
The Figure 2 presents the resilient modulus from back-analysis of FWD tests carried out after 
sections construction, validated by strain gauge measurements. The results confirmed that 
recycled aggregates showed a different behaviour from natural aggregate. However and 
besides a certain scattering, all recycled aggregates demonstrated an acceptable performance, 
even in the case of CRAP where higher deformability was observed and so further research is 
recommended. 
Table 1. Proportion of the constituents in the recycled aggregates. 
Constituents CMC CRAP MRAP 

Rc (%) 
Concrete, concrete products, mortar, 
concrete masonry units 

67 19 0.1 

Ru (%) 
Unbound aggregate, natural stone, 
hydraulically bound aggregate 

17 10 17 

Ra (%) 
Clay masonry units (i.e. bricks and 
tiles), calcium silicate masonry units, 
aerated non-floating concrete 

1.9 69 83 

Rb (%) Bituminous materials 13 1.8 0.0 
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Rs (%) Soils 0.0 0.0 0.0 
Rg (%) Glass 0.3 0.0 0.0 

X (%) 

Other: cohesive (i.e. clay and soil), 
miscellaneous: metals (ferrous and 
nonferrous), non-floating wood, plastic 
and rubber, gypsum plaster 

0.1 0.0 0.0 

FL (cm3/g) Floating particles 0.6 0.0 0.0 
 
 

 
(a) Sections 

 

 
(b) Sub-sections 

 
Figure 1. Geometry of the experimental sections. 

 
Figure 2. Resilient modulus. 

 
CONCLUSION  

 
This paper describes a research study related to the mechanical performance of recycled 
aggregates, applied in unbound granular layers. This evaluation was based on FWD tests and 
instrumentation measurements performed in experimental sections. Results confirmed that in 
general recycled materials form C&DW, have demonstrated an acceptable behaviour in terms 
of resilient modulus. These findings encourage with confidence the reuse of recycled 

100 

150 

200 

250 

300 

350 

400 

ABGE CMC MRAP CRAP 

R
e

si
li
e

n
t 

m
o

d
u

lu
s 

(M
P

a
) 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

205

aggregates, provided best practices of construction and quality control are always 
implemented. 
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ABSTRACT 
 
 Automated optic inspection of concrete aggregates for pollutants (e.g. wood, plastics, 
gypsum and brick) is required to establish the suitability for reuse in new concrete products. 
Inspection is more efficient when directly sampling the materials on the conveyor belt instead 
of feeding them in a sampled stream to the sensor system. However, this does not reveal the 
true volume contents if the concrete and pollutants have segregated. Moreover, even if the 
concrete was homogenous, the relation between the number of visible pollutants and those in 
the volume varies depending on the size of the pollutants relative to the size of the concrete. 
A few fundamental issues must be investigated and technically resolved before this improved 
way of automated inspection becomes possible. First we investigated if it is possible to feed 
concrete at a high rate in a homogenous volume to a conveyor belt using batches of several 
tonnes. Second we investigated the surface-volume numbers for specified pollutants. Progress 
in the first part was a promising method of feeding that appears to produce not a true 
homogenous volume, but at least a volume with a mild and most of all reproducible degree of 
segregation for the different pollutants. This suggests the segregation could be corrected for 
in the data using a model. As a follow-up, a theory was developed that predicted accurately 
how thin plastic flakes of different sizes correlate with the number of visible flakes on the 
surface of a granular matrix. This theory is now extended and tested successfully in the 
laboratory using batches of 2-8 mm dry and moist river gravel with added 1% plastic flakes. 
 
Keywords: concrete aggregates; segregation; quality inspection; sampling; solid binary 
mixtures. 
  
1. INTRODUCTION  
 
Surface scanning sensor techniques such as visual cameras, NIR and HSI [Bonifazi, 2015] are 
in growing demand in the recycling industry due to their excellent performance to price ratio. 
But also an emerging stand-off laser technique such as LIBS [Xia, 2014] is finding its way to 
an industry that is hungry for quantitative information and more efficient ways of obtaining it. 
A common method to employ these techniques for quality inspection is to sample the waste 
stream, or divert a small sample stream, and present the sample in a monolayer to the sensor. 
The sensor data are accumulated to build reliable statistics, resulting in an average per 
sampled unit of volume or mass. Point is that all such special measures intervene with the 
primary recycling process and increase the costs of inspection. It would be far preferable if 
the optic sensor could be positioned directly above an existing conveyor belt which transports 
the material in bulk as part of the primary process. Unfortunately, this is as yet not an option 
because there is no theory to predict the relation between sensor readings and the material 
contents in the granular bulk, even if the concrete and pollutants would be homogenously 
mixed. Since homogeneity was never an issue in concrete waste recycling practice, an 
investigation was warranted if it possible to feed at the same high mass rate but without 
segregating the pollutants and concrete to allow for automated inspection. Assuming the 
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homogeneity can be established or the inhomogeneity can at least be predicted, the next 
challenge is how to relate the observable pollutant numbers to the true number in the volume. 
This work proposes some advancement on the latter challenge.  
 
2. Materials and method 
 
Table 2 and Figure 1 show the composition and properties of the materials 2-8 mm in the 
30kg batch. Six tests were performed with three dry batches and three moist batches.  
 

Table 2: Composition of the 2-8 mm gravel batch. 
 particles batch 

 mass density Nr particles mass bulk density 

Gravel 2-4 mm 0,0403 g 
2685 

383586 15.459 kg 

1586 

(= 0.591) 

Gravel 4-8 mm 0.368 g 39100 14.401 kg 

Plastics 2-4 mm 0.00706 g 
910 

2294 16.2 g 

Plastics 4-8 mm 0.0290 g 1468 42.6 g 

 

 
Figure 1: Material batch of natural 2-8 mm river gravel and shredded polypropylene flakes. 

 
Figure 2 shows the setup for feeding the granular batch to a conveyor belt. The pre-mixed 
material is poured into a 200 mm diameter funnel, which is internally covered by a plastic 
mesh to reduce surface contact. Gravity leads the material onto a shortened shaker, which 
serves only to increase the material volume flowing from the funnel. The material then flows 
with minimal disturbance onto the moving belt (0.35 m/s). The feeding is tuned so that the 
initial material bed height on the belt is on average 14-15 mm and has a width of at least 45 
mm for moist material or 75 mm for dry material. A belt-synchronized counter-rotating roller 
slightly compresses the top of the material to create a flat bed of 14 mm high and at least 35 
mm wide. It is noted the roller should not crush the material since that would disturb the 
homogeneity of the material bed. Behind the roller a laser triangulation sensor measured 
accurately the average height of the bed, which proved to be 13 mm as the material also 
slightly sags with the belt. Directly behind the laser is a video camera that recorded the top 
surface in real-time. The video is then analysed for the time that the belt feeding is stationary 
to count the number of red flakes appearing within the 35 mm wide strip of the material bed. 
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Figure 2: Conveyor setup for testing the gravel batches. 

 
3. RESULTS AND DISCUSSION 
 
The average gravel grain was close to an ellipsoid with normalized elliptical axes 0.7:1.0:1.41 
(2-4 mm) and 0.64:1.0:1.51 (4-8 mm), where the middle size is the sieve size. The river 
gravel could therefore be approximated in the model by a sphere with diameter 3.29 mm. The 
plastic flakes were approximated by the average square flake 3.90x3.90x1 mm. These and 
other material–specific parameters such as bulk density and packing behaviour were fed into 
the theoretical model. The theory could then be compared to the experimentally observed 
number of flakes on the gravel surface. The results are shown in Tab. 1. 
 

Table 1: Comparison of detected flakes in a 100 s video and theoretical prediction. 
Batch Nr flakes theory  deviation % mean / STDS  

Dry 860 

mean = 947  

STDB = 31 

(3.3%) 

-9.2 
-4.3%  

/ 5.6% 
Dry 964 1.8 

Dry 895 -5.4 

Moist 869 -8.2 
2.1% 

/ 9.4% 
Moist 1046 10.4 

Moist 986 4.1 

 
The moisture had a clear influence on the results. The results are quite satisfactory as the 
average deviation from the theory is only 4.3% lower for the dry materials and 2.1% higher 
for the moist ones. Percolation (small flakes sliding downwards into the volume) is the 
obvious segregation mechanism that caused the lower count for the dry materials. The 
moisture clearly eliminated percolation effects, but instead introduced its own specific 
segregation effects. The main mechanism was that small flakes stuck to the plastic funnel 
surface and accumulated there to some degree, resulting in the slightly higher surface flake 
count in Table 1.  These effects could be well reproduced in additional tests.  
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4. CONCLUSIONS 
 
This work applied an extended earlier theory from same author to predict the relation 
between the number of surface pollutants and the volume contents in a size-range mixture of 
granules and thin flakes. It is put to the test in the laboratory using a 30 kg batch of 2-8 mm 
river gravel that was ‘polluted’ with 1% of shredded plastic flakes in the same size range. The 
tests showed that the theory offers a reliable prediction and, moreover, a simple way to test 
the number of pollutants in the homogenous volume by first counting the visible ones on the 
surface. This result is a step towards efficient camera-based quality inspection of granular 
waste streams. A next step is to develop the theory towards higher complexity pollutants such 
as encountered in true recycle concrete aggregates [Tam, 2009]. 
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ABSTRACT 
 
The C2CA concrete recycling process consists of a combination of smart demolition, gentle 
grinding of the crushed concrete in an autogenous mill, and a novel dry classification 
technology called ADR to remove the fines. The main factors in the C2CA process which 
influence the properties of Recycled Aggregates or Recycled Aggregate Concrete (RAC) 
include the type of Parent Concrete (PC), the intensity of autogenous milling and ADR cut-
size point. This study aims to investigate the influence of PC and intensity of the autogenous 
milling on the quality of the produced recycled aggregates. Three types of concrete which are 
frequently demanded in the Dutch market were cast as PC and their fresh and hardened 
properties were tested. After near one year curing of PC samples, they were recycled 
independently while the aforementioned recycling factors were varied. The effects of 
different recycling variables on the water absorption, density, crushing resistance and 
durability of produced recycled aggregates were investigated. According to the results, type 
of the parent concrete is the predominant factor influencing the properties of the recycled 
aggregates. Milling intensity was found to be effective on improving the properties of 
recycled aggregates coming from weaker parent concrete. The experimental results suggest 
that among various milling intensities, milling at medium shear and medium compression 
improves the overall quality of RA. 
 
Keywords: C2CA process-Concrete recycling- Recycled aggregate- Recycled aggregate 
concrete- ADR. 
 
1. Introduction 
 
In the coming years, a strong increase of the amount of CDW is expected in Europe because 
of the large number of construction from the 1950s which are closing to their end of life [1]. 
End of life concrete is known to be the heaviest component of the CDW. Considering the fact 
that public and private sectors have become aware of the urgency and importance of CDW 
recycling, the European Commission has taken initiatives towards sustainable treatment and 
recycling of CDW. In this regards, a novel concrete to concrete recycling process (C2CA) is 
developed within a European project with the full title of “Advanced technologies for the 
production of cement and clean aggregates from construction and demolition waste”. C2CA 
process aims at a sustainable and cost-effective system approach for recycling of high-
volume EOL concrete streams into prime-grade aggregates and cement [2].  
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Fig. 1 shows the C2CA process in brief. The technologies considered are smart demolition to 
produce crushed concrete with low levels of contaminants, followed by mechanical 
upgrading of the material on-site into an aggregate product with sensor-based on-line quality 
assurance and a cement-paste concentrate that can be processed into a low-CO2 input material 
for new cement. 
 

 

 

 

 
 
 
 
 

Fig. 1.C2CA in brief 
 

In C2CA process, after crushing and sorting out big contaminants, liberation of the cement 
paste is promoted by several minutes of grinding in an autogenous mill while producing as 
little as possible new fine silica. A new low-cost classification technology, called Advanced 
Dry Recovery (ADR) is then applied to remove the fines and light contaminants with an 
adjustable cut-point of between 1 and 4 mm for mineral particles[3].The feasibility of this 
recycling process was examined in a demonstration project involving 20,000 tonnes of EOL 
concrete from two office towers in Groningen, the Netherlands and delivered very promising 
results[4]. Fine tuning of the C2CA process, requires a comprehensive understanding of the 
effects of various influencing parameters. In the C2CA process, the main factors which could 
affect the final properties of RA include the type of PC and the intensity of autogenous 
milling. In spite of the availability of considerable research aimed at a better understanding of 
the properties of RA and their influence on the performance of RAC, there are limited studies 
focusing on the effects of the involved recycling parameters in relation with the quality of 
final products [5-8].  
The aim of current study is to enrich the knowledge with respect to the fine setting of C2CA 
process to deliver RA and RAC with high quality and salability potential. The present paper 
reports on the findings of an experimental study on the influence of “the type of PC and 
milling intensity” on the properties of RA.  
 
2. Materials and methods 
 
2.1 Parent Concrete  
 

Three series of mostly utilized concrete in the Dutch market were chosen for casting as the 
Parent Concretes (PCs). To produce the specimens, ready mix concrete with real applications 
(see  
  Table 3) and provided by Mebin (Heidelbegcement in the Netherlands), were used. The mix 
proportions for considered types of PC are presented in   Table 4. PCs consists of CEM III B 
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42,5 N-LH and aggregates at three different grading with maximum sizes of 16 mm (for PC3) 
and 31.5 mm (for PC1 and PC2). PC1 and PC3 contain just NA, while PC2 consists of  10 
wt.% of 16-32 mm RA in addition to NA due to the actual industrial usage of RA in the 
Netherlands. All specimens were cast in molds and compacted using vibrators. Samples were 
demolded after 24 h in a controlled laboratory environment and were cured in the standard 
condition according to the EN-12390-2. Fresh and hardened properties of the parent concretes 
were determined and the rest of the specimens were remained into the curing room for a 
duration of one year. For each type of PC about100 cubes of concrete (15×15×15cm) were 
casted to be used in RA and RAC production.  
 
  Table 3. Applications of the utilized parent concrete (PC) according to the descriptions in the EN 206-1. 

Parent concrete 
code 

Concrete Class Place of utilization Consistency Class 
Environmental 

class 
PC1 C28/35   D32 Wall S3 XA2 
PC2 C20/25   D32 Floor S3 XC1 

PC3 C20/25   D16 Wall S3 XC3 

 
  Table 4. Mix proportions of Parent Concretes (PCs)  

*NA: Natural Aggregate, RA: Recycled Aggregate, NS: Natural Sand 
 
2.2 Concrete Recycling Procedure  
 
After almost one year curing, PCs were used as the input of the recycling process. Based on 
an experimental plan different types PC samples were recycled separately. For recycling, a 
lab-scale version of C2CA process was applied. Firstly, a laboratory jaw crusher with the 
opening of 20 mm was used to crush the parent concrete samples.  In an industrial site, after 
crushing, EOL concrete is grinded in an autogenous mill to remove the fragile mortar from 
the surface of aggregates. During autogenous milling, the combination of shearing and 
compression forces, promotes selective attrition and delivers a better liberation. Thus, the 
milling intensity depends on the mentioned shear and compression forces. In this study, for 
grinding the crushed concrete and studying the influence of the milling intensity in a 

Component 
PC1 PC2 PC3 

Mass(kg) 
Volume 
(dm3) 

Mass(kg) 
Volume 
(dm3) 

Mass(kg) 
Volume 
(dm3) 

CEM III B 42.5 N LH 337 115 260 89 324 111 

water 173 173 180 180 187 187 

NA 4-32 mm 1006 383 833 315 - - 

NA 4-16 mm - - - - 998 378 

RA 4-32mm - - 200 79 - - 

NS 0-4mm 823 314 835 316 792 301 

NS 0-1mm - - 16 6 23 9 

Total weight of aggregates 
and sand (kg) 

1829 1884 1813 

Air content(dm3) 15 15 15 

w/c ratio 0.51 0.69 0.58 
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controlled way, a new experimental set-up was designed and constructed [9]. The schematic 
of this set-up with the name of Shear-Compression Machine (SCM) can be seen in Fig. 2. 
The SCM consists of a vertical cylinder for the application of the compression force. A ring-
shaped container is placed under the vertical cylinder which is connected to an arm. An 
electrical engine connected to the arm is applied to move the container back and forth. The 
effective surface area of the container is 0.12 m2, and for each test it can be filled out with 
approximately 22 kg of crushed PC. In this study, milling of materials in SCM was followed 
by a 16 mm screen and an ADR with the capacity of 60 tonnes per hour. Basically ADR is 
used to break the bonds that are formed by moisture and fine particles to separate them from 
coarse particles. The working principle of ADR is schematically shown in Fig. 3. In an 
industrial recycling site, ADR input materials usually contain certain amount of moisture. To 
simulate the same condition in the laboratory, the ADR input materials were moisturized 
artificially (water was added with the amounts of 5wt% of ADR input materials). In ADR 
after breaking up the material into a jet, the fine particles and contaminants such as wood, 
plastics and foams are separated from the coarse (In the real industrial conditions EOL 
concrete contains pollutants which should be separated). Fig. 4 shows different steps of the 
recycling process performed in this study. 

  
Fig. 2. The schematic of the Shear-Compression Machine (SCM). 
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Fig. 3. Schematic of the ADR principle 

 
Fig. 4. Different steps of the performed recycling process and final produced recycled fractions 

  
2.3  Experimental Design 
 
Experiments were designed to investigate the effects of the milling intensity, PCs types on the 
properties of the RA. Experimental runs with variations of the milling intensity and type of 
parent concrete resulted in the production of eight different types of RA (4-16 mm ADR 
coarse product). Table 5 provides detailed information about the considered experimental 
factors, their variables and coding of the produced RA.                
Table 6 shows the list of tests and corresponding standards for determining the properties of 
RA, also fresh and hardened properties of concretes. 
 
Table 5. Coding of the produced RA and their corresponding RAC 

Parent 
concrete 

SCM setting (degree of milling) 
Coding of 
ADR input 

samples 

Coding of corresponding produced 
RA 

Shear: 
Duration 

(min) 

Compression: 
Force (KN) 

Coding 

PC1 - - 
no 

milling 
PC1-No 
Milling 

  RA-PC1- No Milling 

PC1 7.12 6.30 HS-LC PC1-HS-LC    RA-PC1-HS-LC 
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Table 6.Test methods used for determining properties of RA and hardened RAC 

 
3. Results and discussion 
 
3.1 ADR Performance 
 
For each experimental run particle size distributions of ADR input and outputs were 
determined. Results of the particle size distribution analysis of different ADR coarse products 
showed negligible variations. Particle size distributions of ADR input and outputs and the 
recovery of each size fraction of all ADR products for sample PC3-MS-MC (as an example) 
are shown in Fig. 5 and Fig. 6 respectively.  
 

 
Fig. 5. Particle size distribution of ADR input and outputs. The lines show the cumulative curves 
whereas the bars indicate the absolute fraction weights. 

PC1 5.00 18.60 MS-MC PC1-MS-MC    RA-PC1- MS-MC 

PC2 7.12 6.30 HS-LC PC2-HS-LC     RA-PC2-HS-LC 

PC2 5.00 18.60 MS-MC PC2-MS-MC     RA-PC2-MS-MC 

PC2 5.00 30.90 MS-HC PC2-MS-HC     RA-PC2-MS-HC 

PC3 7.12 6.30 HS-LC PC3-HS-LC     RA-PC3-HS-LC 

PC3 5.00 18.60 MS-MC PC3-MS-MC     RA-PC3-MS-MC 

Test        Standard 

RA  
Density SSD [kg/m3] EN 1097-6 

Water Absorption [wt.%] EN 1097-6 

Resistance to crushing [wt. %] PN-B-06714-40 

Resistance to Freezing and Thawing[wt. %]                   EN 1367-1 
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Fig. 6. The recovery percentage of each size fraction into the three products of ADR for sample PC3-MS-MC. 

3.2 Properties of RA 
 
Table 7 shows the physical and mechanical properties of produced RA. The guideline 
prepared by RILEM recommends recycled coarse aggregates for concrete production if their 
water absorption is between 3% and 10%[10]. According to recommendations of an 
international committee, coarse RA having water absorption capacity more than 7% is not 
desirable to be used in concrete [11]. In general, the values obtained for water absorption of 
RAs in this study corresponds well with the recommendations. 
 
Table 7. Physical and mechanical properties of recycled aggregates 

Properties 

RA-
PC1- 
No 

milling 

RA-
PC1-

HS-LC 

RA-
PC1-

MS-MC 

RA-
PC2-

HS-LC 

RA-
PC2-

MS-MC 

RA-
PC2-

MS-HC 

RA-
PC3-

HS-LC 

RA-
PC3-

MS-MC 

Moisture content [wt.%] 5.7 5.8 5.8 5.6 5.5 5.7 4.6 4.1 

Density of grains[kg/m3] 2626 2628 2629 2626 2629 2611 2626 2625 

Density of grains dried in 
an oven[kg/m3] 

2265 2256 2249 2266 2290 2262 2330 2358 

Density of grains saturated 
and surface-dried [kg/m3] 

2402 2397 2393 2403 2419 2395 2442 2460 

Water absorption[ wt.%] 6.06 6.26 6.41 6.04 5.62 5.89 4.82 4.30 
Freezing-thawing weight 

loss 
 (8-16mm) [wt.%] 

1.06 0.75 0.91 2.14 3.53 2.32 1.3 1.22 

Freezing-thawing weight 
loss 

 (4-8mm) [wt.%] 
1.86 1.69 1.96 5.40 6.01 7.43 2.54 2.35 

Index of aggregate crushing 
for non-fractioned sample 

[wt.%] 
14.42 14.6 14.43 13.74 13.79 13.16 13.21 13.98 

Index of aggregate crushing 
for  

4-8 mm fraction [wt.%] 
13.49 13.84 13.38 14.02 13.32 13.31 12.74 13.04 

Index of aggregate crushing 
for  

8-16 mm fraction [wt.%] 
15.65 15.88 15.86 13.31 14.37 12.95 13.93 13.65 

Fines content [wt.%] (wet 
analysis) 

0.63 0.23 0.37 0.29 0.31 0.43 0.40 0.34 
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This is well-known that the properties of RA vary proportionally with the amount of mortar 
present in RA. Research show that when the mortar content of RA increases, the density of 
RA drops and the water absorption raises[12]. In the present study, to investigate the 
importance level of two contributing parameters (milling intensity and type of PC) during 
recycling and their effects on the overall quality of RA, the variation in the water absorption 
of RA was utilised. Fig. 7 shows the effect of PC type and milling intensity on the water 
absorption of RA. In the figure type of PC is indicated with its 28 days achieved compressive 
strength. According to this figure the water absorption of RA generally decreases with 
reduction in parent concrete strength (Compare PC1 and PC2 which have the same maximum 
grain size but different strength). This trend is more obvious for RA coming from milling 
with higher intensity (MS-MC). This may be attributed to the fact that the stronger mortar 
present in the RA produced from parent concrete with higher strength, results in less mortar 
being removed during the primary crushing or by increasing the intensity of milling. 
Considering three different milling intensity (HS-LC, MS-MC and no milling) applied for 
PC1 which is the strongest utilised PC, it is obvious that changing the milling intensity has a 
slight effect on the water absorption of RA coming from PC1. On the other hand, water 
absorption of RA coming from weaker concretes is more influenced by changing the milling 
intensity. 
Comparison between Fig. 7 and Fig. 8 shows an inverse relation between the water 
absorption and density of RA. In Fig. 8 it is clear that RA coming from PC1 with higher 
compressive strength, has lower density and density varies slightly by changing the milling 
intensity. This is another confirmation to the fact that milling intensity changes the mortar 
content for concretes with weaker strength more effectively. Results also showed that 
crushing of the PC to a maximum size close to that of their NA may result in some 
improvement in the density of RA (see PC3 with maximum NA grain size of 16 mm close to 
20mm opening size of the crusher). The smaller difference between the size of the NA in PC 
and the space between the jaws of the crusher leads to the production of less amount of RA 
which contains more than one grain of NA adhered together and surrounding by mortar[8].  
                             

 
Fig. 7. The effect of the PC type and milling intensity on the water absorption of RA. 
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Fig. 8. The effect of the PC type and milling intensity on oven dried density of RA. 

 
Crushing index is a parameter used to measure resistance of aggregate to fragmentation. 
Crushing index of various samples in  
 
Table 7 is another prove for existing a stronger mortar attached to RA coming from a stronger 
PC. Because of the adhered mortar, sometimes RA could result in higher crushing index. For 
good quality coarse aggregates according to the requirements of PN-B-06714-40, the 
crushing index should be less than 16% which corresponds well with the results of this study 
(see  
 
Table 7). According to this table, the crushing index of RA coming from PC1 is just slightly 
higher than that coming from PC2 and PC3. Taking into account that RA coming from PC1 
have relatively higher water absorption, one would expect also higher amount of crushing 
index due to the existence of more attached mortar. Thus, it can be concluded that the mortar 
attached to RA coming from PC1, is very strong and cannot be removed easily even after the 
crushing resistance test. According to the Polish national standard for the crushing resistance, 
all types of RA are ranked as “good”.   
Considering  
 
Table 7 the influence of the type of PC can be observed also on the durability of RA. RA with 
the source of PC1 and PC3 presented really good freeze-thaw resistance (category F1 and F2 
respectively) in contrast to RA coming from PC2 which showed weaker durability properties 
(Category F4). A comparison between compressive strength of PC and freeze-thaw resistance 
of RA, shows that an increase in the compressive strength of PC results in less weight loss of 
RA under freeze-thaw resistance cycles (see Fig. 9- red data points). On the other hand, the 
correlation between freeze-thaw resistance of RA and freeze-thaw resistance of PC indicates 
a strong influence of the type of PC on the freeze-thaw resistivity of RA (see blue data points 
in Fig. 9).  
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Fig. 9. Correlation between freeze-thaw resistance of RA and compressive strength of PC and 
correlation between freeze-thaw resistance of RA and freeze-thaw resistance of PC. 
 
4. Conclusion 
 
A new process for recycling of concrete to concrete (identified as the C2CA process) has 
been developed. This process aims for recycling of EOL concrete into high-grade aggregates 
and low-CO2 raw material for the cement production. The industrial process applies selective 
demolition, autogenous milling and ADR as key technologies to deliver cleaner recycled 
aggregate. Among various liberation routes, autogenous milling, offers low complexity 
(mobile) and low-cost technology to remove the fragile mortar from the surface of 
aggregates. After milling, ADR efficiently separates the moist material into fine and coarse 
fractions. The overall conclusions based on the experimental results are as following: 
Water absorption of produced RA is generally reduced with decreasing the strength of parent 
concrete. An inverse trend can be seen for the density of the recycled aggregates. Changing 
the milling intensity mostly influences the properties of RA coming from parent concrete 
with lower compressive strength. In fact, when parent concrete consists of stronger mortar, 
the properties of the produced recycled aggregate is less dependent on the milling intensity. 
According to the results, strong mortar on RA is not removed easily during both autogenous 
milling or crushing resistance test. According to the durability test results, the freeze and 
thaw resistance of parent concrete and recycled aggregate have a strong correlation. The 
relationship between the RA properties and considered recycling parameters, suggests that 
the type of the parent concrete is a prevailing parameter for the final properties of RA, in 
comparison with the milling intensity. Thus, among various milling intensities, and assuming 
the existence of mixed types of parent concrete in CDW, milling at medium shear and 
medium compression appears to improve the quality of RA with weaker attached mortar and 
consequently the overall quality of produced RA. In general, the results of the experiments on 
the produced recycled aggregates, indicate the qualification of all types of studied RA for 
RAC production. 
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ABSTRACT 
 
Although the need for a more circular economy is supported by diverse people in both 
politics as well as in the scientific community, implementation of circular principles in reality 
is rarely occurring. This study shows how quantitative models can help to develop new 
policies for enhancing circularity in the construction sector. 
By means of a bottom-up construction materials model, an analysis of the circular 
opportunities for the Netherlands was developed. First of all, the national material stock in 
the built environment and their embodied environmental impacts were assessed. Next, the 
most important flows (being reinforced concrete, bricks, timber, aluminium and glass and 
copper) were subjected to an environmental quick scan. With this quick scan, potential 
alternatives for more circular end-of-life treatment routes could be compared and ranked by 
their effectiveness. The study was finalized by interviewing stakeholders about the political 
practicability of the outcomes and by defining recommendations for new policy development.  
In comparison to a business-as-usual scenario, the circular treatments of the selected 
materials show a reduction potential up to around 30% of the environmental impact over their 
full life cycles. When compared to the total national construction material demand in the 
coming years, considering all materials, these circular treatments could help to achieve a 
reduction of around 10%. The outcomes and the feasibility for implementation were 
discussed with stakeholders. 
The construction material model was based on generic and average construction practises, but 
even though this bottom-up approach is sensitive for assumptions, it proved to be a useful 
tool to start policy discussions thanks to its informative visualizations. The model can be 
further refined in case study projects, but it is yet ready to identify environmental hotspots 
and provide input for discussions about circular strategies. 

 
Keywords: Construction and demolition waste; Circular economy; Built environment; 
Urban metabolism; Policy development. 
 
INTRODUCTION 
 
The demand for more circular thinking is a rising topic in diverse sectors. Several goals for 
increased material recycling are set, like the European Waste Framework Directive which 
requires that 70% of the non-hazardous Construction and Demolition Waste (CDW) should 
be recycled or recovered by 2020. Nevertheless, circular scenarios including high-quality 
waste treatment (“upcycling”), nihilation of primary resource use and real circular thinking 
and are barely analysed by scientific studies, nor translated to real projects.  



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

223

Although many studies exist on the environmental impacts of the construction sector (e.g. 
Bijleveld et al., 2015), none of them help to prioritize material flows which require more 
circular thinking and treatment. For example, Miatto et al. (2016) note that bulk materials in 
the construction sector cause a substantial environmental impact, but the estimations of the 
magnitude of these material flows contain large uncertainties because more attention is paid 
to other, costlier, streams.  
More insight in the diversity of material streams, their origin and their impacts, could support 
the development of new policies for enhancing circularity in the construction sector. In this 
study, a quantitative model is developed to serve the development of new policies which aim 
to increase circularity and decrease environmental impacts. The model is applied for the 
prioritization of circularity policies in the Dutch construction sector for dwellings and utility 
buildings. 
 
METHODOLOGY 
 
This research followed a four-step approach, combining national datasets, expert judgement 
and stakeholder interviews. First of all, a model was developed to inventory the national 
material stock in the built environment and their embodied environmental impacts. The 
model connects national surface occupation data with dwellings and utility building profiles 
and environmental data. The building profiles were developed by construction experts in an 
early phase of this study. The environmental data were based on general material records 
from the international database ecoinvent 3.0. The environmental impact assessment 
guidelines of the Dutch construction sector were used to calculate a single-score outcome for 
each material, called MKI (Stichting Bouwkwaliteit, 2014). 
In the second step, the material flows with the highest environmental impacts were subjected 
to a circularity assessment: for each material, several potential circular scenarios were 
developed during a workshop and evaluated by means of environmental quick scans. The 
quick scan results were compared and combined to determine the maximum achievable 
environmental impact reduction. In the third step, stakeholders were interviewed about the 
political practicability of the outcomes. Fourth, all modelling results and interview insights 
were combined to define recommendations for new policy development.  
 
RESULTS 
 
The inventory of the environmental impacts of all construction materials in the Dutch 
construction sector are shown in Figure 1. Steel (mostly in a reinforcing function), copper, 
bricks, concrete, aluminium and glass are the materials with the largest environmental 
impacts, causing together 80% of the impacts. In addition to this set of materials, circular 
scenarios were developed for timber, because this is an important construction material from 
the perspective of renewable resources.  
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Figure 1. Environmental impact of all materials in the Dutch building stock. Environmental 
impacts reflect only the production of building materials. 

 
The following reference (R) and circular (C) scenarios were developed: 

- Reinforced concrete: recycling as foundation material (R); 50% of Portland cement is 
substituted by blast furnace slag cement (C1); 20% of concrete waste substitutes 
gravel or sand in new concrete (C2); “legolisation”: 50% of reinforced concrete 
structures gets a second life (C3). 

- Bricks: recycling as foundation material (R); use crushed bricks instead of crushed 
gravel (C1); 25% of brick waste crumbles used in new bricks, with lower production 
temperature (C2); “legolisation”: 50% of bricks gets a second life (C3). 

- Copper: recycling (R); reuse electrical wires from utility buildings (C1). 
- Glass & aluminium: recycling of separate materials, with environmental bonus (R); 

reuse of 10% of curtain walls, for example in greenhouses (C1). 
- Timber: incineration with energy recovery (R); lifetime prolongation (C1); 

constructions of timber instead of concrete (C2). 
The optimal combination of circular scenarios is shown in Figure 2, achieving an 
environmental impact reduction of around 30% (60 million MKI/year) compared to the 
reference scenarios for these materials (200 million MKI/year). In comparison to the total 
national construction material demand, this means a reduction of 10% in environmental 
impacts.  
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Figure 2. Cumulative reduction potential of diverse circular scenarios.  
 

The outcomes and the feasibility for implementation were discussed with experts in project 
development, demolition and waste treatment, a social housing corporation, an economic 
institute and a higher education institution. The stakeholders mentioned three main barriers 
for implementation: 1) the long life time of buildings; 2) conflicts of interest due to complex 
relations in the construction sector; 3) innovations experience many difficulties in 
competition with mainstream materials and processes. 
 
CONCLUSIONS AND DISCUSSION 
 
The study’s aim to serve the development of new policies in the construction sector was 
achieved by developing and applying a bottom-up construction material model. Although the 
model is based on generic and average construction practises and many common-sense 
assumptions, it proved to be a useful tool to start policy discussions thanks to its informative 
visualizations. Explicitly, the models does not aim to cover all possible strategies, material 
chains or stakeholders, since it is meant as a discussion support tool and not as detailed study 
of the construction sector.  
Summarizing, the model is ready to identify environmental hotspots and provide input for 
discussions about circular strategies. The model can be further refined in case study projects, 
either on material, city or national level.  
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Abstract 
 
Building and construction industry consumes huge quantities of materials in an unsustainable 
way. As a result of a linear design approach and economic model, at the end of use, but also 
throughout the cycle, buildings or parts of buildings are demolished and remnants treated as 
waste or –best case– down-cycled. This creation of waste as well as the use of virgin 
resources leads to an important environmental, economic and societal impact.  
To create a sustainable build environment, the building sector needs to move towards a 
circular economy in which circular and dynamic buildings as well as their component and 
materials preserve value. 
Policies and regulations in member states and across the EU will influence the ability to 
transition to a circular economy – positively and negatively. Within the H2020 Buildings As 
Materials Banks (BAMB) Project work is underway to understand where the opportunities 
and barriers lie in a complex and, sometimes contradictory, regulatory landscape.  
This paper presents an overview of the current policy instruments that are considered to have 
relevance in relation to promoting, or possibly hindering, the adoption of circular economy 
opportunities in the built environment. The analysis of the current policy instruments has 
been done on a European level and on a member state level for 4 different countries being: 
Belgium, Portugal, Sweden and UK. The paper will mainly focus on the European Level and 
Belgium.  
 
Keywords: Policy; EU; Belgium; Circular & dynamic buildings; Circular Economy. 
 
Introduction 
 
The building and construction industry consumes huge quantities of materials in an 
unsustainable way. As a result of a linear design approach and economic model, buildings or 
parts of buildings are demolished and remnants are treated as waste, or in the best case 
scenario – down-cycled.  
This considerable creation of waste and the resulting consumption of virgin resources leads to 
important environmental, economic and societal impacts.  
To create a sustainable built environment, the building sector needs to move towards a 
circular economy in which circular and dynamic buildings, as well as their components and 
materials, preserve their value throughout their lifecycles. 
Policies and regulations in member states across Europe, as well as at the EU level, will 
positively and negatively influence the ability to transition to a circular economy. It is 
therefore essential to understand where the opportunities and barriers lie in a complex, and 
sometimes contradictory, regulatory landscape. 
 
An overview is presented of the current policy instruments that are considered to have 
relevance in relation to promoting, or possibly hindering, the adoption of circular economy 
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practices in the built environment. The analysis of the current policy instruments has been 
done on a European level and on a member state level for 4 different countries: Belgium, 
Portugal, Sweden and the United Kingdom. These 4 countries have been chosen based on 
geographical distribution and their representativity with regards to the range of current 
practices in Europe. Further research will focus on the analysis of best practices worldwide in 
regards to supporting the transition towards a circular built environment.  
 
Current policies instruments  
 
When contemplating the different policy instruments that are considered relevant to 
promoting, or possibly hindering, the adoption of circular construction practices, binding 
legislation mainly focuses on energy performance and the management of construction and 
demolition waste.  
This results from the transposition by Member States of the requirements of the revised 
Waste Framework Directive (2008/98/EC) and the revised Energy Performance of Buildings 
Directive (2010/31/EU) into their national legislation. The resulting level of obligation is 
dependent on the Member State and the (sub-) national context. While the Scottish 
government has e.g. developed a Zero Waste Plan, the Flemish government has set up a 
Regulation on recycled aggregates, and Sweden has developed The Swedish Waste Plan 
2012-2017 and The Swedish Waste Prevention Program 2014-2017; in Portugal, waste 
management is not yet defined and implemented like in other EU countries. 
Even within sustainable building and circular economy policy instruments, energy remains an 
essential focal point. The Flagship Initiative 4: “Resource Efficient Europe” of the 10-year 
strategy Europe 2020 proposed by the European Commission e.g. supports the shift towards a 
low carbon economy and the increase of the use of renewable energy sources, promoting 
energy efficiency. 
Most sustainable construction policy instruments that comprise building materials’ 
(environmental) assessment and/or circular economy aspects, are voluntary instruments 
developed at the national or sub-national level.  
Private certification schemes, being voluntary initiatives, have also demonstrated a 
positive impact on sustainable building design. This is the base on which the EU 
Framework for the assessment of the environmental performance of buildings is 
being developed. The framework aims to reduce the overall environmental impact 
throughout the life-cycle of buildings and to promote a more efficient use of 
resources in the construction and renovation of commercial, residential and public 
buildings by providing a voluntary reporting tool that enables its use as a module in 
certification schemes.   
To promote a more efficient use of resources in the construction and renovation of 
commercial, residential and public buildings  
To reduce the overall environmental impact throughout the life-cycle of buildings 
 
Identified Barriers  
 
The fragmentation of the policies over the different policy levels and the current complexity 
of the legislative frameworks may lead to a lack of integration of the different policies, and 
could in some cases even lead to contradictions. There is a need for cooperation between 
different government departments (including business/industry, finance and environment) in 
order to prevent the creation of new unintended policy barriers and to ensure that the policy 
response is designed to maximise system effectiveness. 
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It could be argued that a key barrier is presented in energy efficiency policies across Europe. 
The prioritisation of energy efficiency and high energy performance of buildings may 
unintentionally result in building design and materials that do not lend themselves to 
dismantling, refurbishment, reuse and high quality upcycling. It is not the high performance, 
per se, that could hamper the adoption of dynamic and circular building design, but the choice 
of construction techniques and materials to achieve the required performance.   
Furthermore, the definitions provided by the EU Waste Framework seem to lack clarity. As a 
result, high recovery rates could correspond to the down-cycling of stony fraction used for 
road foundations (and other low grade applications), which is far from the definition of 
'recovery' as understood within a ‘Building As Materials Bank’ approach.  
An additional barrier can be seen in the fact that until recently many of the existing policies 
and instruments have been developed from a linear viewpoint, which does not take into 
consideration the potential reality of a circular built environment. For example, current urban 
regulations and building permits are based on a linear and static vision of buildings that may 
impede changes and transformations supported by reversible design and materials recovery. 
Similarly, some current financial incentives require complete ownership of buildings, which 
may be contradictory to new business plans and ownership models within a circular built 
environment.  
The lack of knowledge and awareness of companies and technicians has also been identified 
as an important issue with regards to the implementation of effective resource and waste 
management, as well as the implementation of approaches and tools supporting the transition 
towards a circular construction sector, such as Materials Passports and reversible design.  
 
Identified opportunities 
 
Although the lack of clear definitions is seen as a potential barrier, the EU Waste Directive 
also offers an opportunity to support the transition towards a circular economy and 
construction industry. The Directive introduces the "polluter pays principle," leading to 
Landfill Taxes in several countries. The increasing cost of landfill provides an economic 
driver for alternative solutions which avoid end-of-life waste, such as reversible building 
design. Further clarification of the current definitions could also help to increase the quality 
level of the recovered, re-used and recycled materials. 
Existing hard laws on energy performance, waste management and construction product 
regulations offer opportunities to address certain aspects supporting the implementation of 
dynamic and circular buildings. Extending these policy instruments by integrating circular 
and dynamic building design, management approaches and tools, would enable the 
development of an integrated approach meeting climate change, energy, environmental and 
economic objectives.   
This integrated approach is essential if we want to avoid today’s energy efficiency actions 
hampering tomorrow’s recovery of valuable materials. The requirement found within the 
Energy Efficiency Directive, which stipulates that governments must renovate 3% of public 
buildings each year with the objective to improve energy efficiency Directive (Article 5, 
2012/27/EU), presents an incredible opportunity to set the example, do things better and to 
respond to a variety of challenges in a sustainable and effective manner. 
More recently, a new stage of policy development is underway. The Circular Economy 
Package (EU), Circular Economy Strategy (Scotland), Regional Program for Circular 
Economy (Brussels Capital Region), etc. have been adopted. All of these policy instruments 
recognise that the built environment is a key sector to introduce circularity. This provides a 
significant opportunity to reframe sustainable building policies and instruments to allow for a 
circular approach.  
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Conclusions 
 
The analysis has emphasized that the fragmentation of policies over the different policy 
levels, as well as between the different policy areas, may lead to a lack of integration of the 
different policies. As a result, current regulation could hamper the transition towards a 
circular built environment. However, integrating dynamic and circular building aspects into 
existing policies through the extension or adaptation of the latter could lead to an integrated 
approach. This would enable meeting climate change, energy, environmental and economic 
objectives, while reducing contradictions and unintended policy barriers.  
Furthermore, the building sector is characterized by a complex and multi-disciplinary value 
network, which is reflected by the wide range of policies impacting it. It is important to 
assess the impact of (future) policies on the different actors found within the network. Certain 
stakeholders, for example, demand regulation and quality assurance certification for 
reclaimed construction materials (comparable to the Construction Products Regulations 
(CPR) which offers a common language and harmonised rules for new construction 
products), which could allow for reprocessed, recycled and reused materials to be widely 
exchanged by providing confidence in their performance and quality. However, obliging a 
certification scheme for all reclaimed construction products could, depending on the type of 
construction product, have a contradictory effect and even distort existing second hand 
construction products networks, as a result of the complexity of the process and the resulting 
cost. It is therefore crucial to investigate the potential advantages and disadvantages for all 
actors of the value network. 
Further research on best practices and the potential of existing voluntary programs, plans, 
strategies and tools will thus need to take into account the potential impact on all actors 
before formulating policy to better support the transition towards a circular and dynamic built 
environment. 
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ABSTRACT 
 
Due to a lack of high value applications for masonry debris, there is currently no incentive to 
separate it from other stony fractions.  
Within this paper the potential environmental and financial advantages and drawbacks related 
to the production of 1 ton of load-bearing clay bricks with a compressive strength of 15MPa, 
in which the coarsening agent is substituted by masonry debris aggregates (cf. brick-to-brick 
manufacturing) are investigated. Life cycle assessment and life cycle costing analysis were 
used to calculate environmental impact and financial costs, respectively.  
Compared to the business-as-usual practice, "brick-to-brick" manufacturing leads to a 
decrease in potential impact related to some environmental impact categories (2-6%) and a 
decrease of 10% of operational costs related to acquisition and transport of main resources to 
the production facilities. Nevertheless, the environmental impact and operational costs related 
to the consumption of electricity from the grid and natural gas during the manufacturing 
process surpass the potential benefits related to the substitution of the coarsening agent.  
In order to further improve the environmental and financial profile of brick production 
processes at Dumoulin Bricks facilities, combined measures to decrease energy consumption 
and substitution of primary resources need to be investigated further. 
 
Keywords: masonry debris, LCA, LCCA, brick production, hotspot analysis. 
 
INTRODUCTION 
 
In Belgium more masonry debris comes out from selective demolition of buildings than 
bricks are produced on a yearly basis. In 2013, less than 1785 kton of bricks were produced 
for the Belgian market, but circa 2250 kton of masonry debris was generated in Flanders 
alone [1, 2]. Due to the lack of demand of masonry debris aggregates for new applications, 
there is currently little to no (economic) incentive for demolition companies to separate 
masonry debris on-site from other stony fractions.  
Within the HISER project, new ways to recycle typical demolition waste fractions, such as 
masonry debris, are currently investigated, tested and demonstrated, in order to stimulate 
market uptake of new applications. In order to select sound recycling alternatives, the 
environmental and financial characteristics of innovative recycling technologies are assessed 
and compared with a business-as-usual (BaU) situation. Within this paper screening results 
are discussed of a comparative environmental and financial assessment of (1) a BaU brick 
manufacturing within the Dumoulin Bricks facilities in 2015, using an opening agent (i.e. 
coarse grained material to reduce drying shrinkage) made of primary resources (i.e. porphyry 
sand) and (2) a virtual brick-to-brick manufacturing within the same facilities in 2015, using 
masonry aggregates from demolition waste as an opening agent. 
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METHODOLOGY 
 
To assess and compare environmental and financial characteristics of both brick 
manufacturing solutions, life cycle assessment (LCA) and life cycle costing analysis (LCCA) 
have been used. Within the environmental assessment fourteen impact categories are 
calculated, according to the European PEF Guide [3]. The Belgian environmental assessment 
method MMG [4] is used within sensitivity analyses. Within the economic assessment, 
financial costs are divided into two major groups: capital expenditures (CAPEX) and 
operational costs (OPEX). For both comparative assessment studies the same functional unit 
has been used: i.e. the production, packaging, transport to the building site of 1 ton of 
conventional (perforated load-bearing) clay brick with a compression strength of 15MPa and 
using Ypresian clay, produced by Dumoulin Bricks for the Belgian market in 2015. System 
boundaries for the brick-to-brick solution are shown in the block flow diagram in Figure 20.  

 
Figure 20: Block flow diagram of the virtual brick-to-brick manufacturing case 

 
RESULTS 
 
Hotspot Analyses. From a financial point of view, all costs related to the acquisition of 
material resources (cf. module A1 in Figure 20) remain the same compared to the BaU brick 
manufacturing case, with the exception of the acquisition of the opening agent. We assumed 
in this virtual case that there is enough supply of masonry debris in the neighbourhood of the 
Dumoulin production facilities to be used as an opening agent. As there is a demand for it 
(i.e. by at least Dumoulin), we assumed that demolition companies will be willingly to sort 
the masonry fraction (separately) on-site, as long as the cost to deliver it to the crushing 
company is less than for delivery of mixed stony fraction. Based on expert judgment and a 
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restricted market analysis we estimated the cost for the brick manufacturer (without transport) 
– in relation to the used functional unit – at 0,56717 euro for 1 ton of produced bricks. 
Where in the BaU brick manufacturing case the extraction of porphyry sand had a significant 
effect on "water resource depletion" and "land use", this is no longer true for its substitution 
by masonry debris aggregates. The recuperation of crushed and sieved masonry debris is 
relevant for all impact categories, but doesn't play an important role in any of them; the 
(combined) relative share of these processes is less than 15% for all categories. 
Even though the environmental impacts and the financial costs related to the production of 
recycled opening agent are lower than the substituted porphyry sand, the impacts of both 
processes do not represent a major part of the environmental and financial burdens over the 
entire production bricks process (including the supply of bricks to the construction site). The 
manufacturing process (cf. module A3 in Figure 20) within the BaU and brick-to-brick 
production cases dominates the environmental burdens in each impact category, mainly 
because of the electricity and natural gas used in the manufacturing process, as well as the 
emissions generated by the production of bricks. We have assumed that the energy 
consumption within the manufacturing process and related emissions remains the same in 
both cases. The manufacturing stage is also the most relevant life cycle stage in terms of 
financial costs, mainly due to the costs related to energy, infrastructure and personnel. 
The transport stages (modules A2 and A4 in Figure 20) are relevant, but not as important as 
the manufacturing stage. Both transport stages have a major contribution to the impact 
category "mineral, fossil and renewable resource depletion" and operational costs related to 
fuel and personnel. 
Comparative assessment. Looking at the absolute characterisation results, the brick-to-brick 
manufacturing case is from an environmental point of view preferred above the BaU brick 
manufacturing case for all impact categories. Nevertheless, relative differences for almost all 
categories are equal or smaller than 1%. These relative results are, accordingly, too small to 
make hard conclusions. Exceptions are "land use" (6%), "water resource depletion" (5%) and 
"mineral, fossil and renewable resource depletion" (2%), where there is a more distinct 
preference for the brick-to-brick manufacturing case. Similar conclusions can be drawn, when 
both cases are compared based on the MMG impact assessment methods.  
Also from a financial perspective, the relative difference between the BaU and brick-to-brick 
manufacturing is too small (i.e. 1%) to conclude that the latter one receives the benefit. 
Although the combined operational costs related to the acquisition and transport of resources 
to the production facilities is lowered by 10%, the biggest expenses are still attributed to the 
manufacturing stage. This stage is characterised by high operational energy costs, personnel 
costs, and investment and maintenance costs related to the equipment and site. Substitution of 
porphyry sand by masonry debris aggregates will not lower these manufacturing costs. 
Improvement steps. Based on the above, we can conclude that, in addition of the 
replacement of the opening agent, the following measures should be investigated in order to 
reduce the environmental and economic burden related to the brick manufacturing (at the 
Dumoulin Bricks facilities):  
• (partial) substitution of coal shale sand, by masonry debris aggregates (or other to be 

investigated local alternatives), with a special focus on possible trade-offs regarding 
energy consumption and emissions during the manufacturing stage. 

                                                           
17

 This figure results from the multiplication of the fraction of the opening agent needed for the 

production of 1 ton of bricks and the price of crushed and sieved masonry debris from a crushing 

company. 
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• different ways to decrease the consumption of electricity from the grid, e.g. by use of 
local renewable energy sources, and natural gas for heat, e.g. by (better) using excess heat 
within the firing kiln within other production processes.  

• investing in own crushing and sieving equipment at the production facilities and starting 
a collection initiative to have a direct supply of masonry debris aggregates.  

• selection of alternative transport modes and/or fuel choice(s) to transport resources to and 
from the factory, e.g. through barge. 
 

CONCLUSION 
 
Although the absolute impact results and calculated costs within the conducted analyses 
suggest that the substitution of opening agent(s) by masonry debris aggregates within brick 
manufacturing, will probably lead to environmental and financial improvements compared to 
the business as usual practice, it is imperative to take into account combined measures to 
decrease energy consumption and substitution of primary resources, in order to take (more) 
important steps in enhancing the environmental and financial profile of the systems under 
study. 
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INTRODUCTION 

 
The European Gypsum Industry wishes to promote a circular economy mindset 
across Europe by creating a deconstruction culture. Gypsum products can be counted 
amongst the very few construction materials where “closed-loop” recycling is 
possible, i.e. where the waste is used to make the same product again. 
 

The European Gypsum Industry is conscious of those challenges which are 
embedded in the Waste Framework Directive1 and wants to rationalize even more its 
efforts in conjunction with the relevant operators in the construction chain to recover 
construction and demolition waste. 
 

The European Gypsum Industry wants to enhance the access to natural resources by 
developing outstanding C&D waste management that will divert C&D waste from 
landfill applying the waste hierarchy (prevent-reuse-recycle-recover, dispose) in 
accordance with the life-cycle impact of gypsum products and systems (from 
extraction until the end-of-life). 
 
Applying dismantling techniques instead of demolishing the building will lead to 
sorting and recycling of non-load bearing elements for re-use in the production 
process. However, as the waste characterization differs, the production processes of 
the manufacturers must be adapted to increase the recycled content in the product. 
This needs research and development. 
 
Deconstruction is an essential step in waste recycling feasibility and should become 
mandatory if we want to obtain a circular economy. Deconstruction should also be 
applied in major renovation and light renovation of buildings. Internal partition in an 
office can be dismantled in case of refurbishment of that office, which is not the case 
currently. Education of the workforce is here essential to create a dismantling 
mentality when it is easy to be implemented. 
 

OBJECTIVE OF GtoG PROJECT 
 

The overall aim was to transform the gypsum demolition waste market to achieve 
higher recycling rates of gypsum waste, thereby helping to achieve a resource 
efficient economy. The market transformation will start happening with the 
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establishment in the project of a collaborative business model between the 
demolition/processing/manufacturing & recycling industries. 
 

Close loop recycling for gypsum products will only happen if: 
- Deconstruction   techniques   are   applied   systematically   for   all   demolition   

and refurbishment projects; 
- Sorting of waste is done at source - thereby avoiding mixed waste; 
- Processing is carried out according to clear standards; 
- Incorporation in the production process is carried out with innovative processes. 

 
Therefore, the GtoG project aims to put in place an integrated approach to 
holistically manage construction and demolition waste, starting from the major 
refurbishment/demolition sites to the reinsertion of the recycled gypsum in the 
manufacturing process via the processing of the gypsum waste as a secondary raw 
material. This integrated approach is using gypsum products but could be extended, 
adapted and applied to any other type of construction material used in light-weight 
construction. 
 

There are three categories of Gypsum based-waste on origin: 
- Production waste (e.g. gypsum products which do not meet specifications and 

waste resulting from the manufacturing process). 
- Construction waste: waste resulting from construction sites.  
- Demolition waste. The last category includes both demolition and refurbishment 

waste and is the most complex to address because the waste stream includes other 
construction materials (such as plasters, paints & screeds etc.). 

 
Recycled with ease: 

- Production waste is generally recycled by the factories and used as raw 
material. 

o Therefore this measure is waste prevention. 
- Construction waste collection and recycling has started and is increasing in 

Scandinavia, France, the UK and Benelux. However the re-incorporation rate of the 
recycled gypsum in the manufacturing process differs from country to country and 
from plant to plant. 

 
Recycled far less demolition waste for the following 
reasons: 

- The buildings are currently crushed and not dismantled, thereby impeding the 
sorting of plasterboard before the building is demolished; 

- Plasterboard is a relatively new product used in construction after the Second World 
War and we are now only beginning to dismantle buildings with plasterboard 
linings; 

- Gypsum demolition waste tends to be contaminated (screws, vinyl wall paper etc.) 
this renders the treatment more complex at higher costs and limits the ability to use 
the resulting material. 

 
OUTCOME OF THE PROJECT 
 
Overall, the project’s implementation: 
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- Proved  that  re-incorporation  (up  to  30%)  of  recycled  gypsum  in  Type  A 
plasterboard manufacturing is feasible in practice, even under the adverse conditions 
of non-permanent process adjustments. The GtoG 30% target was fully reached in 2 
out of the 5 plants. For the examined cases, the net average impact on the total 
variable manufacturing cost and energy consumption per m2 of plasterboard was 
found to be practically negligible taking into account the uncertainty margin of the 
assessment, the current market prices and quality characteristics of recycled gypsum. 

- Potential cost-benefits were levelled, mainly due to the requirement of higher 
amounts of relatively costly additives. From the cost point of view, process 
modification investments may become more attractive in the near future, depending 
on raw material prices and national legislations (e.g. gate fee for land-filling). 
Stronger economic and environmental benefits can arise in the future, when the 
necessary process modifications will be optimised and the recycled material quality 
will consistently rely with the quality specifications set by the GtoG project. 

- Proved that the reincorporation of recycled gypsum up to 30% does not noticeably 
affect the basic performance characteristics of Type A plasterboards; all samples 
were found to conform to the EN-520 Standard. GtoG made possible the collection 
and analysis of a significant number of recycled material and plasterboard samples 
from different origins, which otherwise would not have been feasible. 

- Highlighted potential production bottlenecks in terms of recipe modifications (e.g. in 
additives) and production process equipment (e.g. storage, feeding conveyors, 
recycled gypsum pre-processing, etc.) that may arise when the increased percentage 
becomes standard practice in the plasterboard manufacturing. The analysis of the 
impacts on individual process parameters and cost elements indicated dependence on 
specific feedstock and process characteristics. The outcome of the production trials 
allows each manufacturer to develop plans for the relevant and necessary industrial 
adaptations, which are costly and require further trials and time. 

- Showed that the end-of-waste status is appealing but in practice is today challenging 
to achieve at EU level for the recycled gypsum.  Indeed, the GtoG project gave the 
recyclers and producers the opportunity to have together a round robin test on 20 
recycled gypsum samples testing by a third party laboratory, partner to the project. It 
is the first time that recyclers and producers have a collaborative approach for the 
establishment of quality criteria for the recycled gypsum on a scientific basis. The 
gypsum recycling business is growing in France, the UK, Germany, Scandinavia, 
Belgium and the Netherlands. New recyclers businesses are emerging. This will give 
the Gypsum sector the opportunity to establish further collaborations, also with other 
recyclers across Europe, taking advantage of the lessons learnt from the GtoG pilot 
tests. 

- Showed that the GHG emissions between natural and recycled gypsum are minor. 
This minor difference means that decreased emissions derived from gypsum mining 
and transport of natural gypsum are almost balanced by the increased emissions 
from the pre-processing stage. 

- Demonstrated in practice the full engagement of plasterboard manufacturers to 
develop recycling practices that will permit higher re-incorporation percentages in 
the future. For the first time, the plasterboard manufacturing industry performed 
controlled and synchronized production trials in five different plants in four 
European counties. By analyzing the entire life cycle, the variations of the impacts 
are higher. The emissions from landfill have a decisive contribution to the final 
result, due to the methane released from degradation of facing paper 
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Figure 2. Gypsum waste hierarchy model 
 
CONCLUSIONS 
 

The overall findings and the collective knowledge-experience obtained by the 
manufacturers are promising and permit planning of future investigations even at 
higher re-incorporation percentages, above the 30% target of the GtoG project. 
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ABSTRACT  
 
Energy-plus houses have been taking on particular significance in future-oriented residential 
construction. Therefore, it should be possible to build CO2-neutral buildings that can meet 
their own energy demand and in fact supply energy for additional consumers, e.g. 
electromobility. Based on the example of Cradle to Cradle® (C2C), the aim is moreover to 
demonstrate how buildings can already be constructed with an essentially positive ecological 
footprint today. 
This research project analyzed and described how the fundamental C2C principles: “Waste 
equals food,” “Use current solar income” and “Celebrate Diversity” can be transferred to and 
implemented in the “nexushaus,” designed and built for the Solar Decathlon competition 
2015. 
Material. Technical and biological nutrient cycles of the “nexushaus” were defined and 
described in the list of materials along with the specified environmental indicators. A healthy 
residential environment achieved by pollutant-free materials is discussed. This is followed by 
a detailed discussion of the recyclability of the nexushaus.  
Water. The water footprint of the building structure is analyzed. Potential measures to enable 
eco-sufficient use of water as a resource are described. Gray-water recycling saves drinking 
water and can be used for the irrigation of green spaces. The use of accumulating 
condensation water supports self-sufficient food production (e.g. aquaponics). If rainwater is 
harvested, its use for drinking water or garden irrigation should also be considered. 
Diversity. The architectural design of the house offers cultural benefits: barrier-free access 
and diverse qualities of stay in the indoor and outdoor space by outlooks and partial insights 
that accommodate places of retreat. Additional habitats for animals and plants can be 
provided in the form of green roofs and façades. 
 
Keywords: Cradle to Cradle®, Material, Energy, Water, Diversity 
 

In order to enable a fundamentally positive approach to the earth’s ecosystem, further aspects 
over and above energy efficiency must be considered when planning and constructing 
buildings. This includes taking into account closed biological and technical nutrient cycles 
when using materials and resources. Sufficiency concepts and efficiency measures can help 
reduce the construction and operation costs.  
In addition, health aspects, aspects related to meeting the needs of all generations, as well as 
sustainable use of water must be included, taking low-tech solutions into consideration. 
Creating habitats for flora and fauna enhances the microclimate and has a positive impact on 
the well-being of residents and users. For instance, green areas in interior spaces can improve 
room acoustics and air quality. 
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Use of resources 
 
We currently distinguish between two 
overarching recycling scenarios. The 
linear recycling process, whereby a 
product is bought, used and disposed of, 
without asking what eventually happens 
with it still prevails. The optimized and 
future-proof goal is cycle-oriented 
product recycling. A product is 
purchased, used or consumed, and 
returned to the manufacturer or to 
nature to create a new product. To 
enable unrestricted recyclability in the 
technical or biological nutrient cycle, it 
is crucial to disassemble all system 
components into their individual parts. 
To achieve this, it is necessary to 
embrace the Design for Disassembly 
(DfD) strategy as early as the initial 
planning phases (Fig. 1). 
 
Where selective disassembly requires 
only a few steps, this helps achieve cost 
reductions compared to disposing of 
materials and components [1]. 
 
The following aspects should already be considered in the initial planning phases to enable 
transformation of the building and reuse of its elements: 
Useful life of materials and building components; accessibility; choice of connecting means; 
structural protective measures, material wear and maintenance  
Digital planning tools applied in Building Information Modeling (BIM) help implement the 
transformation of the building. Assembly and disassembly sequences are presented, avoiding 
collisions in the manufacturing process and achieving substantial time savings. Appropriate 
material management saves storage space on the construction site.  
 
Water footprint 
 
Water is a vital resource for humans, animals and plants. Consequently, water pollution may 
cause substantial damage. For example, humans may contract diseases from waterborne 
viruses or the diversity of aquatic life may be minimized by excessive algae formation. Due 
to rising population numbers and increasing consumption, there are no prospects for reduced 
resource consumption in the near future. Therefore, there is a major need for immediate 
action. Cradle to Cradle hence advocates careful use of water when manufacturing products 
[2]. 
 

Fig. 1. Technical and biological nutrient cycles of 
the case-study house 
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The water footprint of the nexushaus was calculated on the basis of the Ökobau.dat 
data for 2016 (Fig. 2). The manufacturing, maintenance and disposal of products 
consume freshwater resources, or they are transformed into another physical state (for 
example from liquid to gaseous by evaporation) after use. Water is used for cooling 
purposes particularly in the context of energy supply. This is confirmed by the sector-
specific water extraction rates. According to Statista, 20.3 billion m3 of water are 
withdrawn by thermal power plants, which corresponds to 61.6%. This is followed by 
the mining and manufacturing industries, accounting for 20.2% (6.8 billion m³) and 
public water supply for households and small businesses (17.6%, 5.9 billion m³). 
Agricultural irrigation accounts for 0.2 billion m³ or 0.6% of total water extracted [3].  
The water used for the energy-intensive production of wood-based materials as well 
as the cooling water required for thermal utilization place the highest strains on fresh 
water resources. Approx. 166 m² of Oriented Strand Boards (OSB) are needed when 
constructing the nexushaus, this corresponds to a volume of 4.44 m³. The panels are 
used for wall mounting and stiffening as well as for the raw flooring of the modules. 
When the life-cycle assessment is based on a building life of 50 years, this results in 
105,016 m³ of water. Only recycling the material (D) can credit a few resources to the 
product. The dataset from Ökobau.dat (2016-I) refers to 1 m³ and contains the 
following parameters for describing the use of freshwater resources [4]: 
A1 Supply of raw materials: 12,500.00 m³; A2 Transport: 1.27 m³; A3 Production: 
7,030.00 m³; C2 Transport (disposal): 0.15 m³; C3 Waste treatment: 49.90 m³; 
D Recycling potential (thermal) 4,230.00 m³; D Recycling potential (material): -
242.00 m³ 
 
The total water footprint caused by the building structure of the nexushaus amounts to 
123,315 m³. Given a maximum number of 3 residents, each resident carries an 
additional ecological water rucksack of 2,252 l per day up to the end of the building’s 
life (50 a). This does not include domestic drinking water. 
 
CONCLUSION 
 
Any building task should encompass far-sighted planning that covers the entire life cycle of a 
building (cf. lean construction/management). The abovementioned C2C principles help 

Fig. 2.  Water footprint of the materials used in constructing the nexushaus 
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achieve this. The research report presents the implementation with regard to material, water, 
energy and diversity in the construction sector, in which the cycle concept plays the central 
role. 
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ABSTRACT 
 
Most of the mixed stony demolition waste within Flanders ends up as aggregates for 
foundation and road works. In order to recover waste for higher value applications, selective 
demolition and waste management practices need to be improved. 
The aim of this paper is to assess the potential environmental and financial benefits and 
drawbacks on selective demolition and waste management activities of a waste traceability 
system (Tracimat), currently developed within Flanders.  
The selective demolition and waste treatment in 2015 of an old milk factory in Flanders has 
been taken as a representative case-study. Business-as-usual demolition, sorting, transport 
and waste management activities were closely monitored and taken as reference for a virtual 
case-study in which the application of the Tracimat system was simulated. In addition, a local 
demand of separated masonry and concrete debris for high value recycling purposes has been 
assumed within the virtual case. Life cycle assessment and life cycle costing analysis were 
used to calculate environmental impacts and financial costs over the entire time span of both 
cases.  
Compared to the business-as-usual practice, the Tracimat supported case leads to an 
important decrease (50%) in operational waste treatment costs and to a significant decrease 
(7-14%) in potential impact related to some environmental categories.  
In order to further improve the environmental and financial profile of selective demolition 
and waste treatment practices in Flanders, measures decreasing the importance of heavy 
machinery and trucks, in addition to the use of the Tracimat system, need to be taken into 
account. 
 
Keywords: supply tracking, LCA, LCCA, selective demolition, hotspot analysis. 
 
INTRODUCTION 
 
In 2015, construction and demolition waste was responsible for more than 35% of the total 
waste generation in Belgium. More or less 90% of demolition waste in Flanders consists of 
stony fractions, typically used as aggregates for foundation and road works [1]. In order to 
recover waste for higher value applications, enhancing selective demolition and waste 
management practices is of crucial importance. 
Within the HISER project, technological and non-technological solutions are developed in 
order to guarantee a higher efficiency in the recovery of priority waste streams. Within this 
paper screening results are discussed of a comparative environmental and financial 
assessment of (1) a monitored business-as-usual selective demolition (BaU-SD) of an old 
milk factory in Flanders in 2015 and (2) a virtual selective demolition of the same building, 
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but using the Tracimat waste traceability system and assuming a local demand of separated 
masonry and concrete debris for high value recycling purposes.  
 
METHODOLOGY 
 
To assess and compare environmental and financial characteristics of both selective 
demolition cases, life cycle assessment (LCA) and life cycle costing analysis (LCCA) have 
been used. Within the environmental assessment fourteen impact categories are calculated, 
according to the European PEF Guide [2]. The Belgian environmental assessment method 
MMG [3] is used within sensitivity analyses. Within the economic assessment, financial costs 
are divided into two major groups: capital expenditures (CAPEX) and operational costs 
(OPEX). For both comparative assessment studies the same functional unit has been used: i.e. 
the (selective) demolition of the old milk factory in Gierle (Belgium) in 2015 and the related 
sorting (on-site), disposal and recovery of 11577 ton of demolition waste coming out of the 
building. System boundaries for the Tracimat supported selective demolition case are shown 
in the block flow diagram in Figure 20.  

 
Figure 21: Block flow diagram of the virtual Tracimat selective demolition case 

 
RESULTS 
 
Important insights . Looking at the contribution of the different stages (i.e. C1, C2, C3, C4 
and D modules in Figure 20), we conclude that no life cycle stage can be considered as 
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negligible from an environmental as well as from a financial perspective; each of them is a 
hotspot in at least one environmental impact and financials cost category.  
The (relative) importance of demolition and sorting on-site to the environmental impact and 
financial costs (for the demolition company) is not to be considered negligible, because the 
building has never been designed and built to be easily de-constructed (from building to 
components) and disassembled (from components to materials). The BaU SD case in 
Flanders shows that a lot of (fossil) energy, time, heavy equipment and space were needed to 
tear down the studied complex non-residential building and to separate different 
materials/waste fractions on-site. A supply tracking system, whether or not supported by BIM 
technology, may highlight potential issues related to the contamination of certain waste 
fractions. However, there is not a strong guarantee that certain waste fractions will be actually 
separated on-site – unless it is easy to do so AND there is an economic incentive for 
demolition contractors, based on a strong demand for the separated fraction(s). Although the 
monitored Flemish building was not designed to be easily deconstructed/disassembled, most 
masonry debris was relatively easily separated from other fractions. But, because there was at 
that moment no actual demand to recover masonry debris as a separated fraction, it was 
added during the on-site sorting to the mixed stony fraction. Introducing valuable applications 
for masonry debris, such as substitution of primary resources in brick manufacturing, may 
change this. Because there is an actual demand for a low contaminated concrete fraction, for 
example as aggregates in new concrete, demolition companies have often a financial 
incentive to separate (low contaminated) concrete fraction from others. 
Comparative assessment. Compared to the BaU SD practice, the Tracimat supported SD 
case leads to an important decrease (50%) in (operational) waste treatment costs, i.e. lower 
fees paid by the demolition companies to the crushing companies, thanks to a higher amount 
of separated concrete and masonry fractions on-site and the assumed (local) demand for it. 
From an environmental perspective the recycling of a higher amount of sorted concrete 
aggregates and sorted masonry aggregates within the Tracimat supported SD led to a 
significant decrease in potential impact related to the environmental categories "acidification" 
(14%), "terrestrial eutrophication" (10%), "marine eutrophication"(7%) and "photochemical 
ozone depletion" (7%), based on PEF calculations. Similar conclusions are drawn, when the 
MMG impact assessment methods are used.  
Comparing both alternatives, the Tracimat supported selective demolition reduces overall 
costs with 6% compared to the BaU selective demolition. Within the Tracimat supported SD 
case we assume that the same demolition and sorting technology and kind of labour is used 
compared to the BaU practice, but the mixed stony fraction is reduced to a minimum and 
accordingly concrete and ceramics are separated from each other. This leads to lower 
absolute costs to get the demolition waste treated (C3) or disposed (C4). Although the 
(absolute) costs paid by the demolition company to crushing (and recycling) companies is 
reduced by more than 50% – taking into account the assumption that there is a substantial 
demand for sorted masonry debris aggregates and sorted concrete aggregates for new 
(building product) applications – the biggest expenses are still attributed in both cases to the 
demolition and sorting stage (C1) and waste disposal stage (C4). This means that also other 
measures should be taken to reduce the economic burden related to demolition and waste 
management practices, based on this representative Flemish case. 
Improvement steps. Based on the initial screening results, the following measures should be 
investigated, in order to further improve the environmental and financial profile of the 
selective demolition practice in Flanders: 
• a better preparation of demolition and sorting works, in order to plan operation of 

machinery and personnel, as best as possible. A mandatory pre-demolition audit within 
the Tracimat system would support this. 
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• a better sorting on-site, in order to have high value separated waste/materials fraction 
• opt for local (or – if possible – on-site) crushing/recycling facilities,  
• use other transport modes to deliver waste/materials fraction to the recycling, waste 

treatment and waste disposal facilities, e.g. through barge (allowing transport of a bigger 
amount of waste in a single trip) 

• less idle operation of demolition and sorting machinery 
• other fuel choice for machinery and heavy trucks, if possible 

 
CONCLUSION 
 
Although the absolute impact results and calculated costs within the conducted analyses show 
that the Tracimat supported SD will probably lead to environmental and financial 
improvements compared to the BaU-SD solution, it is imperative to take into account 
additional measures decreasing the importance of heavy machinery and trucks, in order to 
take (more) important steps in enhancing the environmental and financial profile of the 
systems under study. 
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Abstract 
 
Life cycle thinking has been applied in the construction industry for more than 20 years for 
the environmental evaluation of construction products and processes. Life cycle 
assessment (LCA) is the tool that enables the quantification of environmental impacts 
using parameters appropriate to the various potential environmental impact categories. 
Standards have developed alongside to support this process, under the ISO 14000 series, 
ISO 21930 and 21931 for construction products, and lately European standards aimed at 
harmonising approaches to LCA in construction in Europe, specifically EN 15804 for 
product level assessments, and EN 15978 for building level assessments. EN 15978 
provides a modular approach through which the environmental impacts are reported for 
different life cycle stages across the processes for the provision of the products and 
services used in the construction (A1 to A3), the delivery of the products and services to 
site and the actual construction process (A4 and A5), the use of the building including 
maintenance, repair and replacement, and energy and water use (B1 to B7), and the 
demolition/deconstruction and end-of-life management processes for the building (C1 to 
C4). There is also a further life cycle stage (D) which is aimed at evaluating the benefits or 
burdens resulting from any potential future reuse of components of the building which 
would otherwise have been disposed of as wastes from either the construction, use, or end-
of-life of the building. On the whole this represents a linear approach to assessing 
buildings, to which a paradigm shift will be needed to apply the principles and benefits 
posed by circular economy thinking to the construction sector. Part of the H2020 funded 
project BAMB (Building As Materials Bank) will be to develop a methodology to assess 
the potential circularity of a building and, in particular, will investigate the potential role of 
LCA in circular economy. 
 
Keywords: LCA, circular economy, Module D, end of life. 

 
Introduction 
 
The way we, as a society, “take-make-dispose”, relies on the availability of cheap 
resources. However, as the population and economy grow, the demand on resource 
availability and landfill disposal increases. There is a need to decouple economic growth 
and resource use. The concept of the circular economy as a way of decoupling growth 
from resource constraints is therefore becoming an attractive way forward. The 
construction industry accounts for 60% of UK materials consumption and one third of all 
waste arisings in the UK and as such much focus has been put on this sector to reduce its 
environmental impact. Whole building level assessment schemes have supported the 
development of more sustainable buildings, considering issues such as operational and 
embodied impact (through a life cycle assessment (LCA) approach) and waste reduction. 
LCA is currently considered the standard approach by the industry to calculate the 
embodied impact of buildings.   
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BAMB methodology development 
 
Part of the H2020 funded project BAMB (Building As Materials Bank) is to create and test  
a decision support methodology, integrating input on materials, reversible design, reuse 
potential and transformation potential of buildings, systems and components. Having such 
information readily available, at key stages of design, product selection & procurement, 
operation, maintenance, refurbishment and deconstruction of a building’s life cycle, will 
enable better decisions to be made in ensuring the value of buildings, and their constituent 
parts are enhanced, rather than deteriorated. 
Part of the methodology development involved reviewing the current approach to 
calculating the economic, environmental and social aspect of buildings and to understand 
how it can be applied or adapted to represent a circular economy concept. Thus we have 
evaluated the methodologies and approaches that are currently being used in the 
construction industry, including information data/databases, studies, tools and 
methodologies that already exist or in development. The focus has mainly been on use in 
Europe and the construction sector (building and infrastructure, new and refurbishment 
projects), but other sectors were also included if appropriate.  
 
The review covered the following categories: 

• Materials efficiency 
• Design for deconstruction 
• LCA and Life Cycle Costing (LCC) 
• Procurement and design in buildings 
• In-use and asset management 

 
Findings 
 
This section will focus on the findings related to the LCA/LCC categories only. Both LCA 
and LCC have been used extensively in the construction industry and are well established 
tools to measure the impact of buildings.  
A number of standards have been developed over the years to support the application of 
LCA to the construction industry at product and building levels, under the ISO 14000 
series, ISO 21930 and 21931 for construction products. More recently, European standards 
(through the CEN TC 350 committee work) have been developed to support a harmonized 
approach to sustainability in construction in Europe. Those standards apply not only to 
environmental, but also to economic and social evaluations. EN 15804 supports and LCA 
approach for product level assessments, and EN 15978 (LCA), EN 16309 (social) and EN 
16627 (economic) for building level assessments. EN 15978 provides a modular approach 
through which the environmental impacts are reported for different life cycle stages across 
the processes for the provision of the products and services used in the construction (A1 to 
A3), the delivery of the products and services to site and the actual construction process 
(A4 and A5), the use of the building including maintenance, repair and replacement, and 
energy and water use (B1 to B7), and the demolition/deconstruction and end-of-life 
management processes for the building (C1 to C4). There is also a further life cycle stage 
(D) which is aimed at evaluating the benefits or burdens resulting from any potential future 
reuse of components of the building which would otherwise have been disposed of as 
wastes from either the construction, use, or end-of-life of the building. Another initiative 
that is being pushed by the European Commission is the development of Product 
Environmental Footprint (PEF). A PEF is multi-criteria measure of the environmental 
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performance of a good or service throughout its life cycle. This approach is less 
established in the construction industry, but nonetheless worth considering for BAMB. 
In the last five years, tools have been developed to enable non-LCA experts to carry out 
the complex process of calculating the embodied environmental impacts of a whole 
building. Some of these tools are already well established in the market place across 
Europe. It is indeed important to understand the environmental impact of a product 
throughout its whole life, including its use in a building, rather than to compare two 
products on a per tonne basis, eg: 1 tonne of steel with 1 tonne of concrete. The carbon 
footprint of 1 tonne of steel is more than that of 1 tonne of concrete. However, the mass of 
steel used for 1 m2 of wall may be less than the mass of concrete required to build the 
same wall. The transport to site of steel is potentially higher than the transport to site of 
concrete. They both have the same service life and they can both be recycled – steel may 
even be reused. Based on all these assumptions, it is hard to make a simple decision on 
which solution is best. Using a whole building life cycle tool is therefore essential.  
A few of these tools are able to import Building Information Models (BIM) models (such 
as One Click LCA or the IMPACT compliant IES-ve plug-in) and have furthermore 
allowed integration of LCA calculations in existing software used for other applications, 
such as thermal modelling. From an environmental and financial perspective, it is 
important to take into a full life cycle perspective (cradle to grave and beyond), in order to 
evaluate potential benefits and impacts/costs related to circular and reversible building 
solutions – compared to the traditional way of building.  
Life-cycle cost (LCC) analysis is a method of determining the entire cost of a structure, 
product, or component over its expected useful life. The cost of operating, maintaining, 
and using the item is added to the purchase price. The longevity of built assets makes LCC 
an important tool in balancing costs over a long period. A classic example of where this is 
often used is the understanding of additional costs in design and build to reduce energy 
requirements versus the cost savings of reduced energy consumption over the design life of 
a building. 
Financial cost calculations within the building practice are usually done using own 
calculation spread sheets, based on real costs retrieved from tenders. In general no full 
LCC is performed. Architectural and engineering firms concentrate their efforts on the 
initial investment costs related to the design and construction of the building. Facility 
managers focus on energy and water consumption, maintenance and replacement costs. 
Concepts such as Return of Investment (or Rate of Return) and Total Cost of Ownership 
(TCO) are more and more integrated within the design and operation phases. These 
financial approaches rarely take into account (periodic) replacement costs and cost related 
to the end-of-use of the building. A full LCC (cradle to grave and beyond) is often limited 
to academic and policy support studies, and within some certification schemes, such as 
BREEAM, DGNB and HQE. 
Assessment of social performances of buildings are not yet performed very often, although 
the introduction of EN 16309 starts to support the understanding of what, when or who is 
impacted by social aspects. Social aspects include: noise and dust created during 
construction stages, health and safety, security and comfort issues during the construction 
and use stages of the buildings or involvement of the local community.  
According to the UK BIM Task Group, 2013:” BIM is essentially value creating 
collaboration through the entire life-cycle of an asset, underpinned by the creation, 
collation and exchange of shared 3D models and intelligent, structured data attached to 
them.” In 2016 the UK government mandated that all government construction projects 
will be using BIM level 2 regardless of project size. Level 2 is a managed 3D environment 
held within a separate discipline of “BIM” tools with attached data. 
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Summary 
 
Tools, methods and standards already exist to evaluate the environmental or financial costs 
of buildings. Some tools even integrate both elements of LCA and LCC. Outputs of these 
methods and standards could be used to inform the BAMB methodology. An important 
outcome of a comparative analysis is that the commonly used standard for LCA and LCC 
are compatible to each other. However, some methodological aspects related to circular 
and reversible building solutions are lacking within these standards. For example, there is 
no guidance related to take into account different possible use scenarios related to 
replacement, maintenance and transformation. Furthermore, the value of materials and 
building components are usually depreciated according to their expected service life, 
without taking into account their real value, in case they are reused and/or remanufactured. 
On the whole, EN15978 represents a linear approach to assessing buildings, to which a 
paradigm shift will be needed to apply the principles and benefits posed by circular 
economy thinking to the construction sector. The BAMB methodology will be building on 
the approach taken by the industry by including additional indicators, stages, and 
assumptions. Data should be attributed using an element method. Within Europe the 
(regionally adapted) SfB method is often used, but alternatives such as the OmniClass, can 
be considered as well. Using harmonised element codes will facilitate the exchange of 
environmental and financial cost data. It should be investigated in a further stage of the 
element method approach can also be used within a BIM environment. 
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ABSTRACT  
 
In a context of incitation to the waste recovery as recycled aggregates to be re-introduced into 
new concrete, this paper aims to compare the environmental impacts related to the 
composition of concrete to ones due to the transportation of the recycled aggregates, issued 
from demolition wastes, by implementing a life cycle assessment (LCA). This study is linked 
to the RECYBETON French Research Project involving public research laboratories, 
institutes and private companies. 
Life cycle assessment (LCA) of recycled aggregates concrete (RAC) in comparison with a 
natural aggregates concrete (NAC) are realized. The study focuses first on the influence of 
the composition parameters of the concrete, in particular the content of recycled aggregates, 
the cement dosage and type, and the water content.  The use of recycled aggregates in 
concrete formulations increases environmental impacts at different levels. This result is due 
to the increase of the cement content in the samples, because a standardized mechanical 
strength is required. Then, optimized formulations of concrete with close mechanical 
strengths are performed in order to obtain the same cement content (CEM 1) and the same 
efficient water. Four substitution rates are tested: 0, 10%, 30% and 100%. Moreover, in order 
to take into account impact distance, several transport distances of natural and recycled 
aggregates are proposed, it allows to study the integrated management of demolition waste 
streams in several areas.  

 
Keywords: Demolition Waste; Life Cycle Assessment (LCA); Recycled aggregates; 
Concrete; Transportation. 

 
1. INTRODUCTION 

 
Construction and demolition waste is one of the most important waste streams in developed 
countries [NPV 13, COR 11]. Wastes management encourages their recovery as recycled 
aggregates for concrete. The eco-friendly nature of these concrete composed of recycled 
concrete aggregates is studied here by a calculation of Life Cycle Assessment (LCA) [SER 
16, GOM 13] of Recycled Aggregates Concrete (RAC) and Natural Aggregates Concrete 
(NAC). The LCA results are presented according to the environmental impact assessment 
method described in EN 15804 [AFN 14]. The final aim of RECYBETON project, which 
supports this study, is to modify the recommendations in order to promote the complete 
recycling of concrete in a circular economy [REC 12]. 
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2. EXPERIMENTAL METHODS AND RESULTS 
 
In a first part, the study focuses on the influence of the composition parameters of the 
concrete, in particular the content of recycled or natural aggregates, the cement dosage and 
the water content.  For these concrete, the objective is to ensure same compressive strengths 
for RAC and NAC (C35/45).   It is shown that the use of recycled aggregates in concrete 
formulations increases environmental impacts at different levels. This result seems due to the 
increase of the cement content in the samples tested on this first part, because a standardized 
mechanical strength was required. For this part, short circuits for the transport of aggregates 
are taken as working hypothesis. 
Then optimized formulations of concrete using superplasticizers are performed in order to 
obtain the same cement content for close mechanical strengths (29-33 MPa) [DEO 15]. 
Indeed, in order to take into account only the impact distance and substitution rate in this 
comparative study, concrete compositions with constant formulation between natural 
aggregate and recycled aggregate (W/C, cement dosage, minimum strength) are studied. Four 
substitution rates are tested: 0, 10%, 30% and 100% (see Table 1). Several transport distances 
of natural and recycled aggregates are proposed. These distances are calculated for several 
towns and for several circuits in order to study the integrated management of demolition 
waste streams in several areas. One of these circuits is illustrated on Figure 1. In this way, 
several transport distances of natural aggregates and recycled aggregates are proposed. These 
combination of circuit, town and substitution rates leads to a parameters sensitivity analysis 
 

Table 1. Concrete compositions. 

 0% RCA 10% RCA 30% RCA 
100% 
RCA 

Efficient Water(kg) 169 169 169 169 
Eff Water + absorption Water 182 192 213 284 
Cement (kg) 260 260 260 260 
Natural Aggregate (NA)l (kg) 1906 1715 1334 - 
Recycled Concrete Aggregate (RCA) 
(kg) 

- 153 458 1527 

Superplasticizer (kg) 1,92 1,95 2,08 2,34 

 
Before quantifying influences of substitution rate in function of transport distances, it was 
necessary to calculate the LCA of referent concrete established without transportation of 
aggregates (REF_0% to REF_100%). 
No significant differences are observed for recycled aggregates concrete and natural 
aggregate concrete as shown Figure 2. 

 
 Figure 1. Example of Transport Circuit. 
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 Figure 2. Influence of substitution rate for referent concrete 

 
The results of benchmarking of materials composition influence and transportation influence 
on LCA of RAC carried out are presented for a negative circuit and town (see Figure 3 LCA 
of transport vs LCA of total process). Excepted for wastes indicators, using recycled concrete 
aggregates in substitution of natural aggregates doesn’t changes significantly LCA. Results 
obtained for wastes indicators are dependent from the assessment method used (LCA 
calculation). 
 
3. CONCLUSION  
 
Influence of material composition of recycled aggregate concrete on LCA is conditioned by 
the cement content cement type. If same cement content is used, using recycled aggregate in 
substitution of natural aggregate doesn’t change significantly LCA for the majority of 
indicators. When demolition recycling plants are located in town suburb, influence of 
aggregates transportation on LCA of RCA is limited, not upper than 10%, excepted for waste 
indicators. LCA is not the methodology to be used to confirm the eco-friendly nature of 
Recycled Aggregate Concretes. The two eco-friendly criteria for RAC are the aggregate 
resource preservation and the non-storage of the waste upstream, these criteria are not 
evaluated effectively by LCA. 
 

 
Figure 3. Transport contribution vs total LCA 
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In order to confirm that RAC are ecofriendly, others eco comparisons should be performed. 
For example a criteria “preservation of natural aggregate” could promote the use of RCA in 
concrete. Indeed, as shown on Table 1, approximately 400 kg of natural aggregate could be 
preserved by m3 of concrete including 30% of RCA instead of NA. In the same way, an 
analyze with a criteria “t.km” would be interesting for a circular economy approach; this 

criteria no dependent of LCA methods could be used to select the aggregates transport circuit 
for each studied territory. 
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Abstract 
 
The use of recycled aggregates in new structural concrete is generally considered as a 
measure for lowering the environmental impact of concrete. Existing literature considers 
transport distances and the final performance of the concrete (linked to its composition) as 
main influencing factors to evaluate the environmental burdens or gains when using recycled 
aggregates. However, these studies are generally based on generic data and/or on theoretical 
assumptions (e.g. higher cement content). Between 2013 and 2015, 10 pilot construction 
projects using concrete with recycled aggregates were executed in Belgium. On the one hand, 
these cases provided insights in the equivalency in technical performance of concrete with 
and without recycled aggregates. On the other hand, the collection of actual data on 
transportation distances and modes, allowed to refine the LCA model based on specific data. 
This paper presents the results of 4 case studies, where the environmental impact of using 
recycled aggregates versus natural aggregates is evaluated by use of LCA calculations 
according to the European standards EN 15804 and EN 15978. Throughout the cases, 
different aspects related to the recycling of aggregates are evaluated by consideration of 
multiple scenarios and comparisons (different replacement ratios, use of concrete aggregates 
& slags, impact of actual transport distances versus general data). In addition several 
methodological choices, such as the definition of the end-of-waste-point and the choice of 
impact indicators and weighting rules, are being discussed. 
 
Keywords: recycled aggregate, concrete, pilot project, LCA, environmental impact. 
 
CONTEXT  
 
The use of recycled aggregates in new structural concrete is generally considered as a 
measure for lowering the environmental impact of concrete. Existing literature (see 
references) considers transport distances and the final performance of the concrete, linked to 
its composition as main influencing factors to evaluate the environmental burdens or gains 
when using recycled aggregates. However, these studies are generally based on generic data 
and/or on theoretical assumptions (e.g. higher cement content). 
 
Between 2013 and 2015, 10 pilot projects using concrete with recycled aggregates were 
executed in Belgium. On the one hand, these cases provided insights in the equivalency in 
technical performance of concrete with and without recycled aggregates. On the other hand, 
the collection of actual data on transportation distances and modes, allowed to refine the LCA 
model based on specific data. 4 case studies were selected to perform the LCA analysis, each 
with a slightly different approach, in order to study different aspects: different replacement 
ratios (0-30-50-100%), use of concrete aggregates & metal slags, impact of actual transport 
distances …  
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Table 1. Overview cases 
Case 1  
Cycling Path 

Case 2  
Industrial Floor 

Case 3  
Industrial Floor 

Case 4  
Industrial Floor 

    
 
METHODOLOGY & CHOICES  
 
The main focus of the LCA was to evaluate the environmental impact of using recycled 
aggregates versus natural aggregates in concrete. The LCA calculations are executed 
according to the European standards EN 15804 and EN 15978. In order to obtain comparable 
results, ReCiPe Endpoint (H) v1.12/Europe ReCiPe H/A was used to aggregate and weigh the 
impacts to a single score (Points). Several methodological choices had to be made.  
The first one consisted in the use of specific data versus generic data. From literature, it 
became clear that 2 aspects can play an important role: 

- The actual composition of the concrete, and more specifically the cement content. In 
order to be able to compare different concrete compositions (with a different level of 
recycled aggregate) their performance should be equivalent (same strength, same 
durability). Therefore, the actual compositions of the case studies are used, and their 
performance measured, in order to compare the results. 

- The transport distances of the aggregates. One of the advantages of recycled 
aggregates is that they are available locally, and thus normally don’t require 
additional transport. In order to study this these, the actual transport distances and 
transport modes for the 4 cases were used. 
 

 Table 2. Transport (Case 1) 
Material Single distance (+ mode) 
Concrete (unreinforced) 12 km – concrete mixing truck 
Cement (400 kg CEM III/A) 100 km - road truck 
Limestone aggregate  100 km – road truck 
Sea sand (50%) 150 km - boat  

36 km - road truck 
River sand (50%) 74 km – road truck 
Recycled concrete aggregate 0 km – produced locally 
 

- For the other data (impact of cement, of crushing concrete …) existing databases 
were used. 

 
A second aspect considers the allocation rules, and more specifically the end-of-waste point. 
This point determines which impacts should be taken into account in the studied system, and 
which impacts are to be attributed to other processes and systems. Usually, recycled 
aggregates for use in concrete are crushed twice, using the fraction 20/40 of the first crushing, 
in order to obtain high quality aggregate. Several interpretations are possible in order to 
allocate the environmental impact of the secondary crusher to the recycled aggregate or to the 
concrete debris, depending on the ‘end-of-waste’ point: 
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- Option 1: The 20/40 fraction is already considered as a ‘product’, since it has a market 
value. This means the secondary crushing process & sieving is part of the production 
process of the concrete aggregate. There is a specific environmental impact that is 
allocated based on economic or weight balance. 

- Option 2A: The fraction 20/40 after the first crushing is considered as an ‘intermediate’ 
and there is a market demand (as resource). However, it needs a second crushing process 
in order to become a useable ‘product’. The environmental impact is attributed to the 
recycled concrete aggregate, as is the case in Option 1. 

- Option 2B: the fraction 20/40 is considered ‘useless’ as such, and there is no market 
demand, so it’s a ‘rest fraction’. The secondary crushing & sieving is considered to be 
necessary to make a product, and thus, the environmental impact of the process is 
attributed to the original concrete. The environmental impact of the production stage is 
zero in this case. 

- Option 3: There is only one crushing process to make 0/8 and 8/20. The environmental 
impact of the recycled aggregates produced is 0, since the crusher step is attributed to the 
old concrete. 

 
In general, Option 2B is used for the rest of the results. An evaluation has been done on the 
sensitivity of this choice. 
 
RESULTS CASE 1 – CYCLING PATH 
 
0%, 50% and 100% of the coarse aggregate were replaced by recycled concrete aggregates in 
a concrete containing 400 kg CEM III/A. The recycled aggregates are produced directly next 
to the concrete plant, using a 2-stage crushing process. The transport distances are listed in 
Table 2. The 3 concrete types obtained a very similar compression strength & met the 
durability criteria.  
For 1 m³ of concrete, the results are shown in the Figure 1 below, using the CEN indicators. 
The figure clearly shows the beneficial influence of the use of recycled aggregates, although 
the gain is limited. The most gain (-18%) is visible for “abiotic depletion (ADP)” because 
less primary aggregates have to be used. 
 

 
Figure 1. Environmental impact of concrete with 
0%, 50% and 100% replacement of coarse 
aggregate – CEN Indicators 

 

 
Figure 2. Environmental impact of concrete 
with 0%, 50% and 100% replacement of 
coarse aggregate – ReCiPe  
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When weighing and aggregating the results using the ReCiPe method, it is also visible that 
recycled aggregates diminish the environmental impact of the concrete. However, the impact 
of the cement used stays predominant (dotted and striped areas in Figure 2). 
 
RESULTS OTHER CASE STUDIES 
 
The results of the 3 other cases were similar: recycled aggregates cause a lower 
environmental impact, but other factors are dominant in the total environmental impact. 
Additionally, the following aspects were studied and conclusions drawn. 
 

- The use of reinforcement (2 nets in a 10 000 m² floor) is responsible for 30% of the 
environmental impact of the concrete floor, thus the concrete accounts for 70%. This 
effect diminishes the influence of the use of recycled aggregates.  

- The allocation of the secondary crusher process (end-of-waste point) to the recycled 
aggregate or the original concrete debris in the end has very limited impact on the 
results on concrete level. 

- The impact of the use of metal slag aggregates was dependent on the transport 
distances. It was considered that the production impact of the slags was 0, since they 
are a rest flux of the metallurgy industry. However, they need to be transported (by 
road truck), and depending on the distance, the impact is not always positive in 1 m³ 
of concrete. 

 
CONCLUSIONS 
 
LCA is a powerful tool to assess the environmental impact of construction products. 
Although the method is maturing, still some barriers exist: the existence of accurate data and 
aspects that are open to interpretation (e.g. allocation of crushing process). LCA has its limits 
- not all environmental aspects are covered, especially local effects (dust, local depletion of 
resources …) - but in general some conclusions on the environmental impact of concrete with 
recycled aggregates can be drawn.  
Given the largest impacts are caused by cement (> 1/3) and reinforcement (≈ 1/3), this limits 
the positive impact recycled aggregates can have: a higher use (50 – 100%) of recycled 
aggregates causes a lower environmental impact, but the maximum profit is about 10%. 
Transport of aggregates (primary & secondary) are an important factor. 
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ABSTRACT  
 

The health sector has a strong influence on the economy of nations and their policies 
and is based in a group of buildings where the quality of the indoor and outdoor environment 
is quite important. The impacts of these buildings are relevant compared to other buildings 
because they are directly related to human health. The healthcare providers are not serving 
patients but serving people. It is their role to design and deliver services to meet the needs of 
people at the most difficult times in their lives.  

Regarding materials and reversible building design, it is fundamental to consider the 
technical, economic, financial and environmental issues in the criteria of a Building 
Sustainability Assessment (BSA) method. The sustainability categories and indicators should 
address, among others, durability, eco-efficient materials, furniture layout and flexibility and 
occupant’s comfort. When speaking about healthcare buildings, it is also necessary to 
consider safety and adaptability.  

In this context, the aim of this paper is to discuss the context of sustainability 
assessment methods in the field of healthcare buildings and to present a proposal for the 
incorporation of Materials criteria in a new Healthcare Buildings Sustainability Assessment 
(HBSA) method.  The used research method is innovative since in the development of the list 
of sustainability criteria it considers the opinion of main healthcare buildings’ stakeholders, 
the existing healthcare assessment methods and the ISO and CEN standardisation works in 
the field of sustainability assessment of construction works. As result, the proposed method is 
composed of twenty-two sustainability categories that cover the different dimensions of the 
sustainability concept and it is aimed to support decision making during the design of a new 
or retrofitted healthcare building in urban areas. 

 
Keywords: Assessment methods; Healthcare buildings; Indicators; Materials criteria; 
Sustainability. 
 
HEALTHCARE BUILDING SUSTAINABLE ASSESSMENT TOOL – 
PORTUGAL (HBSATOOL-PT) 

 
Healthcare Building Sustainable Assessment tool - Portugal (HBSAtool-PT) is a method to 
assess healthcare buildings that is adapted to the Portuguese environmental, societal and 
economic contexts. This method has the following characteristics: 

- It is based on a comprehensive approach that takes into consideration the key aspects 
related to Sustainable Development goals: environmental, societal, economic, local, 
technical and functional; 

- It considers the existing HBSA methods, the ongoing standardisation and the context 
where it is going to be applied; 

- It has developed in way to be easily understood by both building promoters and users 
and by the designers that work with it; 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

261

- It can be applied in different building life cycle stages (design, construction and use 
phases) by various healthcare buildings stakeholders. 

The proposed structure of the HBSAtool-PT can highlight different aspects during the earlier 
design stage, allowing supporting decision-making of design teams and mitigating adverse 
future impacts. This method also allows the comparison of the performance at the level of 
each sustainability category, making possible the adjustment of each design scenario.  
 
MATERIALS CRITERIA IN A NEW HEALTHCARE BUILDINGS 
SUSTAINABILITY ASSESSMENT (HBSA) METHOD 

 
The proposed HBSAtool-PT is aimed at allowing a comparison of the overall performance of 
healthcare buildings projects. The list of indicators, categories and areas this method was 
previously validated by a group of researchers and experts in the field of healthcare buildings. 
The used adaptive learning process for developing and applying sustainability indicators 
used, has often been shown to be more precise and sometimes easier to apply  (Reed, Fraser, 
& Dougill, 2006). 
Table 1 presents the general structure of the HBSAtool-PT. Using the AHP method, 
established in 1980 by Thomas L. Saaty (Saaty, 2008), Figure 1 presents the weight of each 
category inside the respective area. The weights were set taking into consideration the 
opinion of groups of main stakeholders (including healthcare building managers and 
sustainable construction and healthcare building experts) (Castro, Mateus, & Bragança, 
2017). The collection of data was made by interviews, to validate the proposed list of 
indicators and the HBSA method structure. In the list of the HBSAtool-PT criteria, there are 
two categories that can be directly linked with the materials selection (C4 - Materials and 
Solid Waste and C17 - Durability) and therefore they will be the focus on this paper. These 
categories are intended to promote the use of high performance materials. 
Analysing Figure 1, it is possible to conclude that Category 4 is one of the most important in 
the Environmental Area and Category 17 has an average weight considering the other 
categories of the Technical Area.  
 
Table 1. Structure of HBSAtool-PT. 

Areas Categories 
A1 - Environmental C1 - Environmental life cycle impact assessment 

C2 - Energy 
C3 - Soil use and biodiversity 

 C4 - Materials and Solid Waste 
 C5 - Water 

 
Table 1. Structure of HBSAtool-PT (cont.) 

Areas Categories 
A2 - Sociocultural and functional C6 – User’s health and comfort 

C7 - Controllability by the user 
C8 - Landscaping 
C9 - Passive design 
C10 - Mobility plan 

A3 - Economy C12 - Life cycle costs 
 C13 - Local economy 
A4 - Technical C14 - Environmental management systems 
 C15 – Technical systems 
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 C16 - Security 
 C17 - Durability 
 C18 - Awareness and education for sustainability 
 C19 - Skills in sustainability 
A5 - Site C20 - Local community 
 C21 - Cultural value 
 C22 -Facilities 

 

 
 
 

Figure 1. Weighting system of HBSAtool-PT. 
 
INDICATORS RELATED WITH THE LIFE CYCLE OF MATERIALS  
 
Each the two mentioned Categories has a different number of indicators (Table 2). 
Respondents argued that all the proposed indicators in these two Categories (4 and 17) are 
relevant and representative of the category to which they belong. Considering each indicator, 
the respondents were asked to set the relative weight in the assessment of the performance at 
the level of each category. Results are presented in Figure 1. 
 
Table 2. Indicator of Categories 4 and 17. 

Categories Indicators 
C4 - Materials and Solid Waste I11 - Construction waste 

I12 - Reused products and recycled materials 
I13 - Waste separation and storage 

C17 - Durability I42 – Materials of high strength and durability 
I43 - Proper selection of furniture 

 
INDICATOR 12 - REUSED PRODUCTS AND RECYCLED MATERIA LS 
 
As an example, in this section the assessment method of Indicator 12 is presented. The reuse 
of materials or building elements, which result from the end of the life cycle of other product, 
do not require major treatment or processing interventions to be incorporated into a new life 
cycle. If materials cannot be reused, the choice of materials with recycled content should be 
considered, resulting in a more efficient use of resources and in a reduction on the need to 
exploit virgin raw materials. Reducing waste production and its recycling, should be a 
priority in any building project, since the construction sector is responsible, at European 
level, for 22% of global waste production (European Environment Agency, 2001) 
Thus, at the level of this indicator, evaluation is done by the Percentage of the cost of Reused 
and Recycled Materials (PRRM), which results from the quotient between the sum of the total 
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Cost of Reused Materials (CREU) and the total Cost of Recycled Materials (CREC) and Total 
Cost (TC) of the building materials used (Equation 1). 
 

H660 = IJKL	M	IJKN

IO
	                                                                                                          (1) 

 
CONCLUSION  
 
Comparing the HBSAtool-PT method with other existing approaches, it is possible to 
conclude that it allows for the integration of more comprehensive social and economic 
concerns, rather than focusing on reducing potential environmental impacts. If the decisions 
are made in an early design stage, it is possible to integrate Materials criteria with a greater 
probability of success, reducing costs, increasing the durability of the building, and 
promoting a better experience for all occupants. 
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ABSTRACT  
 
Instead of designing buildings as static structures with one end of life option  
(demolition) circular buildings should be open upgradable platforms, transformable 
structures that can accommodate changing use and technical requirements across their 
whole Life Cycle.  Rather than destroying buildings while adapting them to fit into 
new requirements, it should be possible to answer new requirements without 
demolition. In other words, in order to keep buildings in an economic loop through 
their whole life cycle building designs should guaranty high transformation capacity 
of buildings and their structure. Design of transformable buildings involves 
deliberation of spatial and technical aspects of future building and represents a multi-
criteria optimization strategy. This strategy has impact on all design phase form 
transformable spatial configurations analyzed conceptual design phase moving 
towards optimization of technical solutions and their impact on transformation 
scenarios during final design phases.  Transformation capacity of a building indicates 
the ability of a building design to deal with functional, technical or physical changes 
without generating material waste. A design with a higher transformation capacity 
implies lower environmental impact from a building configuration. Previous studies 
have described parameters that influence the transformation capacity and proposed 
models to assess a design accordingly.  
The right combination of parameters for each design decision making level impacting 
transformation capacity is being tested and used as a base for a software framework. 
Besides little remains known about how the impact of design decisions on the transformation 
capacity could be visualized and simulated.  This paper will present, the conceptual 
framework and algorithms developed that calculate transformation capacity (relevant for the 
conceptual design phase) and provide an interactive feedback to the designer during initial 
design phase of the building.  
Because it is extremely beneficial to give immediate feedback to know how good each design 
decision is, the framework has been developed in dynamic extendable way which gives it the 
ability to understand and analyze data/models that come from different sources with different 
level of details. That offers high potential to easily integrate the framework with different 
technologies and use it during different project phases. The framework is developed using 
metaprogramming techniques to give high flexibility to define/modify its behavior in runtime 
which makes it efficient solution to wide range of complex problems. With a focus on the 
preliminary design stage, the framework was tested to validate its efficiency and effectiveness   
Expected outcomes of this research are insights about how visualization and simulation 
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techniques could be employed using dynamic extendable framework to provide insight into 
the transformation capacity of a conceptual building design. 
 
Keywords: Transformation capacity, reversible buildings, virtual simulation, visualization, 
circular building, metaprogramming, automated integration. 
 
BACKGROUND 
 
Accurate evaluation of transformable structures needs integration of knowledge that come 
from different sources. The knowledge which describes different constraints (structural, 
economic, environmental...) has different semantics, form and level of details. These 
constraints are also different based on the location of the structure (different cities have 
different environmental, economic constraints and different regulations) and the purpose of 
the project. That requires developing a very flexible framework that accepts information of 
different form/level of details and adapts to change of requirements smoothly.  
Easy Integration with the used technologies to extract information and leverage their 
capabilities saves a lot of time and errors. That offers high potential to go hand in hand with 
stakeholders to guide them to the optimum solution by offering immediate feedback to each 
design step. Any good design of a software framework should also integrate easily with 
future technologies and needs, which puts a lot of complexities and demands on that design to 
integrate with the unknown. 
 
SIMULATION OF DESIGN DECISIONS DURING INITIAL DESIG N STAGE 
TO SUPPORT DESIGN OF BUILDINGS WITH HIGH TRANSFORMA TION 
CAPACITY 
 
Very often buildings are seen as finished and permanent structures. They are carefully 
designed around short-term predictions of one building use. Real-estate developers warn that 
the existing building stock does not match with the continuous and ever increasing changes in 
market demand. This difference in supply and demand resulted in the huge vacancy. Only in 
the Netherlands, according to the national Planning Institute, the society has a burden of 8.5 
million m2 of vacant office space without a use value (PBL 2013). 
Ultimately modern buildings are designed and built based on conventional mono-functional 
and liner concept of use, consumption, demolition and waste disposal. They are not built for 
long life by concept of upgrading and adaptability to dynamic social, economic and climatic 
activities but for demolition. (Durmisevic, Pasic& Colakoglu, 2015).Based on analysis of 
barrier for transformation of buildings and the Flextool model of Durmisevic (2007) criteria 
that have impact on the transformation capacity have been defined. Transformation of the 
building in its full form involves considerations about spatial transformation of the building 
and technical transformation of the building. (Figure 1) 

Parameters defining Spatial transformation are (1) dimensions (for example: dimension of 
building block, spatial units and spatial ability to accommodate different functions) , (2) the 
position of fixed elements (for example core elements that can form a physical barrier during 
transformation as for example vertical communication, loadbearing span and corridor 
(including escape route).  
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Figure 1: Parameters defining Transformation potential model Durmisevic 2007 
 

Parameters defining the Technical Transformation are  (1) the  capacity of the core structure 
to support transformation of function, (2) the disassembly of variable parts of the structure as 
for example disassembly of infill system, partitioning walls, etc. 
Transformation Model determines level of spatial reversibility. Parameters that determine 
Transformation Modelsin particular volume dimension, position and capacity are presented in 
figures 2, 3 and 4. 

 

Figure 2: Analyses of building block Volume dimensions that are compatible with different use 
scenarios 

 

  

Figure 3:  Position of the core elements that is not restricting number of use options,  
 

Core design: Core is integrated base element, a minimum needed to provide for structural 
stability and facilitate climate, energy and comfort for different use scenarios.  
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This most fixed part of the building needs to have capacity to facilitate transformation form 
one use scenario to another without demolition and waste creation. Core needs to have 
capacity to carry loads and provide space for services for desired upgradability. 

 
Figure 4: Core capacity and different core principles resulting into different transformation models 
with different space configurations.  
 
TRANSFORMATION RULES INTEGRATED INTO VIRTUAL SIMULA TOR 
 
Virtual Simulator will provide feedback to the architects during initial design stage 
(conceptual design). The tool will inform the architect about spatial capacities of the first 
concepts. Many architects have started to use sketch up during conceptual design phase when 
defining the spatial volumes and spatial configurations of the building. Virtual simulator will 
inform the architect in each step of volume analyses about the transformation capacity of the 
proposed solutions. As design progress further towards the materialisation the model will be 
imported into a Revit and more detailed evaluation of reversibility of building can be done in 
Revit. Test software has been developed for the virtual simulator using one of the 
transformation models developed through International design studios in 2016 (IDS 2016). 
The model has been used to define rules and associated algorithms that provide real-time 
feedback about Transformation capacity. The software platform is compatible with BIM 
platform and allows transfer of parametric and other data form conceptual design phase to 
detailed design phase developed in BIM (Revit). The rating of Transformation Capacity TC 
in this test model is set as TC=1 the ideal situation. This means that all transformation options 
form figure 6 are possible. TC> 0, 8 more than 80% of options are possible TC>0, 5 less than 
50 % of options possible, TC>0, 3 less than 30% of options are possible, TC=0 no 
transformation options possible. Two rules have been integrated into the test software. 
Rule one had to do with the analyses of spatial capacity of a building block (usually made as 
a first volume during spatial and volume configuration analyses). Designer starts creating one 
transformation models by choosing the type of core to work with. As for example chain core 
positioned in the middle (figure 5) integrating stability elements, installation ducts and 
communication.   

 

 

 

 
Figure 5: Transformation model used to develop test software to calculate transformation capacity 
(IDS 2016, Maastricht)  
 
Based on a chain core form figure  a transformation model has been developed that house two 
types of offices, three types of housing and two types of classroom configurations.  

CORE CHAIN  

6 m  

4 m  

12 m 

6 m 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

268

The test model is based on this core principle in combination with total volume 12x12m that 
offers 7 multifunctional transformation options (figure 6) having thus TC=1. If for example 
volume would become dipper than 12 m the quality of housing would be reduced due to the 
diminishing of natural light and would become unfeasible. That means that the number of 
spatial configurations would be reduced 5 options.  
 

 

Figure 6: Ideal transformation model with chain core in the middle of 12x12 volume accommodate 
two office, three housing and two education use scenarios 

 
Rule two deals with choosing of the construction span and construction system.  
 

 

 

 

Figure 7: fixed versus flexible, Leupne 2002 
 
If the panel wall structure is chosen in combination with the construction span of 6m than 
number of possible use scenarios would be reduced by 50%.  

Algorithems of the rules : First, the software detects automatically the structural elements, the 
partitioning elements (demountable) and the core. Based on that information, it evaluates the 
dimensions of the building, the location of the core and the distance from the core to the edge 
of the building. Second, it removes partitioning elements (demountable) but preserves the 
structural elements. Then it tests the possibility of transforming the cleaned model (after 
removing demountable elements) to the ideal models. If the location of any structural element 
is not in a required free space of an ideal model, then the transformation to that ideal model is 
possible. Finally the number of possible transformation options is counted. 
 

 

 
Figure 8. virtual simulator using sketch up and feedback provided to the designer 
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THE PROPOSED SOFTWARE FRAMEWORK 
 
A good transformable buildings software framework should be mainly responsible of four 
main functions which are Integration with different data models to extract building 
information, organizing the information in a suitable data structure, applying some rules to 
evaluate the building and Visualizing the result efficiently. 
As shown in Figure 11, a framework has been designed with two main user services which 
are the integration service and the evaluation service. The integration service is responsible 
for extracting information from different data models and provide a unified data model (user 
defined schema). It is developed as a standalone service to offer high flexibility for two-way 
integration (from any data model to reversible building schema and vice versa). That is very 
helpful especially when working on non-rich data models (like sketch up). With two-way 
integration, it is possible for users to convert a non-rich data model directly to a rich one 
(BIM) and avoid building the model totally from scratch on different technologies.  
The evaluation service is responsible for evaluating the building. The input to this service is 
the unified data model produced by the integration service.  The evaluation service 
compromises three loosely coupled layers which are preparation, manipulation and 
visualization. The preparation layer is where the relations between objects are deduced 
automatically and built. The output of this layer is a well-organized data structure (each 
object knows its attributes and its relations with other objects). The manipulation layer is 
where the actual evaluation happens. It contains a rule based engine which applies user 
defined rules on the unified data model to evaluate the building. The output of that layer is 
evaluation result which is the input to the visualization layer. The visualization layer is where 
the evaluation result is prepared and put in a format for visualization purposes. Providing 
high flexibility to that framework needs deferring the actual implementation to be defined in 
runtime by allowing the user to define his desired behavior, so meta-programming and model 
driven design are adopted to offer that behavior. As shown in figure 8, the framework has 
admin service that allows users to define their desired behavior through a web based 
graphical user interface (GUI). The user defines his needs as a metadata and the framework 
which contains a code generator automatically translates that metadata to a compiled code 
through the generation service (figure 10). Normal requests for evaluating buildings are as 
shown in figure 9. The user requests to evaluate his model by sending the model to the user 
service. User service automatically calls the integration service internally to convert any data 
model to the latest user defined schema.  Then the user service calls the evaluation service 
with the unified data model returned from the integration service and return the returned 
result to the user. Any updates to the metadata during runtime causes the framework to 
generate everything again and replace old dlls with newer dlls, so the system is always 
updated to latest user needs. The separation between the integration and the evaluation 
service makes it possible to call each service directly which is the desired behavior after 
developing a standard schema for reversible buildings. 
 
APPLYING THE FRAMEWORK IN PRELIMINARY DESIGN 
 
Sketch up has been used as the GUI by developing a plug-in on it. The plug-in is just used to 
send the building model to the framework and visualize the returned results. In the integration 
layer, mathematical algorithms are used to recognize objects and extract building information 
from just sketch up points and lines and convert that model to the user defined schema. In the 
preparation layer, AI algorithms are used to understand the relations between building's 
spaces/objects. In the manipulation layer, the rule based engine applies the evaluation rules. 
In the visualization layer, the report is built which contains information of the areas of errors, 
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what the errors are and recommendations to fix these errors. Finally, the Sketch up plug-in 
receives the returned result from the framework and then highlights the areas of errors by 
giving it a red color and provide the user with a TC score and a detailed report  which both 
help in improving the design. 

 

Figure 9: above Admin Service  right  Generation Service, down Request user service after developing 
standard schema 
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ABSTRACT 
 
Ninety five percent of the construction and demolition waste is recycled in the Netherlands. 
Most of it is used for low value applications such as road base materials; the use of 
secondary material in buildings is still less than 3%18. In order to recover waste for higher 
value applications, enhancing selective demolition and waste management practices is 
of crucial importance. In this study Life Cycle Assessment and Life Cycle Costing of a 
demolition project in Almere was carried out to identify the environmental and financial 
hotspots in the selective demolition and waste management in the Dutch context.  
Results suggest that (1) the best practice selective demolition and (2) the substitution of 
virgin concrete aggregate with secondary aggregate processed by Advanced Dry 
Recovery (ADR) system, will lead to environmental and financial improvements 
compared to the business as usual practice. On the building level, the advantage is 
mainly due to connecting the demolition and the re-development projects, which 
maximizes local reuse of old building components in the new building. The key of 
success for selective demolition is pre-audit to identify and connect to the market for 
material reuse. This is a direction that BIM (building information modeling) technology 
can contribute. With regards to the ADR concrete aggregate manufacturing, it was 
found that the transport distance for aggregate supply was the largest contributor to the 
environmental impacts and costs. Therefore it is important to locate ADR facilities next 
to concrete manufactures and/or provide ADR service on- site.   

 
Keywords: LCA, LCC, selective demolition, hotspot analysis, cost-effectiveness 
 
INTRODUCTION 
 
Construction and demolition waste (CDW) is the largest waste stream in the Netherlands; 
about 25 million tons of it is annually generated in the Netherlands. Although 95% of the 
CDW is already recycled (mainly as road base material), the use of secondary material in 
buildings is still less than 3%. In order to recover waste for higher value applications, 

                                                           
18

 RIVM, 2016, Circular economy in the Dutch construction sector. Available at: 

http://www.rivm.nl/bibliotheek/rapporten/2016-0024.pdf. 
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enhancing selective demolition and waste management practices is of crucial 
importance. 
Within the HISER project, technological and non-technological solutions are developed 
in order to guarantee a higher efficiency in the recovery of the complex demolition 
waste streams. This paper presents the screening results of the environmental life cycle 
assessment (LCA) and life cycle costing (LCC) for (1) a monitored best-practice 
selective demolition and waste management of an office storage building in Almere 
in 2016 (BP) and (2) a virtual business-as-usual selective demolition and waste 
management of the same building (BAU).  
 
METHOLODGY 
 
Life cycle assessment (LCA) and life cycle costing (LCC) have been carried out in 
parallel. For the environmental assessment fourteen impact categories are calculated, 
according to the European PEF Guide [2]. Within the economic assessment, financial 
costs are divided into two major groups: capital expenditures (CAPEX) and operational 
costs (OPEX). For both comparative assessment studies the same functional unit has 
been used: i.e. the selective demolition of the old Steiger 113 building in Almere (The 
Netherlands) in 2016 and the related disposal and recovery of 2,323 ton of demolition 
waste coming out of the building, and the provision of 36 ton of metal beams, 360 ton of 
concrete aggregate, 1800 ton of foundation aggregate and 50 m2 of ceiling materials for 
the construction of new Upcycle Centre building at the demolition site. System 
boundaries for the BP and BAU selective demolition case are shown in the block flow 
diagram in Figure 1. 
 
RESULTS 
 
Hotspots in BP demolition. From an environmental perspective, ‘C1: Demolition’ and 
‘A1-3: Product stage’ are the dominant stages responsible for 52% - 90% burden of the 
investigated impact categories. The processes contributing most to the environmental 
burden are ‘metal beam production’ and ‘dismantling and demolition’. The former is 
responsible for 88% impact of ‘Eutrophication – fresh water’ and more than 75% impact 
on other 5 categories, including ‘Human toxicity’. While the latter is responsible for 
90% of particular matter emission, and has significant impact (24% - 45%) on other 6 
categories. Therefore, connecting new construction with demolition projects to 
maximize the reuse potentials, especially metals, is most important to improve the 
environmental profile of the demolition and related material treatment. From a financial 
perspective, ‘C1: Demolition’ stage dominates the life cycle cost. It is responsible for 
57% of the gross cost, and 39% of the net cost, compensated with the proceeds received 
for the recovered valuable building components and materials. Table 7 shows the 
‘Dismantling and demolition’ process at C1 stage, generates 100% of the proceeds, and 
is responsible for 90% of the personnel cost, 80% of the equipment cost and 77% of the 
utility cost. The second important cost is at ‘A1-3: Product stage’, due to the purchase of 
metal beams for new construction. Therefore, connecting new construction with 
demolition projects to maximize the reuse potentials, especially metals,  is most 
important to improve both the environmental and economic profiles of the demolition 
and related material treatment. 
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a) System boundaries and life cycle stages for BP scenario 

 

 
b) System boundaries and life cycle stages for BAU scenario 

C1: De-construction/demolition; C2: Transport to waste processing and disposal facilities;  
C3 - 4: Waste processing and disposal; A1 - 3: Product stage; A4: Transport to building site;  

BAU – Business as usual; BP – Best practice; ADR – Advanced dry recovery. 
 

Figure 22. Simplified flow diagrams of the monitored evaluated BP (best practice) and virtual BAU 
(business-as-usual) scenarios. Blue lines indicate the boundaries of the comparative  Selective 
demolition cases on building level. Thick arrows denote the compared functional flows.  

 
BP and BAU Comparison. From an environmental perspective, BP is preferred over 
BAU for all environmental impact categories. Depending on the type of category, BP 
has potential to reduce 19 – 78% of the environmental impacts. From previous hotspot 
analysis, we know most of the BP improvement is due to the reduced production of 
metal beams for new construction. There are 78% reduction of water depletion impact, 
which is due to the saved gravel mining process, by using ADR recycled concrete 
aggregate. From a financial perspective, BP can reduce the life cycle cost from €61,328 
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to €47,427. The biggest saving is at ‘Product stage’ due to the reuse of metal beams 
from demolition and the saved gravel purchase for concrete aggregate. The second 
saving is at ‘Demolition’ stage. It is due to the free dismantling offered by the 
Kringloopwinkel for the recovered usable and resalable items (showing as larger 
proceeds), and the reduced on-site crushing (showing as lower cost), as 671 ton concrete 
rubble was separated for off-site recycling. At ‘Waste processing and disposal’ stage, 
BP scenario has lower processing fee for the light and unsorted fractions, but this 
advantage is hidden by the off-site crushing cost for the concrete rubble. Due to the long 
distance movement of concrete rubble, BP scenario shows disadvantage at both 
transport stages. This disadvantage is covered by the saved purchase cost for gravel and 
new metal beams, resulting in a general saving of 23% for the life cycle cost of Steiger 
113 demolition and related material treatment. Mass based indicators show both BP and 
BAU demolition plans can realize 100% mass recovery, but value based indicators show 
BP plan can recover 25% more potential value than BAU one.  
 
CONCLUSION 
 
For the selective demolition, the evaluations on building level show that environmental 
success can go along with financial success if market for material reuse can be identified 
and connected before the demolition. Across environmental impact categories, BP 
demolition has the potential to reduce 19 – 78% of the environmental impacts as 
compared to BAU. The hotspot analysis shows that most of the BP environmental 
improvement is due to the reduced production of metal beams for new construction. 
From an economic point of view, BP has the potential to reduce the life cycle cost by 
23%, from €61,328 to €47,427. The management of the metal fraction was an important 
parameter as it represents the highest economic value (despite representing 6% of total 
recovered material by weight). The use of recycled aggregate in the new building was 
proven to be environmentally preferable due to the avoidance of raw material extraction 
and the reduced transport for aggregate supply.  
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ABSTRACT  
 
The physical impact of the increasing building mass in industrial and developing parts of the 
world is undeniable. In Europe, the building industry accounts for 38 percent of the total 
waste production, 40 percent of the CO2 emissions and 50 percent of all natural resources 
used within the building sector. (EIB 2015) Such negative impact of the construction sector is 
primarily related to the fact that built environment has been optimized for a linear system and 
one end of life option, demolition.  
The design of building products with high reuse potential is a necessity to move towards a 
construction industry that (1) creates building products with an increasing resource 
productivity; (2) is less dependent on virgin resources and; (3) contributes to the elimination 
of the concept of waste. 
As part of the EU Buildings as Material Banks project this paper will discuss the broader 
framework of a tool that will be able to assess reuse potential of building and its components 
and enhance their future environmental and economic value propositions. 
Due to the systemic nature of the tool the paper will showcase several case projects and the 
assessment of reuse potential indicators, measuring functional, technical and material 
dependences on three levels of a building’s composition (i.e. building, system, and 
component). Further to this the relation will be made between indicators of reuse potential 
with different value propositions based on which the framework for measuring environmental 
and economic impact of different reuse options will be established. Finally the paper will 
elaborate on gaps between design related data and existing capacity of Building Information 
Modeling (BIM) for the purpose of integrating the Reuse Potential Tool with BIM .   
 
Keywords: Reversible building, design for disassembly, reuse potential, reuse options.  
 
TOWARDS HIGH REUSE POTENTIAL OF BUILDING ELEMENTS 
 
One can say that buildings are characterised by their static rigid structures that cannot be 
modified without demolition. They are not designed to be transformed to meet changing 
requirements without demolition and waste generation, and their products are not designed to 
be recovered and reused. Major barriers for high reuse of building elements can be 
summarises in eight points: 

- Lack of valid data about the technical composition of the building and quality of the 
elements  

- Lack of instruments for certification of reusable elements.  
- Lack of protocols for design, and disassembly 
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- Lack of reversed logistics strategies in place 
- Lack of market strategies. Is there a market for reuse and how to define these in 

procurement documentation? 
- It is not known how to manage the risk of investment in reusable structures over 

longer period of time? 
- Buildings are demolished not only due to low disassembly potential of their 

structures but also due to the lack of decision making protocols to support and guide 
the preparation of disassembly.  

- Costs of new elements are often cheaper than the costs of recovered elements 
These barriers are directly related to the design and decision making protocols and life cycle 
management strategy. However understanding of decision making and management strategies 
can start only once we have full understanding of reversibility of building, reuse options of 
elements and how to increase their reuse potential through design.  
Transformable buildings with reusable elements, have potential to form a driving vehicle for 
utilizing built environment in the future as a material bank for new buildings or products. At 
the core of this new design approach lay two concepts (1) capacity of building to transform 
building space and structure to meet new requirements and (2) potential to reuse physical 
structures and elements in new building products and buildings. A base line for both 
concepts, aiming for high transformation capacity and high reuse potential is disassembly, 
upon which reversibility of building space and reversibility of building structure to initial set 
of elements can prosper.  
The model of Durmisevic (2006) highlights key indicators for such reversible buildings in 
relation to their transformation and disassembly without waste generation. It brings into focus 
two indicators of reuse ( independence and exchangeability of building products) and 
associated eight criteria for design of building configuration with high disassembly /reuse  
potential as precondition for multiple reuse options (see figure 1). The model is used as a base 
line for development of the comprehensive framework for assessing reuse potential of 
elements and understanding their environmental and economic impact. 
Indicator of independence is provided through separation of functions on building, system 
and component levels and development of independent functional modules. Exchangeability 
is provided by minimization of complexity and number of relations between different 
elements and typology/morphology of connections that support reuse. 

 
Figure 1. Model of Durmisevic that provides guidelines and asses capacity of building structure to be 

transformed and disassembled without damaging building elements 
 
Two indicators of disassembly and reuse potential are defined by eight design criteria that can 
be analyzed and evaluated separately. But they can also be used as design guidelines for 
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design of transformable structures with high reuse potential of its elements. (Figure 2 left). 
Eight design criteria are formed by three main design domains (figure 2 left): (i) functional 
domain– defines functional composition/ separation (ii) technical domain- defines hierarchy 
and dependence of elements by relational pattern and type, number of relations between the 
elements, and base elements (see figure 2 right) (iii) physical domain- defines 
exchangeability of elements by typology, geometry and morphology of connections and 
assembly/ disassembly sequences.  
 
 

 
 
 

 
Figure 2. Left; eight criteria for high disassembly and consequently reuse potential from model Durmisevic 
(2006). Right diagram representing relations between elements within two buildings typical housing in the 
Netherland in 90’s and Richard Hardon house UK. Figure right illustrate difference between complex unstructured 
and structured hierarchy and relational pattern between elements within building. Examples illustrate also the 
difference between reuse potential of structures with dedicated base element (each element has multiple relations) 
and without (only base element has multiple relations). 
 
Figure 3 presents how design decisions about geometry of connection and base element can 
influence assembly/disassembly sequences and type of connections and how evaluation 
guides towards improvements made from the first solution to the alternative. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Assessment model with related spin diagram offering information on aspects that can be 
improved in order to increase disassembly of structure and associated reuse potential. 
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For example criteria 4 from the model deals with existence of base element of the structure 
and indicates whether the configuration has recognised intermediary which functions as a 
base of configuration and intermediary between elements. To provide independence and 
exchangeability of elements within two product configurations, each product configuration 
should define its base element, which integrates all surrounding elements of that 
configuration (Durmisevic 2006). This element functions as intermediary between elements 
as well as between independent configurations.  As shown in figure 4 on the left, elements of 
the facade system marked with red are base elements of the façade system and at the same 
time intermediary between facade and loadbearing structure. Without this intermediary 
number of relations between the façade elements and loadbearing structure would be much 
bigger and would complicate recovery of façade elements.  
     

 
Figure 4. Analyses of reuse potential using model of Durmisevic:  left, façade system of Erasmus 
building analysed by Beurskens right housing project in Switzerland analysed by Androsevic.  
 
While conventional construction method of Erasmus building indicates many functional and 
physical dependences between elements of the building on different levels of assembly that 
can complicate recovery operations on building and system level, the modular building of 
Sarajevo based office indicates more structured and open relational diagrams with recognised 
functional clusters. This high independence of modules makes disassembly on building level 
feasible, however exchangeability indicator of elements within the modulus is very low 
because physical connections between elements within modules indicate that due to many 
chemical and direct connections the reuse potential of elements is compromised. 
  

 
Figure 5. Spin diagram evaluation of reuse potential: left, façade system of Erasmus building, right housing 
project in Switzerland, indicating the aspects that can be improved upon and cause difficulty during disassembly. 

 
FRAMEWORK FOR ASSESSING REUSE POTENTIAL AND ITS 
ENVIRONMENTAL AND ECONOMIC IMPACT 
 
In order to be able to measure reuse potential of building elements their disassembly potential 
needs to be assessed. If parts of the building do not have disassembly potential building 
cannot be adapted to the new requirements without demolition and building elements cannot 
be recovered. Once building elements are recovered their reuse options can be assessed based 
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on efforts needed to reuse the elements. Processes around different reuse options ( 1 direct 
reuse, 2 reuse by repartition, 3 reuse by reconfiguration, 4 reuse by adding strength ed) and 
the efforts and logistics needed, will ultimately determine reuse potential and its  
environmental and economic impacts. Systemic view on reuse potential and framework for its 
assessment is presented in figure 5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Framework for assessing reuse potential/ and their environmental and economic impacts. 
 
The frmawork relay on model of Dumrisevic 2006, that covers two key indicators for high 
reuse potential (1) the functional/physical independence of elements and (2) the potential for 
their physical exchangeability.  A third indicator has been added that looks at reuse options in 
order to provide accurate assessment of reuse potential (3) multiple reuse options of building 
systems/component/elements. Indicator of multiple reuse options is analysed based on the 
level of damage that can occur during the recovery process. Evaluations of this category is in 
progress as well as understanding how data that support reuse potential can be integrated into 
BIM and their evaluation process atomised. 
 
CONCLUSIONS AND FUTURE WORK 
 
Indicators have been identified after analyses of the barriers that construction sector face 
concerning circularity of material, and conducting analyses of case projects testing the model 
of Durmisevic2006. Through this process two indicators (1) independence and 
(1)exchangeability form model of Durmisevic have been tested, verified and third indicator 
that addresses multiple reuse options has been identified as third important indicator of reuse 
potential. 
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After analyses of the reuse potential indicators a study has been made in order to understand 
the possibility of integrating reuse data into a BIM model and where the gaps are. 
Understanding relational patterns that represent number and complexity of relations between 
elements and the typology of connections are key to accurate assessment of reuse potential 
and BIM has features that can help to atomise evaluation process in future. are (1) relational 
diagrams representing functional and technical dependency and (2) typology of connections. 
Understanding of these two feed into the understanding of processes around reuse and 
different reuse options in terms of time, efforts and costs that can be integrated into 4D BIM. 
This research aims at developing a workable model that can measure reuse potential. Further 
formalisation of the tool and BIM integration will be done in the later stage.  
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ABSTRACT  
 
The European Circular Economy Package focusses on construction and demolition and wants 
to identify and increase the recovery of valuable materials. A densely populated area such as 
Flanders, with no space for landfills and hence very high landfill taxes is driven towards 
recycling and reuse. Flanders is one of the leading regions when it comes to recycling, as we 
already recycle more than 90% of our construction and demolition waste.  
Recycling is one thing, but how do you guarantee the quality of the recycled material? It is 
equally important that users of the recycled material have faith in its quality. In Flanders, we 
have 2 examples of how traceability of waste streams can be an important tool to guarantee 
this quality. These traceability systems start with the identification of the material, the 
selective removal of it, the follow up of the transport, and the verification of the proper 
application. 
However, we also observe a threat for the circular economy in the way that it could be 
misused as a cheap way to dispose of some specific waste streams. Recycling might be used 
as an excuse to reuse and dilute hazardous materials, by using them in construction materials. 
In order to avoid high landfill costs and taxes, industries may try to recycle their waste in 
building products. After selective demolition of such building products, some of the waste 
(used as additives) cannot be separated from the building products. These building products 
are a threat for future selective demolition. To be able to recycle materials and have a 
meaningful selective demolition, we have to be cautious with allowing the use of residual 
waste products of different industries into building products without controlling the quality of 
the products. The use of certain wastes can have a negative impact on the environmental and 
technical quality of the product and also can limit the possibilities for a 3th life of the 
material. This is not circular economy. For example the use of slags in concrete can, if not 
done properly, limit the 3the life of the material and limit recycling opportunities.  
Therefor a quality management system is essential to avoid misuses. The hazardous waste 
might be immobilized in the construction material, but circular economy is only sustainable 
when it also takes into account the 2nd and 3th life of the material. We need to consider 
whether we want to use hazardous waste into these building products, and if we do, we 
should at least, control the use and register where they have been used, so the necessary 
action can be taken to avoid contamination when the building is demolished in the future. 
This can be done by a quality management system. Also BIM can be a very helpful tool in 
these matters. 
 
Keywords: excavated soil, demolition waste, traceability, recycling, building products. 
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Traceability for Excavated soil 
 

Since the decree on soil pollution and site management was introduced in 1995, Flemish 
contractors and end-users (receivers of excavated soil) were confronted with new legal 
uncertainties and concerns regarding the transfer of polluted soil between sites. This made it 
more difficult to find a destination/use for the excess of soil. Public services in particular 
refused to accept excavated soil in their building & infrastructure projects, as they were afraid 
of contaminating their property.  
In most European countries excavated soil is being dumped in landfills on a large scale. At 
the same time soil is excavated from quarries to be used in construction, for backfilling… In 
most cases the excavated soil could replace the primary material. However, the producer of 
the waste (excavated soil) is worried about his liabilities and the user is worried about the 
quality of the secondary material (excavated soil). Therefore, specific regulation is needed as 
a framework for the reuse of excavated soil. Once there are end of waste criteria, a reliable 
methodology to identify the quality of the material as well as a traceability system is needed. 

In 2004, in Flanders, a new regulation offered a framework for the reuse of excavated soil 
and standards for reuse of the excavated soil were defined. The basic principles of the new 
decree were (1) the preliminary characterization (analysis) of the soil, (2) a traceability 
system allowing the follow-up of the excavation and transport of (according to its quality) 
soil and (3) the definition of responsibilities and tasks. The Grondbank, a soil management 
organization, was founded as a non-profit and neutral organization, recognized by the 
government, to certify the selective excavation, the transport, and the reuse of the excavated 
soil. Grondbank has contributed intensely to the development of a practical traceability 
procedure. A transparent and controlled chain was developed in order to restore the 
confidence of end-users of excavated soil.  
 
10 years later, the result is very positive. All excavated soil is being reused and it has become 
an important alternative for primary materials (sand, clay …). Confidence in recycled soil has 
been restored thanks to the certification procedure.  The reuse of excavated soil has also been 
allowed in public tenders. And last but not least, Grondbank developed an insurance policy 
which is adapted to the specific risks created by the re-use of excavated soil.  
 
Some data: 
 
Statistics show that of the 17.500.000 tonnes of soil yearly excavated in Flanders in the 
context of construction works (building project or infrastructure) 70% does not exceed the 
natural background values of the soil. About 27% of the soil exceeds the background values 
and is slightly polluted, but still applies for use in specific applications. The most common 
non naturally elevated parameters are PAH’s, lead and zinc. About 3% of these soils can not 
be reused without treatment and are biologically, physico-chemically or thermally treated in 
the soil treatment centers prior to their reuse.  
 
Of all reused excavated soils 

- 35% stays at the construction site and is used according to its specific quality in 
specific applications 

- 10% of the excavated soil is stored in a temporary storage place, awaiting reuse 

- 55% is reused on another site 
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The distance over which Flemish soil is transported before reuse usually does not exceed 
20km. 

Most common applications for reuse of excavated soil are backfilling, foundations, dikes, 
concrete, bricks… 
 
Traceability of C&D Waste 
 

To qualify for upcycling, recycled construction and demolition materials must be of good 
quality. Proper management of construction and demolition waste (CDW) – most importantly 
correct handling of hazardous waste – is thus of great importance and is required to guarantee 
a good quality of the recycled product. It is equally important that users of the recycling 
material have confidence in this quality.  
 
Over 12 million tonnes of recycled granulates are produced and used in Flanders yearly. End 
of waste criteria are defined for recycled granulates. To improve the quality of the secondary 
granulates specific regulations for crushers were set by the OVAM (Public Waste Agency of 
Flanders). The regulations require self-control and external control by an independent, 
accredited organization of both the crushing process and the secondary granulates. 
 
A study in 2012 [1] revealed that there were still 12,8% non-conformities in the recycled 
granulates. Most of these non-conformities were found in mixed granulates. 

- 12,8% physical contamination(wood, glass, gypsum, …) 

- 6,6% asbestos contamination 

- 3,6% chemical contamination (Cu, B(a) pyrene, PCB, mineral oil) 

The study concluded that to further improve the quality of the recycled granulates, action is 
needed at the site where the C&DW origins.  
 
Inspired by the Grondbank system for excavated soil, a similar traceability system providing 
quality assurance for the recycling companies treating the waste originating from selective 
demolition was set up and Tracimat, a non-profit construction and demolition waste (CDW) 
management organization, was founded in 2014.  
 
Tracimat will certify the selective demolition process and issue a certificate of selective 
demolition for demolition waste that has been selectively collected and subsequently has 
gone through a tracing system. This tracing system guarantees the selective collection of the 
demolition waste material, traces it from its point of origin down to the gate of the processing 
company, and sets as its main goal assuring the processing company of the environmental 
quality of the input demolition waste.  
 
Tracimat will not issue a certificate of selective demolition until the waste has gone through a 
traceability system. The tracing process starts with the preparation of a destructive demolition 
inventory and waste management plan prepared by an expert prior to the selective demolition 
works. Based on intermediate inspections at construction sites and desk control of the 
discharge certificates/processing documents, Tracimat checks whether both the hazardous 
waste and the non-hazardous waste that complicates the recycling of the specific construction 
and demolition material, have been selectively and properly disposed of. 
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Because of the proper identification of all materials in a building by an extended waste 
inventory, the follow–up of the selective demolition process and the follow-up of all the 
demolition waste materials set free during the works,  more guaranties about the quality of 
the demolition waste material can be given and purer waste streams will be set free.  Purer 
waste streams have a greater upcycling potential, which in turn should open up opportunities 
for incorporation into more high-quality applications than are possible today. As the 
demolition waste comes with a certificate issued by a recognised and independent 
organisation, this will enhance trust not only in the quality of the demolition material, but 
also in the quality of the demolishing company. It will also boost trust in the recycled 
product, resulting in improved and more widespread marketing of those recycled products. In 
the specific regulations for crushers, set by the OVAM, the acceptance criteria of the stony 
fraction at the crusher are less extended then the acceptance criteria of stony material of 
which the origin is less certain. And therefore the recycling cost of selectively demolished 
material is lower. 
 
The implementation of this Tracimat system should have a positive effect on selective 
demolition and on the quality of the recycled materials.  
 
CONCLUSION 
 
Specific systems in Flanders of identification and tracing of construction and demolition 
waste help to increase recycling rates and improve the quality of the recycled material. 
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ABSTRACT 
 
Although there has been extensive research and several demonstration projects in Belgium 
and abroad, the use of recycled aggregates in concrete is still limited in practice. Several 
barriers were identified: lack of practical experience, limiting standards and the need for 
specific quality assurance. The paper describes recent developments in Belgium, with focus 
on practical experiences and support of the professionals on the one hand, and development 
of standards and quality assurance schemes on the other. Practical experience is gained 
through 10 pilot projects using recycled aggregates in structural concrete for roads & 
buildings. The results show concrete with recycled aggregates on an industrial scale can 
fulfill all technical requirements. However, specific attention points are to be taken into 
account, as well in the design phase (applications, ambition levels), the preparation phase 
(quality of aggregates, ITT of concrete) as in the execution phase (finishing, curing …). A 
step-by-step procedure to guide the process has been elaborated. Complimentary, research 
has been executed to reinforce the recycling chain, and to directly link the demolition of a 
building to the crushing and the quality of the recycled aggregate for use in concrete, in order 
to obtain a so called ‘short & strong chain’ in order improve confidence & to divide costs & 
benefits over the actors. A second development is the specific Belgian standardisation and 
certification framework, based on the European standard EN 206. Specific aspects of the 
Belgian approach are the implementation of the ‘specificity of use’-principle, application of 
correction and safety factors on the calculation of the effective water-to-cement-ratio and the 
required quality of the recycled aggregates. To support the development of the standard, 
research is being executed in several Belgian laboratories. Results on aggregate quality (10 
sources) and concrete performance (20%, 30%, 50% replacement) show the feasibility and 
the limits. Finally, a specific certification scheme for concrete with recycled aggregates is 
being developed. This procedure addresses requirements on the high-quality aggregates, 
specific initial type testing and factory production control schemes, practical implications on 
the concrete production plant (storage of aggregates, mixing procedure …). The combination 
of the different developments will lead to the increased and responsible use of recycled 
aggregates in structural concrete in Belgium. 
 
Keywords: recycled aggregate, concrete, practice, chain management, standardization, 
quality assurance. 
 
INTRODUCTION  
 
The recycling of construction & demolition waste in Belgium is considered a ‘grown up’, 
well-developed economic activity in an established market. However, only an estimated 
amount of 1% of the available recycled aggregate (which equals about 200,000 tons on 18 
million tons each year) is currently used as aggregate for structural concrete [1]. Although 
there has been extensive research and several demonstration projects in Belgium and abroad, 
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the use of recycled aggregates in concrete is still limited, due to several barriers: lack of 
practical experience, limiting standards and the need for specific quality assurance. 
 
However, in recent years, an evolution is ongoing to tackle these barriers. 

- Practical experience is gained through pilot projects using recycled aggregates in 
structural concrete for roads & buildings. Pilot projects allow for evaluation of 
technical performance, as well as identifying important attention points throughout 
the realisation process (design, preparation, execution …).  

- Additionally, research is being executed on short and direct chain management, in 
order to improve confidence and to divide costs and benefits over the involved actors 
(demolition contractor, recycling plant, concrete producer, …) 

- On the other hand, the Belgian standardisation framework is changing, and will 
contain specific aspects on the use of recycled aggregates in concrete in the near 
future. To support this evolution, a specific certification scheme for concrete with 
recycled aggregates is being developed. 

 
PRACTICAL EXPERIENCE 
 
An important barrier for the use of recycled aggregate concrete is the lack of practical 
experience and well documented knowledge. In the past, several (large scale) 
demonstration projects were executed, like the demolition of a part of the Zandvliet 
lock and the construction of the Berendrecht lock and the RecyHouse 
(www.recyhouse.be). However, since technical documentation is lacking in most of 
the projects in the past, it is difficult to assess the long term performance of the 
recycled concrete, and thus to build up a dataset and confidence in the durability of 
the concrete.  
 
Between 2013 and 2016, 10 pilot projects were executed using concrete with recycled 
aggregates, in order to demonstrate the possibilities and in order to learn from the 
practical experiences. The projects are varying in terms of application domain 
(roadworks: 3, industrial concrete floors: 5, building structures: 2) and thus in 
concrete composition and requirements. Most pilots opted to replace virgin aggregate 
by recycled concrete aggregate (8) or manufactured aggregates like slags (2); in only 
1 project, alternative binders were used as way to reduce the environmental impact. 
The replacement ratio varies between 20% to 100% (of the coarse aggregate fraction). 
In all projects, the process was guided by BBRI and testing was done in the 
preparation phase and/or during the execution stage. The most important conclusions 
in terms of concrete performance are given below: 
- The concrete with recycled aggregates had similar properties in fresh condition 

(slump, workability) as conventional concrete – besides the attention points 
noticed in §3.4: variance in slump & a faster drop in workability. Additionally, 
tests on fresh concrete showed that concrete with recycled aggregates can have a 
higher air content (a surplus of 1-2%). A possible explanation is the use of a 
specific type of superplasticizer that interacts with the concrete mix. This has a 
negative effect on the compressive strength, but can be beneficial for the frost-
resistance of the concrete. 

- In all projects, the required compressive strength was obtained. There was 
however a slight decrease (-5%) in compressive strength noticeable when a 
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limited amount (<30%) of recycled aggregate was used, which became more clear 
(-10%) when replacing higher volumes (> 30%). This is in line with the vast 
amount of research available, e.g [2].       

- In none of the projects a significant difference was noticed between the 
carbonation of concrete with recycled aggregates and conventional concrete (test 
according to NBN EN 13295 on prisms 10x10x40).  

- The frost-thaw resistance was measured according to 12390-9 - slab test method.  
In general, the resulting mass losses after 28 or 56 cycles clearly show: 
o The influence of air entraining agent. The compositions with air entrained 

perform much better. The influence of the use of air entraining agent is much 
bigger than the use of recycled aggregates. 

o The influence of the use of recycled aggregates is only visible when higher 
replacement ratios were applied: below 50% replacement of the coarse 
fraction, no clear differences were noticed between conventional concrete and 
RCA-concrete. Replacement up to 100% resulted in higher mass losses and 
thus a less frost resistant concrete. 

o The concrete compositions for roads (lower W/C, air entrained) all perform 
well, even with 100% recycled aggregate. Although, the water absorption rate 
of the concrete (which is used as a proxy to frost resistance) is higher than 
allowed by Flemish specifications (6.5%). This probably has to do with the 
lower volume mass and the higher air content entrapped by the recycled 
aggregates 

An important result of the pilot projects was the elaboration of a technical 
specification document. This report is meant as a practical guidance document, 
complimentary to the standards and existing certification schemes, allowing parties in 
practice to make arrangements on the use of recycled aggregates in concrete for 
buildings or road works. It describes the whole production chain, from demolition to 
the production of qualitative aggregates and concrete, as well as the actual placement 
on site. In each of the steps, a technical description is given on relevant criteria & 
information, and practical recommendations are given to realise the desired 
requirements & criteria.  
 
SHORT & STRONG CHAIN MANAGEMENT 
 
Two important factors for success in using recycled aggregates in concrete are the elevated 
quality of the recycled aggregate, and a stable provisioning of aggregates in a continuous 
productions process (no supply shortage), especially if the concrete producer is another 
company than the recycling company. A possible solution for both aspects, is the 
development of a cooperation model between different actors in the recycling chain: the 
demolition contractor, the concrete recycling company (crusher) and the concrete producer. 
In a traditional model, all 3 parties have barriers (see table). In a short and strong chain, all 3 
parties could have shared benefit & profit, if they agree to take a more holistic approach. This 
would mean that the demolition contractor does some ‘cherry picking’, by selecting the 
buildings, structures and parts of the structure that are high-quality concrete and can be 
selectively demolished, so the recycling company can crush these separately and make high 
quality recycled aggregates out of them. The origin of the concrete debris is known, which 
elevates the confidence in the recycled aggregate. 
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Table 1. Overview of barriers & potential benefits in short chain management 
Actor Barriers  Potential benefits 

Demolition 
contractor 

Work more selectively costs more time 
& money  

Lower disposal fee at crusher 

Recycling 
Company 

Unsure sources of concrete, quality 
control & improvement necessary 

Fix supply of high level concrete debris, 
fix client for high level RCA  

Concrete 
company 

Uncertain supply (volume & quality) Replacement of virgin aggregate at 
lower cost 

 
This approach was hypothetically 
tested in a Belgian case study with 4 
actual companies using their figures 
for costs & revenues. The results show 
that their might be a mutual benefit for 
all 4 parties involved, as long as the 
central actor (recycling company) is 
willing to distribute the benefits. 
 
The next step is implementation of this 
model in practice, and evaluate the 
boundary conditions (volumes, 
transport distances …). 

 
Figure 1.  Illustration of shared cost & benefit in a 

short & strong chain 
 
QUALITY ASSURANCE  
 
The new Belgian compliment to EN 206, NBN B15-001, will normally allow for the use of 
20, 30 and 50% of coarse recycled concrete aggregates in new concrete, up to C30/37 and in 
conditions with rain & frost (without deicing salts).  Quality assurance plays an important 
role in the Belgian construction sector. Most (public) clients require the “BENOR label” as 
proof that the concrete delivered on site is conform to the Belgian concrete standard. A 
specific technical prescription document exists for this third party certification. However, this 
scheme is not developed for concrete using recycled aggregates. A working group is now 
developing these specific requirements, with special attention for the following aspects. 
First of all, the quality of the recycled aggregates should be guaranteed & certified as 
well. In addition to the requirements of NBN B15-001, the maximum diameter of the 
aggregates is limited to 20mm. This is done to avoid carbonation tests on the concrete 
level. Also specific requirements are laid on the storage and processing of the 
recycled aggregates, in order to avoid contamination with other fractions, and in order 
to guarantee a controlled humidity environment (to take into account in the mixing 
process). 
 
A distinction is made between concrete types and families. There are the ‘basic’ or 
standard concrete types on the one hand, requiring the same quality control aspects as 
conventional concrete without recycled aggregates, expanded with specific ITT tests 
for each concrete composition in terms of compression strength and workability. On 
the other hand, the application domain where durability is an issue, more tests are 
required in the initial phase, specifically on carbonation resistance and frost-thaw 
resistance of the concrete with recycled aggregate. 
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CONCLUSION  
 
The use of recycled aggregates in concrete in Belgium is on the rise. The combination of the 
different developments – as well in the field and in terms of business models, as in terms of 
standardisation and quality control - will lead to the increased and responsible use of recycled 
aggregates in structural concrete in Belgium. 
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ABSTRACT  
 
Pre-demolition audit or waste audit is the tool to assess the materials to be removed from the 
building or infrastructure and their potential value by external experts prior to the demolition 
or renovation activity. Such audits are essential since they enable all stakeholders involved to 
get information of the composition of waste and make it easier to find markets for different 
waste types. The development of guidelines for waste auditing is one of the action points of 
the Circular Economy agenda of the European Commission. It is likely that the Commission 
will recommend member states to make the waste audit mandatory in order to increase the 
quality of recycling. A framework for waste audit was developed in a contract work financed 
by Commissions’ DG for Internal Market, Industry, Enterprises and SMEs (GROW) [1]. The 
guidelines are establishing the basic principles of waste auditing, identification, reporting and 
recommendations for the further treatment. This paper presents the basic needs and benefits 
of such harmonized approach to the waste auditing including good practices from the selected 
countries. It should be noted that the number of materials separated due to their dangerous 
nature is growing and the methods for the identification of contamination are better which 
can result in a slight decrease of recyclable materials, but in a better quality of the materials 
that are recycled. 
 
Keywords: pre-demolition waste audit, guideline, construction and demolition waste, 
hazardous substances. 
 
DEVELOPMENT GUIDELINES FOR PRE-DEMOLITION WASTE AUD ITS  

 
The aim of the DG GROW study [1] was to develop a methodology guidance for pre-
demolition audit. The starting point for the study was a survey collecting the stakeholders’ 
views on the current regulation and practice in selected countries. Waste audits are mandatory 
(with certain limitations) in some countries, but seldom done. According to HISER project 
[2], as a rough estimate, in Flanders a pre-demolition audit is present in only ca. 5% of the 
cases.  However, in all countries, most of demolition contractors make their own pre-
demolition survey for their internal use and to calculate the price of the works to be 
performed. Several interviews claim that audits do not provide enough detail.  Sometimes 
doubts arise regarding the training of the people performing the audits and in some cases on 
the reliability of the audits.  Regarding dangerous substances, the main focus is on asbestos. 
However, the legislation concerning PCBs and other hazardous wastes has been recently 
implemented in several countries.  
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General observations: 
 

- The testing and sampling requirements are mostly not defined in the legislation, 
however, methods to identify hazardous materials and contamination are usually 
recommended in guidelines.  

- Inventories of hazardous substances (especially asbestos) indicate the presence of 
asbestos, but not always its location and amount. Also, there is an added obstacle in 
the hidden dangerous substances that usually lead to extra costs and in some cases to 
stop the works.  

- Some industries consider that asbestos inventories should be more professional while 
others request less paper burden and a quicker answer from the public administration 
issuing the permit regarding the disposal of asbestos. 

- The minimum content of these assessments generally include, identification (usually 
according to the classification based European List of Waste or European Waste 
Catalogue) and quantification (in weight and volume).  

- Procedures for developing these inventories in most countries are stated in 
regulations, including the way to be performed and by whom.  

 
Most countries allow visual inspections complemented with either desk studies or computer 
applications. There are a few different guidelines and supporting tools throughout Europe for 
the preparation of these audits; by way of example:  

- A computer application in the Basque Country supports the estimation of wastes 
coming from works by applying some ratios that depend on the type of activity, type 
of building, size, etc.  The demolition contractors interviewed claim that it tends to 
overestimate quantities and cannot forecast any peculiarity of the building) 

- Methodological guidance on CDW management and online waste reporting and 
tracing system in the Czech Republic is issued and maintained by the Ministry of 
Environment. 

- A “Demolition Protocol” was issued by civil engineers association in UK. BREE has 
also information procedures. 

- In Belgium, several Guidelines and tools are available: MEDECO (MEtré des 
DEchets de Construction); Tracimat – Belgian example of a CD waste tracking [2], 
Guidance document for drawing up a demolition inventory (Flemish Region); Reuse 
of building materials-Practical guide (Walloon Region) 

 
GUIDELINE – KEY ELMENTS 

 
The auditing process aims to deliver such documents that the owner can submit a building 
permit application and open a call for deconstruction tenders. Furthermore, the outcome of 
the auditing should also provide a reliable basis for the order of a contractor concerning 
demolition waste. An effective process for carrying out a waste audit should follow the steps 
depicted in Figure 1. 
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Figure 1. General scheme of waste audit 

 
The steps in the scheme are following: 

1. Desk study: collection of all the relevant information from the documentation of the 
building or other work (age, drawings, materials used, hazardous materials etc) 

2. Site visit: visual inspections, comparisons with collected documents, planning of 
inspections and measurements, preliminary planning of deconstruction techniques 
and waste handling on site as well as communication between actors engaged by the 
owner to the process.  The audit can be organized by the owner or any actor on 
his/her behalf 

3. Materials assessment: the materials assessment is a summary of the amount of waste 
(in mass or volume) in the various European waste classes 

4. Site recommendations: Suggestion for opportunities to increase recyclability  (also 
reusability) of materials and construction products to minimize the disposal or 
incineration of the waste 

 
PROPOSED IMPLEMENTATION 
 
The EU legislation (Waste framework directive, List of waste, etc) and EU guidelines (CDW 
Management Protocol [3]) form the base for the implementation of the pre-demolition audit. 
However, most of the implementation has to be decided on national level. Some of the basic 
elements to be defined on national or regional level for the implementation of the waste audit 
are following: 

- Thresholds (minimize size, conditions, materials…) for executing the mandatory 
audit or its parts (if any) 

- Templates or electronic forms for waste audit reporting 
- Methodologies for sampling and materials identification and hazardous materials 

detection 
- Required skills and certifications for the auditors 
- Best practices in waste identification and reporting 
- Regulations for waste sorting, landfill and waste treatment 
- Incentives to support waste treatment, separation and reuse. 

On the other hand, several supportive actions from the EU would be also beneficial for the 
smooth audit implementation such as for instance:  

- Clear definition of waste holder’s responsibilities. It is recommended that the waste 
holder is responsible for the knowledge of amount and nature of the produced waste. 
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- Regulatory framework for reused building elements 
 
NEEDS 
 
The needs and impacts vary dependent on the stakeholders, for instance: 

- owners, contractors or waste managers, for which the value of waste and 
deconstructed materials (incl. prevented waste) is important, e.g. how to maximize 
the end-of-life value of building or infrastructure through the planning of waste 
prevention and reuse.  

- consultants and professionals of demolition companies, which believe a pre-
demolition audit can promote improvements in demolition activities and increased 
quality of demolition waste 

- professionals of demolition companies, which see opportunities in improved 
demolition activities due to increased material values and reduced waste management 
costs 

- recycling companies, which benefit from increased C&DW quality through the 
production and selling of good quality raw materials 

 
CONCLUSION  
 
A harmonized concept for pre-demolition waste audit will improve the availability of high 
quality raw materials from construction and demolition activities. It will also enable more 
efficient cross-border trade of waste and deconstructed materials.  
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Abstract 
 
According to the European Commission website, construction and demolition waste (CDW - 
consisting of materials such as concrete, bricks, gypsum, wood, glass, metals, asbestos, 
excavated soil…) accounts for approximately 25% - 30% of all waste generated in the EU. 
To move towards a recycling society, various policies have been launched by European 
government. France adopted the framework provided by Directive 2008/98/EC on waste to 
promote the circular economy. The aim is to achieve a 70% (by weight) recycling target by 
2020 for non-hazardous CDW while the valorisation percentage (reuse and recycling) is still 
around 60%. However, CDW are mainly used for backfilling operations and recycled as 
aggregates constituents of roads. This strategy is usually considered as a down-cycling 
option. High quality recycling is not developed because of the low demand for recycled 
aggregates as constituents of structural concrete for buildings. Therefore, there is a need to 
find drivers to spur the demand for recycled aggregates offering a higher added-value. The 
development of green building assessment system such as LEED, BREEAM or HQE, public 
procurement which represents a key source of demand for firms in sectors such as 
construction, and landfill taxation are studied in the framework of the French national project 
RECYBETON and are considered as potential drivers. This research paper focuses on one 
driver: the development of public procurement requiring a percentage of recycled aggregates 
in their call for tenders when transport distances do not exceed 25km. It examines how the 
incorporation of recycled aggregates in public procurement could impact the demand for 
recycled aggregates in concrete construction. The enforcement of the public policy aimed at 
spurring the use of recycled aggregates in concrete construction is also discussed. 

 
Keywords: recycled aggregates, concrete, waste, public procurement, green building. 
 

1. Introduction 
 

According to the European Commission website, construction and demolition inert 
waste (CDW - consisting of materials such as concrete, bricks, gypsum, wood, glass, 
metals, asbestos, excavated soil…) accounts for approximately 25% - 30% of all 
waste generated in the EU. In 2012, CDW accounted for 72% of all waste generated 
in France (247 million tonnes over 345 – ADEME, 2015). 
To move towards a recycling society, various policies have been launched by 
European governments. France adopted the framework provided by Directive 
2008/98/EC on waste to promote the circular economy. The aim is to achieve a 70% 
(by weight) recycling target by 2020 for non-hazardous CDW while the valorisation 
percentage (reuse and recycling) is still around 60%. To deal with the environmental 
challenge, the Energy Transition for Green Growth law was enacted in August 2015. 
It aims at renovating buildings to save energy, developing green transport to improve 
air quality, developing renewables to create a balanced energy mix, tackling waste 
and promoting the circular economy. Among the initiatives, one concerns the 
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aggregates used in road works. By 2020, 60% of these aggregates will have to come 
from the recycled stream. However, this policy raises two issues: 
 

1. Recycling CDW as aggregates constituents of roads is usually considered as a down-
cycling option (Hiete, 2013); 

2. High quality recycling is not developed because of the low demand for recycled 
aggregates as constituents of structural concrete for buildings. The law which became 
stringent for road construction does not require a share of recycled aggregates in 
concrete. 
 

Several drivers have been presented to spur the demand for recycled aggregates offering a 
higher added-value: Green Public Procurement, sustainable building rating systems requiring 
a share of recycled materials, taxation on natural aggregates, landfill taxation, quality 
certification of recycled aggregates from CDW, development of guidelines to increase the 
user confidence in the utilisation of recycled aggregates (Hiete, 2013; Garbarino and 
Blengini, 2013). This research paper will focus one of these drivers: the development of 
Green Public Procurement19. It will examine how the incorporation of recycled aggregates in 
public procurement could impact the demand for recycled aggregates in concrete 
construction. The enforcement of the public policy aimed at spurring the use of recycled 
aggregates in concrete construction will also be discussed. 
 

2. Impact of the integration of recycled concrete in public procurement 
 

A large part of the demand in construction is stimulated by public procurement. In 
2013, in France, the value of procurement published in TED (Tenders Electronic 
Daily) and concerning works, goods and services was €72 billion20 (OEAP, 2015). 
Public works accounted for €22 billion. 
 
The use of virgin aggregates is dominant in the French construction as in any other 
country. In 2015, 80% of this production of aggregates (260 million tonnes - table 1) 
benefited to civil engineering and road construction About 80 and 25 million tonnes 
of CDW were respectively re-used and recycled but almost exclusively for public 
works (Collonge, 2017). 
 
Table 1. Uses of natural aggregates 
Destination public works Building 
Type of use Million tonnes and % 
Road and rail works 188 (57%) 0 
Surfacing 30 (9%) 0 
Ballast 4 (1%)   

                                                           
1
 I wish to thank the national project RECYBETON and DRI that sponsored part of the research. I would like also 

to express all my deep gratitude to the participants of the project who sent me valuable comments on an earlier 

draft of the paper. However, the views expressed in this paper are mine alone and should not be attributed to 

RECYBETON partners and the institute with which I am affiliated 
2
 The development of green building assessment system requiring a share of recycled aggregates in concrete, 

landfill taxation were also examined in the framework of the French national project RECYBETON. 
3
 This value does not integrate procurement expenditures linked to concessions and large public companies. By 

adding these elements, the government procurement markets account for 10% of GDP (Saussier and Tirole, 

2015). 
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Ready-mix concrete 20.1 (6%) 46.9 (14%) 
Construction concrete and concrete products 17.9 (6%) 23.1 (7%) 
Total 260 (79%) 70 (21%) 
Source: UNPG, 2016 

In 2007 public procurement represented approximately 23% of the turnover of 
building companies. Thus, it was assumed that approximately 16 million tonnes of 
natural aggregates were incorporated in public buildings. These data were used to 
examine how the incorporation of recycled aggregates in public procurement could 
impact the demand for recycled aggregates in concrete construction. 
Cost and benefit analysis usually considers that the economic feasibility of the 
recycling process strongly depends on transport conditions. When recycled 
aggregates have to be transported over longer distances than natural aggregates, then 
recycling may not be the best option: Firstly, transportation costs jeopardize the 
economic feasibility of the aggregates recycling process. Secondly, CO2 emissions 
from recycled aggregates transportation could aggravate the environmental impact of 
this option. Thus, it is necessary to take into account distances between the worksite 
and the location of the plant in charge of recycling aggregates. For the analysis, it was 
assumed that recycled aggregates can be used when they are situated within a radius 
of 25km around the construction site. 
CDW management plants which are in charge of separating mixed waste fractions 
and crushing and grinding secondary raw material, are not evenly distributed on the 
French territory (Mongeard and Dross, 2016). They are usually located around main 
urban areas where deconstruction generates important quantity of CDW. Conversely, 
the relative pressure on resource availability is stronger around these areas and the 
availability of natural aggregates frequently requires long transport distances which 
render them relatively less competitive than secondary sources.  
In France, public procurement concerns four types of actors: 1/ social housing 
companies; 2/ public companies; 3/ local authorities; 4/ State administrations. 
67% of multi-family dwellings which are dominant in the social rented sector, are 
located either in Paris and it suburbs or in cities with more than 100,000 inhabitants 
(INSEE, 2016). To take account the distance constraint, it was assumed that between 
8 and 16% of the construction projects (i.e. roughly a quarter and half of the 
dwellings located away from urban areas) launched by housing companies do not 
have any recycling plant within a radius of 25km around the construction site. Similar 
hypothesis was retained for new construction concerning public companies and local 
authorities. Conversely, State administrations are usually concentrated around densely 
populated urban areas. Thus, it was assumed that all projects developed by State 
administration could benefit from recycled aggregates. 
Based on these assumptions, table 2 assess the impact of public procurement 
requiring respectively 10, 20 and 30% of recycled aggregates in concrete 
construction. It is assumed that 1m3 of concrete is made of cement (280 kg), coarse 
aggregates such as stone and gravel (1200kg), fine aggregates such as sand (800 kg) 
and total water (180 litres). According to French standards, recycled structural 
concrete can contain up to 30% of recycled coarse aggregates in the most favourable 
environment (depending on the exposure classes). Conversely most of the fine 
aggregates have to be natural. 
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Table 2. Impact of public procurement on the market of recycled aggregates in concrete constructions 
Stakeholders Estimated 

volume of 
aggregates in 

public 
buildings (Mt) 

Estimated 
volume of 

aggregates in 
public buildings 
(with a distance 

constraint) 

Estimated volume of recycled aggregates with 
different constraints for public procurement 

10% 20% 30% 

 
 

Low 
Hyp. 

High 
Hyp. 

Low 
Hyp. 

High 
Hyp. 

Low 
Hyp. 

High 
Hyp. 

Low 
Hyp. 

High 
Hyp. 

Social 
landlords 

4.9 4.12 4.51 0.25* 0.27 0.50 0.54 0.75 0.81 

Public 
companies 

1.4 1.18 1.29 0.07 0.08 0.14 0.16 0.21 0.24 

Local 
authorities 

7 5.88 6.44 0.35 0.38 0.7 0.76 1.05 1.14 

State 
administrations 

2.8 2.8 2.8 0.17 0.17 0.34 0.34 0.51 0.51 

Total 16.1 13.98 15.04 0.84 0.9 1.68 1.8 2.52 2.7 
*0.25= 4.12 x0.1 x (1200/2000) 

Table 2 shows that requiring 10% of recycling aggregates in public procurement for buildings 
would have a limited impact on the market. However, it would play a major role to launch the 
market for recycled concrete and to send a credible signal to the market. 
It is recognized that recycling plants have no incentive to invest in crushing equipment and to 
develop recycled aggregates for concrete constructions since the demand of road works is 
large enough. By creating a critical mass of demand for recycled aggregates for concrete 
construction, this policy would incite recycling plants to invest in crushing and screening 
equipment and to propose recycled aggregates that can be used in structural concrete. 
 

3. Discussion on the enforcement of the public policy 
 

The enforcement of the public policy raises several questions: What would be the 
optimal rate of recycled aggregates in public procurement? How would demolition 
companies react to this measure? How the equilibrium between road and building 
projects could be modified? 
In the short run, limiting the level of recycled coarse aggregates in concrete 
construction to 10% would probably reinforce the effectiveness of the public policy. 
Firstly, at this level, it would be easy to overcome culture resistances and to improve 
the clients’ confidence in the use of recycled aggregates in structural applications. 
Secondly such a rate would be accepted for most environments and intermediate 
storage of recycled coarse aggregates would not be necessary. Thus, additional costs 
would be limited. 
Thirdly the Energy Transition for Green Growth law which was enacted in 2015 put a 
strong pressure on road construction by requiring 60% of recycled aggregates used in 
road works by 2020. Thus, the high demand for recycled aggregates in road 
construction will attract most of the CDW streams. At the level of 10%, the 
competition will be limited. 
The creation of a critical mass of demand for high quality recycled concrete could also incent 
demolition companies to invest in mechanical equipment for an effective sorting out of 
CDW. Another option would be to implement this policy at the regional level. This would be 
consistent with the Law enacted in August 2015, which transferred CDW management to 
regional authorities. Moreover, it has been proven that CDW management is a local issue. 
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Profit margin, market price for recycled aggregates, production costs of natural and recycled 
aggregates, logistics costs to the market differ from one region to another (WBCSD, 2009). 
Such a policy would be very relevant around main urban areas where deconstruction 
generates important quantity of CDW and the availability of natural aggregates requires long 
transport distances. 
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ABSTRACT  
 
According to estimates of the German Federal Ministry for the Environment, the German 
building stock contains around 10.5 billion tonnes of mineral building materials, around 220 
million tonnes of timber products and around 100 million tonnes of metals. Due to 
continuous building activities, especially renovation and retrofit measures, it is estimated that 
this raw material stock will grow by a further 20 % until 2050 [1].  
Every year more than 450 million tonnes (5.6 t/person) of mineral raw materials (e.g. sand, 
gravel) and more than 15.5 million tonnes (194 kg/person) of metals (e.g. steel, aluminium, 
copper) are required within the sector for maintaining and constructing new buildings.  
The focus of this paper is the analysis of construction related raw material flows using 
material flow analysis (MFA) in Germany. To provide system control options in a circular 
economy, a deeper knowledge about material flows and stocks is required. A large range of 
statistical data (e.g. production, import/export, waste etc.) was evaluated and disaggregated, 
to investigate the impact and self-supply potential through secondary materials, of the 
German building industry. 
Currently, the demand cannot be covered by recycled materials leaving the building sector 
and further primary raw materials are needed. Potentially, only 18 % of the mineral raw 
materials can be substituted by recycled construction waste. In contrast, for steel and 
aluminium the substitution rate has reached levels over 40 %. 

 
Keywords: material flow, self-supply potential, urban mining. 
 
INTRODUCTION 

 
The overall aim of the PhD thesis is the analysis and capture of construction induced material 
flows and stocks in urban systems and the identification of control options. Material flows are 
not limited to a single spacial level (e. g. urban, regional, national) or an individual industry 
sector (e. g. construction, automotive, chemical). Depending on the regarded material, the 
system boundaries are flexible and can change over time, especially on a spatial level. 
 
One of the project work packages was the focus on national construction induced material 
flows. The results of this work package are described within this paper. 
 
APPROACH 
 
The dependencies of selected materials and products used within the German construction 
industry were identified (Figure 1). Each of the materials and products where viewed as a 
black box at first. 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

303

Sand and 
gravel

AsphaltConcrete

Mortar and 
screed

Lime 
sandstone

Specialsand /-
gravel

Aerated 
concrete

Glass

Iron / steel

Paints and 
varnishes

Natural stone

Ashlar

 Quicklime

Limestone

Special clay

Kaolin

Gypsum

Brick clay

Cement

Ceramics

Bricks

Gypsum-
products

O
th

er
 s

ec
to

rs
 a

nd
 e

xp
o

rt

Coal

Iron ore

Sand and 
gravel

AsphaltConcrete

Mortar and 
screed

Lime 
sandstone

Specialsand /-
gravel

Aerated 
concrete

Glass

Iron / steel

Paints and 
varnishes

Natural stone

Ashlar

 Quicklime

Limestone

Special clay

Kaolin

Gypsum

Brick clay

Cement

Ceramics

Bricks

Gypsum-
products

O
th

er
 s

ec
to

rs
 a

nd
 e

xp
o

rt

Coal

Iron ore

 
Figure 1. Material flow and interdependencies of selected construction materials  
 
The black box view was extended to gain an insight into the individual flows on a material 
level (e. g. glass, steel). As an example, the material flow of glass is shown in figure 2. This 
extended assessment was continued for the other materials shown in figure 1 and integrated 
into the model. 
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Figure 2. Material flow of glass within German construction sector (tons/year) 

 
A large range of statistical data (e.g. production, import/export, waste etc.) was evaluated and 
disaggregated. Together with expert knowledge a detailed picture of construction induced 
material flows for selected materials could be identified. 
 
RESULTS 
 
Of the selected materials, steel has shown to have the highest self-supply potential through 
secondary materials of nearly 50 %, disregarding system losses.  Also the demand of 
aluminium, lead and bricks used for construction purposes can potentially be covered by 
around 40 %, through the use of incurred construction waste. The results are summarized in 
Table 1. 
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Table 1. Self-supply potential with secondary construction materials within the German building sector 
for selected materials 

 
 
CONCLUSION 
 
Due to the continuous growth of the construction stock, a larger amount of materials is 
required than can be provided through construction waste. Metals, with the exception of zinc 
and copper, tend to have higher self-supply potentials than other materials. 
 
For continuous monitoring of construction induced materials flows on a national level, an 
improved and integrated system of data collection and documentation is required, that uses 
the same terminology. The often incompatible statistics leave room for interpretation, which 
needs to be reduced. 
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Self supply 
potential of 

building sector**
Material Year Mio. t/a t/p/a Mio. t/a t/p/a Mio. t/a t/p/a (%)

Mineral raw materials 2013 540 6,70 450 5,58 78,8 0,98 18%
Sand & gravel 2013 236 2,93 211 2,62 *
Specialsand & -sands 2013 9,7 0,12 3,5 0,04 *
Natural stone 2013 207 2,57 196 2,43 *
Limestone & dolomite 2013 23,7 0,29 7,1 0,09 *
Gypsum & anhydrite 2013 4,5 0,06 3,9 0,05 0,6 0,01 15%
Clay & kaolin 2013 13,3 0,16 3 0,04 *
Brick clay 2013 11,3 0,14 11,3 0,14 5,1 0,06 45%
Recycling material 2013 66,2 0,82 66,2 0,82 *

Mineral products
Concrete 2014 110 1,36 110 1,36 21,9 0,27 20%
Cement 2014 27,3 0,34 27,3 0,34 0 0,0 0%
Glass 2015 2,9 0,04 1,9 0,02 0,27 0,003 14%

Metals
Steel 2015 44,4 0,55 13,8 0,171 6,5 0,081 47%
Aluminium 2015 3,1 0,04 0,5 0,006 0,2 0,002 40%
Zinc 2015 0,64 0,01 0,5 0,006 0,025 0,0003 5%
Copper 2014 1,47 0,02 0,7 0,009 0,067 0,0008 10%
Lead 2014 0,36 0,00 0,036 0,0004 0,015 0,0002 42%

* No data
** No system losses

National usage
Building sector 
national usage

Potential secondary 
materials through 
construction waste



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

306

 
Environmental policy support for pre-demolition audits in Luxembourg 

 
Christina Ehlert1, Arno P. Biwer1, and Enrico Benetto1 

 
1 Luxembourg Institute of Science and Technology, Environmental Policy Support, 
Department of Environmental Research and Innovation, 41, Rue du Brill, 4422 Belvaux, 
Luxembourg, Phone:(+352) 275 888 446; email: christina.ehlert@list.lu 
 
Abstract 
 
Luxembourg is witnessing a rapid development in the construction sector including 
renovation of the existing building stock and due to its small size, the country needs an 
efficient management of the resulting construction and demolition (C&D) waste. National 
legal obligations require contractors to carry out an inventory of building materials and to 
separately collect waste at deconstruction sites. However, no instructions or tools on how to 
collect information and conduct this pre-demolition inventory are available, resulting in 
heterogeneity in reporting and lack of transparency of C&D waste management practices in 
the construction sector in Luxembourg.  
Based on a review of best practices and methodologies for pre-demolition audits across EU 
Member States, policy support instruments were developed to streamline the identification, 
quantification and characterization of building materials. The development of a template for 
the inventory and a manual was grounded in a set of principles, such as sustainable 
development, resource efficiency and proportionality, also to reflect country-specific 
concerns and priorities.  
 
Identification of hazardous substances and wastes appeared as key element in the pre-
demolition audit and was therefore integrated into both tools. Stakeholder participation is 
considered crucial to test, implement and further improve the tools and a number of initiatives 
were launched or are planned, such as tests at pilot construction sites and a workshop. To 
facilitate and maximize recovery of materials in the construction sector, the development of a 
management tool integrating legal obligations and outlining options for the resource efficient 
management of building materials is planned. Further, the evolution of the project into the 
development of a waste management concept for demolition works within a national 
initiative was identified as a powerful opportunity to further promote a more sustainable 
management and increased traceability of resources. The tools and intermediate results will 
be presented.  
 
Keywords: C&D waste management, pre-demolition audit, waste legislation, building 
material inventory, hazardous waste. 
 
Introduction 
 
The Luxembourgish regulatory framework for waste management, including the national 
transposition of the Waste Framework Directive 2008/98/EC, includes a legal obligation to 
collect waste from construction sites separately, to the extent possible, or to sort it at waste 
treatment facilities if it cannot be separated at source (Law of 21 March 2012). It also 
stipulates the need for pre-demolition audits, including the inventory of construction 
materials, and their treatment according to the waste hierarchy. However, no instructions or 
tools on how to collect information and conduct this pre-demolition inventory have been 
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made available so far, resulting in uncertainty about compliance with regulatory 
requirements. The competent authority aims at supporting practitioners and commissioned the 
development of tools for pre-demolition audits. This study presents how templates for 
material inventories and instructions were developed based on existing guidelines and current 
practices. Draft outcomes and planned activities to further support sustainable deconstruction 
and waste management are outlined.  
 
Methods  
 
Literature review . Instructions how to conduct a material inventory and how to fill out a 
material inventory template were developed taking into account existing practices, technical 
guides and guidelines for planning deconstruction works, material inventories and C&D 
waste management in EU Member States. The review focused on German and French 
literature to enable practitioners in Luxembourg to obtain further information on existing 
practices in two of the official and prevalent languages in Luxembourg. Key documentation 
in English was also considered.  
Legislative requirements in neighbouring countries were analysed with respect to pre-
demolition audits and material separation for deconstruction projects to consider country-
specific guidelines in relation to their regulatory context. For example, if national 
requirements include the systematic separate collection of certain type of materials or 
fractions, this could explain why existing guidelines support practitioners to fulfil these 
requirements.  
 

Stakeholder consultation. The main stakeholders involved in the planning and conduct of 
pre-demolition audits and C&D waste management in Luxembourg were identified and 
interviews were conducted with some of them to better understand their experience and 
challenges. A multi-stakeholder workshop will be organized in cooperation with the 
competent authority in autumn 2017 for practitioners, building owners, and other interested 
parties to explain the tools and gather input for their improvement. It is also planned to test 
the tools on pilot construction sites, most likely in public development projects.  
 

Results  
 
Literature review.  The following documentation was identified as relevant for the 
development of the template for the material inventory and its accompanying instructions 
(Tab. 1). With respect to the investigation of building materials for contamination with 
hazardous substances, dedicated guidelines are referenced. The aim of this review is to refer 
practitioners to established practices for further information in their mother tongue. Overall, 
German language literature covers all aspects of demolition projects which are relevant for 
this project whereas a focus on waste management was observed for French language 
literature and less documentation appears to be available regarding methodologies for 
material inventories, pollutant examination, planning and pre-demolition audits.  
 

Development of Template and Instructions. The developed inventory template comprises 
three elements, i.e. i) the description of the building, its location and past and present uses, ii) 
the material inventory, and iii) the investigation of the building for the occurrence of 
pollutants. Explanations how to gather relevant information are outlined in the accompanying 
instructions. The compilation of the template encompasses the collection and examination of 
existing information (e.g. plans of the building and its site, drawings, previous examinations 
and analyses), site visit(s) to collect further information (e.g. on the type, quality and quantity 
of materials), and potentially further measurements and analyses to determine the extent of 
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contamination of suspected materials (BRE, 2017; Deutscher Abbruchverband, 2015; VDI, 
2013 and 2016). 
 

Regarding the material inventory it is explained how material quantities can be estimated 
and which information should be provided, such as nature of the material (inert, hazardous, 
non-hazardous), types, quality (clean, slightly/strongly commingled), location in the building, 
quantity (in tonnes), contamination (yes/no), separate collection (yes/no), and recommended 
treatment (e.g. reuse, recycling, energy recovery). The inventory uses the classification of 
materials according the European Waste Code (Commission Decision 2000/532/EC). The 
latter was identified as the most widespread classification across countries. Assessment of the 
suitability of materials for valorisation outlets is particularly important for planning the 
deconstruction process and managing resource-efficiency and environmental impacts. 
Therefore, this aspect was included in the template although it might be considered as beyond 
the scope of an inventory.  
The investigation of building materials for contamination with hazardous substances 
uses a checklist for the most commonly encountered pollutants in construction materials, such 
as asbestos, Polychlorinated Biphenyls (PCBs), Polycyclic Aromatic Hydrocarbon (PAH), 
and harmful wood preservatives.  
 

Stakeholder consultation. Interviews with stakeholders allowed understanding the main 
challenges of pre-demolition audits and waste management: Identification of pollutants, space 
issues, lack of knowledge in the compilation of material inventories were most often 
mentioned.  
 

Conclusions 
 
The developed tools aim at supporting stakeholders in fulfilling legal requirements with 
respect to pre-demolition material inventories and potentially also material separation. To 
promote planning of the deconstruction process, material separation and the resource-efficient 
and sustainable valorisation of materials after deconstruction, a workshop with stakeholders 
will be organized in autumn 2017. Feedback from stakeholders and testing of the tools on 
deconstruction sites are necessary to improve the usefulness of the tools. With respect to 
improved material recycling, more intensive collaboration with other actors is envisaged to 
develop waste management concepts for demolition works. 
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ABSTRACT  
 
There have been considerable developments in Merseyside and generally in the North West 
of England over the last fifteen years with regards to the commercialisation of recycled 
demolition aggregate. Merseyside, and more specifically Liverpool is an urban region that 
has undergone regeneration in the last fifteen years. This required the demolition of old 
infrastructure and subsequent reconstruction required new construction materials. 
Investigations into the economics, practicalities and technicalities of using recycled 
demolition aggregate in concrete precast products started in 2001. At that time, there were six 
demolition contractors around Liverpool and they were using mobile crushers which were 
suited for road subbase material but not for the smaller sized aggregate required for precast 
concrete products. It was estimated that if all six worked round the clock, i.e. assuming there 
was enough feed material, they would still have found it difficult to maintain the required 
supplies for a single precast factory. Investment in equipment was therefore required to 
guarantee supply and improve the quality of the recycled demolition aggregate. The market 
forces and the incentives/drivers for construction companies toadopt sustainable practises 
have encouraged investment of several million pounds to be made in new recycling plants 
and this has resulted in “urban quarries”. This paper describes the developments in recycling 
of construction and demolition waste over the last fifteen years in Merseyside and shows that 
recycling is not only sustainable but also profitable. 

 
Keywords: recycled demolition aggregate, building blocks, urban quarry. 
 
INTRODUCTION 

 
With an increasing need to consider sustainability in concrete construction, research in the 
UK has focused on a number of approaches to deliver more environmentally friendly 
concrete. Investigations into the replacement of newly quarried aggregate with recycled 
demolition waste, comprising both concrete and masonry coarse and fine aggregate, in 
construction components started at the University of Liverpool back in 2001. Published work 
at the time indicated that recycled demolition aggregate could potentially be used to partially 
replace extracted aggregate in ready mix concrete. However, precast products such as 
building blocks, pavement blocks and paving flags had been selected because they do not 
contain reinforcing steel and therefore chloride contamination is not an issue. Construction 
and demolition waste (C&DW) was selected for such a study as it accounted, in 1999, for 
approximately 17% of the annual UK waste stream, amounting to a total of 70 million tonnes 
of waste material. Around 30% of the 70 million tonnes arising was at the time reused in low-
grade applications such road subbase construction, engineering fill, or landfill engineering 
where some crushing and separation of materials such as metal and wood is required. Only a 
small percentage was recycled for high specification applications and this tended to come 
from easily identifiable sources, e.g., railway ballast. Higher value uses for the majority of 
C&DW had not in the past been thought possible because of the heterogeneous nature of the 
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material compared with primary aggregate. Whilst 70 million tonnes of C&DW was being 
produced there was around 220 million tonnes of natural aggregate being quarried each year 
in the UK. Studies were therefore needed to provide an assessment of the economic and 
technical aspects of using C&DW for a higher value use, such as the production of precast 
concrete building blocks (Gradwell et al., 2004). 
 
PRECAST CONCRETE PRODUCTS MADE WITH RECYCLED 
DEMOLITION AGGREGATE (2003 – 2007) 
 
Studies were carried out with the objective of replacing either the coarse fraction or the fines 
fraction, but not both, in order to quantify the relative effects of each fraction on the 
compressive strength of concrete building blocks. Promising results were obtained for a 60% 
replacement of the coarse fraction with concrete-derived aggregate, i.e. there was no 
significant detrimental effect on the compressive strength. Replacement of the fine aggregate 
fraction only with concrete-derived aggregate had a more significant detrimental effect on 
strength than the coarse aggregate replacement. A replacement level of fine aggregate higher 
than 30% was not recommended. It was concluded that reasonable replacement levels would 
be 60% for the coarse fraction and no more than 30% for the fine fraction.  
The detrimental effect of replacing newly quarried limestone with recycled masonry-derived 
aggregate was found to vary almost linearly with the percentage replacement level. 20% 
replacement level of coarse and fine aggregate was selected as it still produced blocks with a 
compressive strength above 7 MPa (Soutsos et al., 2011). 
 
FACTORY TRIALS OF PRECAST CONCRETE PRODUCTS MADE WI TH 
RECYCLED DEMOLITION AGGREGATE (MAY 2005) 
 
The cement contents for concrete building blocks investigated were approximately 100, 175 
and 250 kg/m3. The blocks cast at the factory were labelled and one of the blocks from each 
batch was weighed. All blocks were cured for one day in the factory’s humidity chamber. 
Five or six blocks were tested for compressive strength at 7- and 28-days. The strengths 
obtained confirmed that the replacement levels recommended from the laboratory work did 
not cause significant strength reduction, i.e. there was no requirement to increase the cement 
content to maintain the required strength, and hence there would be no additional cost to the 
manufacturers if they were to use recycled aggregate. Overall, it was a very satisfactory 
factory trial (Soutsos et al., 2016). 
 
DEVELOPMENTS IN THE NORTH WEST OF ENGLAND DURING TH E 
LAST DECADE  
 
Large stockpiles of mixed C&DW arisings (this included significant quantities of excavation 
waste much of which is actually natural material) from numerous demolition and excavation 
sites in Merseyside had been created at one demolition contractor’s site which is just outside 
Liverpool. This arose because of: (a) an increasing amount of regeneration on Merseyside 
and (b) the productivity of dry sieving was being dramatically affected by wet conditions. As 
the site was limited to just 9.5 acres it became necessary to process the existing stockpiles 
efficiently and economically. The company invested £1.6 million on a new aggregate 
washing plant, upgrading from a dry crushing and screening process, see Figure 1. The 
primary motivation for this investment was a need to reduce costs of landfilling which were 
escalating due to the UK’s landfill tax. Customers’ increasing acceptance of recycled 
aggregate as a replacement for quarried materials was also an important incentive for the 
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investment as it demonstrated that there would be a market for the recycled products. The 
washing plant can be used in all weather conditions with the additional benefits of increasing 
the quality of the recycled aggregate. The washing plant is capable of processing up to 120 
tonnes per hour, and typically operates at around 90 tonnes per hour. The C&DW is treated 
through various phases on the washing plant to produce a number of recycled products 
including sand and other sizes of aggregate. 
 
Prior to the installation of the washing plant, a 20 tonne load on a heavy goods vehicle would 
cost approximately £50 to send to landfill. It is now possible to charge on average £6 to £7 
per tonne for the processed material after haulage. Removal of the clay looking fine material 
through the plant leaves around 16 tonnes of useful material per load which equates to around 
£112 in income. Taking previous disposal costs into account this is an improvement of £162 

per vehicle. Processing on average around 900 tonnes per day (45 lorry loads) with running 
costs of approximately £1.5 per tonne gives a gross value of £5,940 per day for running the 
plant (Soutsos et al., 2016). The product with the least demand is the 0-4 mm sand which 
occasionally is sold as soil for £4.50 per tonne in order to reduce the stock levels. This is still 
a marked improvement on previous landfill costs. The most popular product is the 6-10 mm, 
used for pipe bedding, which is normally sold immediately after processing, leaving no 
stockpile. A visit to the plant a year after it opened indicated that the stockpile of C&DW 
shown in the background of Figure 1 was still almost intact. The company is taking more 
C&DW through its front gates than ever before proving that there is enough resource material 
to keep the washing plant operating at its full capacity. 
 
Conclusions 
 
The studies described have demonstrated the potential for using C&DW derived aggregate as 
a replacement for newly quarried aggregate in precast concrete building blocks. Replacement 
levels have been recommended for both fine and coarse recycled aggregate which will not 
require an increase in the cement content to maintain the required strength, and hence there 
would be no additional cost to the manufacturers if they were to use recycled aggregate. The 
market forces and the incentives/drivers for construction companies to adopt sustainable 

 

Figure 1. The “urban” quarry. 
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practices have encouraged investment of several million pounds to be made in new recycling 
plants and have resulted in “urban quarries”. The developments in recycling of construction 
and demolition over the last decade, with particular reference to Merseyside, have shown that 
recycling is not only sustainable but also profitable. 
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ABSTRACT 
 
One of the expected key outcomes of the Horizon 2020 BAMB (Buildings As Material 
Banks) project is new business models for material circularity.  The team has interviewed 
four “frontrunner” cases which have pioneered in incorporating elements of building 
circularity.  The study included well-known cases such as the new Venlo city hall (the 
Netherlands), PROgroup (Luxembourg), Rotor DC (Belgium) and Karlstad hospital 
(Sweden), while taking a fresh focus on business aspects such as value propositions, 
stakeholders, financials and operations.   
Preliminary analysis suggests that successful circular building projects are devised with a 
holistic view on various sustainability elements and ecosystem stakeholders. In comparison to 
more developed building sustainability elements such as energy, material circularity is still 
rather new in many aspects.  Related business models vary significantly in maturity 
depending on product/material category, overall with ample room for growth.  Supplier buy-
back agreements and product-service systems are being developed, though how to put 
retrieved items back into the economy, as well as how to establish solid financial cases for 
involved stakeholders, are among the topics which still need further substantiation.  
Encouraging advance has been made in deconstruction business models, while more attention 
is needed to developing second-hand market demand.  The potentials of public procurement 
and regulatory incentives as additional key drivers are also to be further investigated. 
 
Keywords: circular economy, business model, building materials, case study. 
 
INTRODUCTION  
 
The BAMB (Buildings As Material Banks) project is dedicated to promote material 
circularity in the building sector with architectural and IT innovations (transformable building 
design and material passport).  In addition to technical feasibility demonstration, expected 
key outputs also include business models.  Viable and robust business models, with thorough 
consideration of the entire ecosystem and its highly-interdependent actors, are key success 
factors to implement pilot practices in real-life situations and to scale up adoption to an 
impactful level.   
To get a good understanding of relevant practices already available on the market, the team 
has studied several “frontrunner” cases which have pioneered in incorporating elements of 
building circularity in real life.  The four chosen frontrunner cases are based in four different 
EU member states, involving different value chain actors (such as engineering companies, 
consultancy firms and deconstruction companies) and different market segments (public and 
private).  Interviews were conducted with key personnel who have had direct and in-depth 
involvement in these building projects, including owners, project managers, contractors and 
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sustainability consultants.  Interviews were conducted either by phone, or face-to-face with 
visits to the building sites.  
  
FRONTRUNNER CASE DESCRIPTION 
 
The frontrunner cases are briefly described below.  More detailed descriptions can be found 
on the internet1,2,3,4. 
 
Venlo City Hall, the Netherlands. The new Venlo City Hall, completed in 2015, has 
become an icon of Cradle-to-Cradle inspired buildings.  It integrates four major circularity 
elements: renewable energy, building as material bank, enhanced indoor and outdoor air 
quality and creating water loops.  Next to the design and construction achievements, a 
concrete business case has also been developed: an additional investment of €3.4M in 
sustainability is expected to result in €16.9M savings in e.g. energy and water over 40 years.  
The extra investment was made through mortgage, which is paid off with realized savings. 
Positive cash flow was already achieved after one year.  Further savings could be accounted 
once the relation between better indoor air quality and reduced sick-leave rate is proven.   On 
material circularity, the Venlo city hall has incorporated Cradle-to-Cradle® certified products, 
lease contracts and buy-back agreements with suppliers (typically at 15-25% of original 
prices, for office furniture and indoor finishing). Overall, a 10% residual value was estimated 
for the building in 40 years and the bank has reduced mortgage interest accordingly.   
 
PROgroup, Luxembourg.  PROgroup, founded in 1996, is a group of engineering 
companies active in sustainable buildings based on circular economy principles.  Their office 
buildings in Windhof, Luxembourg feature a wide range of environmental and social 
sustainability concepts, such as Cradle-to-Cradle, product service systems, transformability, 
biodiversity, employee well-being and community building.  Economic feasibility was 
demonstrated by low vacancy rates even at above-average rent.  In a new steel-structure 
parking lot project, as contingency for future demand uncertainty, PROgroup has reached 
agreement with the supplier on a buy-back option of their steel beams at deconstruction.  The 
supplier has agreed to a price point higher than the second-hand market average, since buying 
back their own products significantly lowers the risks compared to acquiring used beams 
from other manufacturers.  Deconstruction will be carried out by the supplier to ensure proper 
dismantling and handling.  It is speculated that such buy-back schemes may further 
incentivize suppliers to design for simple deconstruction and standardize beam specifications 
for various applications. 
 
Karlstad hospital, Sweden.  Karlstad is a public hospital owned by the county council of 
Varmland, Sweden.  The county council included healthy building materials as a requirement 
in the neonatal unit renovation project in 2013.  As a result,  800 kg of phthalates and 1598kg 
PVC plastic were avoided, at an additional cost of less than 0.33% of the total project budget.  
It was recognized that the additional upfront cost is insignificant compared to long-term costs 
if hazardous materials need to be taken out at a later stage.  In fact, there has been a growing 
demand for healthy building materials over the past decade in Sweden, primarily from the 
public sector.  Although this case is not directly about material circularity, it does provide 
interesting insight on the role of public procurement in mainstreaming sustainability 
practices. 
 
Rotor Deconstruction (Rotor DC), Belgium.  Rotor DC is a spin-off company of the 
Brussels-based non-profit organization Rotor.  Leveraging on years of research and deep 
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insight of the local second-hand building material market, Rotor DC pioneers an innovative 
way-of-working in deconstruction.  The reclaim potential of large buildings is assessed and 
information is made available to potential buyers already before the deconstruction starts. 
Cost is made neutral for building owners (deconstruction = demolishing), while additional 
expenses are paid by sales of used materials. 
 
LEARNINGS AND DISCUSSIONS 
 
Ample room for growth in building material circular ity business models. In comparison 
to more developed building sustainability elements such as energy, building material 
circularity is still a rather new concept in many aspects.  Different building products/materials 
require different business models, determined by characteristics such as lifecycle (e.g. beam 
vs. partition wall), supply risk (e.g. steel vs. concrete) and value retention potential (e.g. cable 
tray vs. carpet).  The maturity of business models varies significantly: down-cycling and 
recycling at raw material level date back a long time; product-service systems for shorter 
lifecycle items are growing; supplier buy-back agreements for structural components are 
being explored.  In the newer business models, how to put retrieved products/materials back 
into the economy, as well as how to establish solid financial cases for involved stakeholders, 
are among the topics which still need further substantiation.      
 
Holistic approach is key.  Successful circular building projects are devised with a holistic 
view on sustainability elements such as energy, user health, water and materials management 
where synergies and trade-offs arise.  Furthermore, a common success factor in circular 
building design emphasized by all is stakeholder engagement from the very beginning.  Early 
co-design processes with end-users, technicians, suppliers and communities take everyone’s 
needs into consideration, therefore resulting in a more holistic design, as well as creating the 
foundation for future support.   
 
Public procurement can be a powerful driver.  Public procurement can play a significant 
role in mainstreaming circularity practices.  For example, healthy building materials remained 
expensive and niche in Sweden till municipalities started including them as requirements in 
their tenders.  Being one of the largest client groups, demand from the Swedish public sector 
pulled the entire supply chain and significantly lowered extra cost over time by economy of 
scale.  Finished public building projects are well positioned for further awareness raising and 
experience sharing.   
 
Regulatory considerations.  While energy has become core for most building codes and 
certification systems, material circularity has received much less attention in comparison.  
Moreover, some of the major challenges faced by new circular building business models are 
related to regulations.  As a consequence of increased residual value with circular practices, 
the discrepancy between building (component) market value and book value will likely widen 
and needs to be properly managed in e.g. accounting and taxation. In another example, 
important circular business models such as product-service systems with third-party 
ownership (e.g. leasing) may not be feasible for some building materials due to leasehold 
property legislations. 
 
Market demand needs more attention.  Most frontrunner cases demonstrate the design 
phase of material circularity, such as choosing Cradle-to-Cradle® certified products and 
setting up supplier buy-back agreements, which facilitates the supply side of used building 
components.  It is known that supply exceeds demand in today’s second-hand building 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

318

material market.  Therefore in addition to improving technical feasibility and information 
management on the supply side, further attention is needed to direct stimulation of second-
hand market demand, which would be of utter importance to the actual final realization of 
material circularity in the building sector. 
 
CONCLUSION 
 
Compared to more developed sustainability elements such as energy, material circularity is 
relatively a new concept in the building sector.  Encouraging advancements have been made 
in new business models such as supplier buy-back schemes, product-service systems and 
deconstruction, as well as processes such as stakeholder co-design.  Suggested business 
model development needs include realizing circularity after take-back (e.g. re-
use/refurbish/remanufacture/recycle), substantiating the financial models and stimulating 
second-hand market demand.  The potentials of public procurement and regulatory incentives 
as additional key drivers are also to be further investigated. 
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ABSTRACT 
 
A comparative case study of the current legislation and state of the art of practical procedures 
and methodologies used for the treatment of Construction and Demolition Waste (CDW) 
between France and Belgium (Flanders and Wallonia) will be presented in the framework of 
the project VALDEM (Interreg Va France-Wallonie-Vlaanderen Convention n°1.1.57). The 
authors exhibit the differences in practice for the demolition companies induced by different 
policies at regional or national level. Typical examples are given concerning the various 
mandatory phases of a demolition work, their organization, with a link to the resulting quality 
of CDW (number and type of waste stream collected, purity of each stream, and identification 
of the undesired material). Emphasis will be put on the technical feasibility versus the legal 
feasibility for each region. Existing valorization routes are also mentioned in order to show 
potential transnational opportunities for the CDW industries, the sorting facilities, and 
potential end users, and in general help transposing the good practices from one 
region/country to another. 

 
Keywords: CDW legislation, comparative case study, state of the art of practice, France-
Wallonie-Vlaanderen. 
 
INTRODUCTION 
 
Since 25 years, there is a growing interest for a better valorization of Construction and 
Demolition Waste (CDW) from various stakeholders such as academic community, 
government and industries. Belgium was a pioneer country in this field (Vyncke 2010), with 
some practical and legislative differences due to its federal structure and regional 
competencies regarding waste management, even if the legislation is derived from the 
implementation of European directive as well as in other countries. Knowing that CDW is the 
largest waste stream in Europe, in volume, and is about one third of all waste produced, it is 
not a surprise that recycling and re-using of construction and demolition waste is a key issue 
at the core of European strategies such as the Circular Economy Package, the Resource 
Efficiency Opportunities in the Building Sector and the Construction 2020 strategy (EU 
2015, EU COM 2014, EU COM 2012). The Commission introduced recently the “EU 
Construction & Demolition Waste Management Protocol” (EU 2016), a non-binding 
guidelines as a proposal to the industry. We will see that the current best available practices 
in the in the interregional area France – Wallonia - Flanders are mainly in line with this 
guide, but that difficulties  and are still present. The goal of this paper is to point out practical 
examples and possible causes (technical, legislative, lack of knowledge, others) as elements 
to focus on in the framework of VALDEM project. 
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COMPARISON OF PRACTICES 
 
The legislation in France, Wallonia and Flanders deriving from EU directive, there is a 
common background leading to common practices. 
 
Minimal common treatment. It is well established that a demolition operation must follow 
certain steps such as: 
- Preparation - all the preliminary actions and documents needed before the real work can 

take place, including mandatory diagnosis 
- Decontamination - mandatory removal of hazardous waste, and the appropriate discarding 

and elimination 
- Dismantling - selective demolition, most of the time performed manually or with hand 

tools 
- Demolition - on site operations that consist of the full destruction of the building. It is 

more or less selective depending on the size, and the duration of the work, and ends up 
with the delivery of various fractions of materials to another place. 

Those phases follow the guideline of EU Construction and Demolition Waste Management 
Protocol, but would need very detailed and harmonized procedures in order to promote a 
better valorization of the resulting CDW. 
 
Examples of differences. Since the project is not dealing with hazardous waste, we assume 
here that the preparation phase, with the mandatory diagnosis and the hazardous waste 
removal is performed properly following the current legislation for the region where the 
demolition takes place. 
During the dismantling phase, all that is easily removed, has a certain value and will help the 
further demolition is taken out regardless of the geographical situation. The resulting waste is, 
most of the time, separated in metallic fraction, and inert waste. Depending on the local 
context or opportunities, a more precise dismantling can be performed to obtain additional 
waste stream such as: window frames, plaster, PVC, wood... It is only performed when the 
additional cost is balanced by an opportunity of valorization (presence close by of an industry 
able to take the secondary material at a good price). As an example, due to a recent increase 
of capacity (since 2010) for wood conversion to energy in Flanders, it is even needed to treat 
non-hazardous wood waste from other areas, opening opportunities for materials coming 
from Wallonia and north of France (EMIS 2013). A Belgian PVC frame producer 
(Deceuninck) is recycling such materials from demolition waste if collected separately (EU 
factsheet Belgium), when in France it is more PVC floor (association PAPREC-Gerflor, ) For 
both materials, it is still limited in the area around the producers plant due to transport costs 
(EU Factsheet France). 
During the demolition step, the main resulting waste stream is a mixture of concrete and 
bricks (stony material), with small amount of other undesired materials (ceramic and tiles, 
insulating materials, wood…). This material can also be ‘contaminated’ by soil, especially in 
case of bad weather. The main use of such secondary materials is recycled granulates for sub 
layer of road construction. In order to fulfill the needed properties for recycled aggregates 
(composition, granulometry…), an additional treatment is necessary, which is typically 
performed in an Approved Treatment Center (CTA). Each sorting center has its own process 
optimized for its own most abundant flows, but typical side products that are seen with low 
valorization potential are the fine fraction (< 20 mm) of concrete and brick mixes, with 
sometimes gypsum from plaster and/or soil from the handling. 
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On-site or offsite additional treatment. The separation and size reduction process could be 
done on site, but with additional constraints such as the space available, and the legislation. 
The use of on-site mobile equipment and in-situ recycling are easier in France due to recent 
changes induced by the national union of deconstruction companies, SNED towards the 
authorities. In Wallonia, the permit delivery that allows on-site treatment is more complicated 
than the usual demolition permit, and there is an obligation for waste to transit by an 
approved treatment center to become a product. This situation favors the treatment off site. In 
Flanders, the situation is even more complicated (Deltour) due to the different authorities’ 
level in charge (City, Province or Region) depending on if the mobile unit will be used only 
in a city or shared over more than one Province. What is more, a Unified Permit is on its way 
but not yet implemented for the cities in Flanders (due to be operational at June 1st 2017). 
Another key point is that the processing cost by a mobile unit is considerably greater and 
attractive only for high-value-added flows or for waste whose quantity exceeds twenty 
thousand tons per campaign. 
 
Confidence and final use. Traceability of the materials generated by the deconstruction 
sector is a key parameter to give confidence to the final user. In Flanders, the non-profit 
organization Tracimat, is recognized by the public authorities to set up such system, when, in 
France, initiatives are arising from the industrial sectors represented by SNED which 
promotes the use of an online platform for the traceability of CDW on a voluntary basis. In 
Wallonia, the stakeholders are in discussion on such topic. In France, products using fine 
mixed materials with excavated soils and additives such as cement or lime are available and 
used in particular cases. A similar approach is developing in Wallonia, with the difficulty to 
meet the market. Indeed, recycling such CDW is mandatory, but there is no obligation of use 
of the product obtained, leading to the accumulation of big stockpiles by the CTA. 
 
Crossborder opportunities. In Belgium, a company active in the roofing is able to recycled 
old bitumen based roofing in its process, after a chemical check of the non-hazardous nature 
of the material. In south-east of France, an economical model for recycling plaster from 
CDW into new plaster boards was implemented few years ago, unfortunately, it seems not 
transposable in the region of Hauts-de-France due to a different economical context, showing 
the very importance of case-by-case study, but knowing what is technically feasible. In such 
cases, a life cycle analysis (Di Maria 2015) may help select the best appropriate choice. More 
generally, an enhanced sorting of concrete and bricks could favor separate valorization ways 
of recycled concrete and recycled bricks and help to balance the additional sorting cost that 
should be anyway minimal. 
 
CONCLUSION 
 
The project is only at its early stage. and the summary of common practices and differences 
will evolve with the contacts to be taken with industrial partners and federation from France, 
Wallonia and Flanders. Nevertheless it was already possible to point out differences over the 
three areas. They are either coming from the legislation (more or less easy use of mobile unit 
on site, different traceability systems) or the even more local economical context (presence or 
not of some industries able to admit secondary raw materials coming from CDW). Technical 
aspect takes place at a second stage, but it is usually not the blocking point itself, except when 
considering its cost. The separation of CDW fractions is technically feasible, most of the 
time, during the dismantling step manually or at a later stage with automatized equipment. 
But the extra cost is rarely compatible with the actual use of such materials, thus the need to 
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work simultaneously on the cost reduction with automatized separation treatment and the 
valorization within higher value materials, as intended in the project VALDEM. 
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ABSTRACT  
 
Ahmedabad is the largest city in the state of Gujarat and the 5th largest in India in terms of 
population. It is one of the most important economic and industrial hubs in India. 
Additionally it is one of the fastest growing cities in India, leading to large infrastructural 
projects including metro rail and river front. Construction is also increasing in the peripheries 
of the city with an anticipation of better connectivity in the future. Increase in construction 
activities has led to increase in generation of Construction and Demolition (C&D) waste in 
the city over the years. The present paper studies C&D waste management model followed in 
the city. To get a scientific understanding of the waste, the C&D waste was characterized and 
analyzed for suitability in product diversification. Results obtained from the study showed 
that high quality non-reinforced concrete products can be produced from complete 
replacement of natural aggregates by C&D based recycled aggregates. Additionally, recycled 
products manufactured using C&D waste are cheaper compared to market rates of products 
made with virgin aggregates.  

 
Keywords: Ahmedabad, demolition, waste, utilization, management. 
 
INTRODUCTION 

 
Ahmedabad is one of the most important economic and industrial hubs in India. With an area 
of about 467 km2 and population of 5.5 million, it is the largest city in the state of Gujarat and 
the fifth largest in India. Additionally it is one of the fastest growing cities in India leading to 
huge infrastructural projects including metro and river front1. Most of the construction occurs 
inside the main city. Construction is also increasing in the peripheries of the city in the 
anticipation of improved connectivity in the future due to development of roads and metro 
rail. On an average all buildings in the commercial and residential area is G+5 storied high. 
Structures are usually made of concrete and bricks. Use of red bricks is common but fly ash 
and hollow bricks have also gained popularity in the last decade due to government 
restrictions, easy availability of raw material and ease of manufacture. Old buildings are 
mainly made of stone and lime mortar. Most of the raw materials for construction are 
available locally. Sand is procured from peripheral cities and is easily available.  However 
supplies become restricted during the rainy season due to flooding of rivers. Availability of 
good quality natural aggregates is an issue and needs to be procured from long distances. This 
is a cause of high cost of concrete and associated materials. The availability of natural 
aggregates and demand for construction in Ahmedabad are currently on opposite trajectories. 
Therefore need for alternatives such as C&D waste based aggregates becomes important and 
relevant for the city. 
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Figure 23. C&D waste management system followed in Ahmedabad 

OVERVIEW OF C&D WASTE MANAGEMENT IN AHMEDABAD 
 

The subject of C&D waste, its management and utilization is a new subject to most of the 
Indian cities. Thus the utilization is in a nascent stage. However with the recent Solid Waste 
Management regulations of the Government of India, most of the cities are on the overdrive 
of looking at sustainable management systems and its use. Similar to other cities, the 
demolition activities in Ahmedabad are not tracked and thus accurate data on the C&D waste 
being generated are not recorded. On an average Ahmedabad Municipal Corporation (AMC) 
estimates that more than 700 tons of C&D waste is generated in Ahmedabad city per day1. 
Considering 300 days of productive construction and demolition activity, around 0.2 million 
tons of C&D waste is generated in the city2. 
 

 

 

 

 

 

 

 
 
 
 
 

The recently introduced model of C&D waste management in Ahmedabad (Figure 1) is based 
on Public Private Participation (PPP). A private company, Amdavad Enviro Projects Pvt. Ltd 
(AEP) is responsible for managing and processing all of C&D waste in the city. AEP charges 
AMC $2.5/ton tipping fee to pick up waste from any of the 16 designated dumping sites. AEP 
is responsible for transporting the C&D waste from the collection points to the processing 
facility, whereas the generator dumps the C&D waste at designated dumping locations. 
Collected waste is processed at a centralized processing plant into coarse and fine aggregates. 
Processed waste is used for manufacture of standard grade building materials like Paver 
blocks, Kerb stones and other products which are commercially sold in the construction 
market. 
 
INTERVENTION METHODOLOGY ADOPTED 
 
The intervention study presented in the present paper was designed based on a mix of 
secondary literature and field visits. Visits were made to each of the 16 dump sites and  
GPS coordinated plotted in a GIS map. Visits were made to raw material quarries, building 
material producers, contractors and construction agencies to understand the C&D waste being 
generated and their use. Data collected during the market study was used to map the locations 
to identify better management practices. 
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RESULTS AND ANALYSIS 
 
As a part of the study, GPS coordinates were utilized to visit and map the dumping sites in 
order to visualize the current management procedures and suggest changes. The result of the 
GIS map in given in Figure 2. From the study it was found that apart from the local authority 
designated 16 sites, there were 4 more dumping sites which were being used for easy lifting. 
These sites are scattered all along the periphery of the city due to space constraints within the 
congested central place. Out of all the 16 sites only three are being actively used. This is due 
to their proximity to the reconstruction sites.  
 

Figure 24. Hotspots of C&D waste management and reuse  

It was also found out that in and around the city of Ahmedabad, two large building material 
clusters are located. These are Gota Paver cluster in the North-West and Naroda Paver cluster 
in the North East. The location of the presently operational C&D waste processing unit of 
AEP was also found out to be in the Southern part of the city (Figure 2). It was also observed 
that the dumping sites in and around AEP were not used and they have to transport C&D 
waste from the Northern area. The dumping sites situated in the North East and Western parts 
are not feasible economically due to lack of material quantity and the distance of 
transportation, although the lifting and transportation costs are being subsidized.  
 
The possibilities of extended use of processed C&D waste was looked at from the 
demand side also. Various discussions were held with the paving block manufacturers 
on the acceptance of C&D waste based raw materials. It was found that processed 
C&D waste can have a market subject to fulfillment of attaining similar quality 
compared to the existing products and reduced cost. It was further studied that the 
properties of recycled C&D waste aggregates and natural stone aggregates in 
Ahmedabad were similar with no great difference. Thus various mix designs were 
made and strength evaluated. It was concluded that within the existing cost of 
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production even better quality products can be made with C&D waste based 
aggregates or similar quality of building materials can be made even at cheaper costs.   
 
CONCLUSIONS AND WAY FORWARD 
 
Results of the study show that there is a large scope for improvement of C&D waste 
management in Ahmedabad. There is a scope for setting up more commercial processing 
units based on the GIS map in and around the building material producer’s clusters. These 
will reduce the distance of transport and make available equivalent grade of processed C&D 
waste based aggregates at an affordable rates. This system if implemented will benefit all. 
Whereas the building material manufacturers will have an enhanced profit with equivalent 
quality, the users will also get a green product having improved properties. If a strong 
demand and supply system is established then the demand of C&D waste aggregates will 
increase establishing the sustainability of the solid waste management model. 
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Abstract 
 
Construction and demolition activities generate a large quantity of C&D waste. It is 
estimated that almost 70% of the buildings that are expected to stand in India by 2030 
are yet to be built. Hence, C&D waste generation is expected to grow larger in the 
coming years and managing it would play a vital role in the conservation of natural 
resources. However, a major portion of C&D waste in India is generally dumped in 
landfills or unauthorised places causing considerable ecological damage. In the recent 
years, there is a considerable amount of heterogeneity in the C&D waste being 
generated in India. The practice of on-site waste sorting has been reported to enhance 
resource reuse and recycling efficiency in the literature. Several barriers to on-site 
waste sorting such as lack of site space, lack of management effort, increased labour 
and cost, interference with other site activities, market for recyclables and negative 
stakeholders’ attitudes have also been reported. Anecdotal evidences suggest that 
appropriate regulations might lead to changes in the stakeholders’ practices. 
However, a good understanding of stakeholders’ decision making is essential to 
design the kind of incentives to facilitate the transition in the behaviour towards on-
site waste recycling and reuse. As a part of this paper, redevelopment projects in two 
different cities having different institutional arrangements have been studied. In case 
A, the waste generator is mandated to dispose C&D waste generated in authorised 
places but a specific incentive to perform on-site sorting, recycling and reuse is 
absent. In case B, there is a strict regulation mandating the contractor to enhance 
resource reuse and recycling on-site. Interviews of top management and project 
managers were conducted to identify the management practices and to understand 
their rationale behind decision-making regarding managing waste on-site. Top 
management commitment was found to be crucial in bringing changes in the practices 
adopted by respective organisation as observed in both case studies. Refusal to give 
building approvals or commencement certificates by the Government authorities 
without an elaborate waste management plan for enhanced reuse and recycling has 
also been found to be effective in bringing about a change towards on-site waste 
sorting and recycling. Several other insights gathered regarding on-site reuse 
practices and implications for designing appropriate incentives have been discussed.  
 
Keywords: Construction waste, On-site recycling, Reuse, Regulation, Case study. 
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Introduction 
 
Indian construction industry contributes to about 8% of India’s GDP. The urban population of 
India is expected to double by 2031 and it is estimated that almost 70 percent of the buildings 
likely to stand in India by 2030 have not been built yet (Make in India 2016). The number of 
demolition activities is also steadily increasing in the Indian urban areas to make way for 
development. With such rapid urbanization, a significant quantity of Construction & 
Demolition (C&D) waste is expected to be generated in Indian cities. The major portion of 
C&D debris such as concrete and masonry debris are generally dumped in landfills or 
unauthorized places in Indian cities. About 30% of construction personnel surveyed in the 
Indian cities were unaware of recycling possibilities of the C&D waste stream and almost 
70% were unaware of the recycling techniques available (TIFAC, 2001). In India, only about 
four C&D waste recycling facilities are currently operating in the whole country. 
There are several barriers to C&D waste recycling such as lack of confidence in using 
recycled products due to quality concerns, the poor image associated with recycling and lack 
of incentives for recycling. Low dumping costs in landfills, widespread illegal dumping and 
lack of stringent penalties to deter inappropriate practices also affect economic viability of 
C&D waste recycling. Moreover, on-site sorting of waste is rarely seen in Indian demolition 
projects (Ram and Kalidindi, 2015). Some of the reasons as found in literature are lack of site 
space, lack of management effort, increased labour and cost, interference with other site 
activities, market for recyclables and negative stakeholders’ attitudes. Similar types of 
barriers have also been found to exist in several other developing countries. Hence, there is a 
need to understand the construction stakeholders’ decision making to design appropriate 
incentives that facilitate the transition in the behaviour towards on-site waste sorting, recycle 
and reuse.  
Amidst all barriers that exist in Indian scenario, there are a couple of successful initiatives 
taken up in redevelopment projects in Indian cities. Two of such initiatives in two different 
redevelopment projects in India have been studied to understand the factors that led to the 
adoption of on-site C&D waste recycling and reuse strategy.  
 
Research Methodology 
 
A case study research methodology was adopted to study the activities of the two 
organizations and how institutional arrangements influenced them in taking steps towards on-
site C&D waste recycling in the redevelopment projects studied. Interviews of top 
management and project managers were conducted to identify the management practices 
being adopted and to understand their rationale behind decision-making regarding managing 
waste on-site. Secondary data sources such as archival data, newspapers and press releases of 
the organizations were also used to develop the case history.  
Case Study-A was a redevelopment project in East Kidwai Nagar, New Delhi, India 
undertaken by M/s. National Buildings Construction Corporation (NBCC) (India) Ltd. (a 
Government of India Enterprise) wherein they commissioned an on-site C&D waste recycling 
facility. Case Study-B was a redevelopment project of M/s. L&T Realty Ltd. in Powai West, 
Mumbai, India. As these two projects are being undertaken in two different cities with 
different institutional arrangements, they provide a complimentary research setting to 
understand the factors that has driven such initiatives and will provide key knowledge on 
various ways of improving C&D waste management and recycling. 
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Results & Discussion 
 
Case Study – A 
 
NBCC’s redevelopment project in New Delhi involved demolition of about 2444 residential 
buildings and construction of 4747 houses of different categories making up a total of about 
55,742 Million Sqm. as well as construction of a commercial space of about 104,413 Sqm. 
The total plot area of the project is 86 acres and it includes about 127,000 Sqm. of green area. 
Municipal Corporation of Delhi (MCD) has developed a C&D waste recycling facility in 
Burari, New Delhi which is about 45 km from the redevelopment site of Case A. Moreover, 
to facilitate waste generators with respect to disposal and reduce illegal dumping, MCD has 
also earmarked about 168 collection points for C&D waste in and around the city of New 
Delhi and periodically the waste from such collection points were transported to the recycling 
facility for processing.  

The top management of NBCC Ltd. were committed to mitigate the environmental issues of 
C&D waste management. Therefore, they took up the initiative of recycling the C&D waste 
generated on-site in anticipation of various benefits such as reduction of Green House 
Gases (GHGs) emissions through avoidance of transportation of C&D waste, reducing the 
Suspended Particulate Matter (SPM) in the environment thereby reducing the health hazard, 
reduction in the demand for virgin material required for the project (conservation of natural 
resources) and landfill space saving if the waste were dumped in municipal landfills. The 
processing capacity of the on-site C&D waste recycling plant commissioned in this project 
was 150 tonnes per day and is implemented on a PPP model with M/s. Enzyme Infra Ltd. 

Using the recycled materials from the waste generated, production of about 30,000 bricks / 
kerb stones each day has been planned and the products made were to be consumed in the 
construction phase of the project. A 100% buy back agreement with the concessionaire and 
utilization of the finished product comprising bricks, tiles etc. made using recycled materials 
at the project itself ensures the successful operation of the plant. This significant step taken 
by NBCC for the project, also included activities such as maximizing reuse of recoverable 
materials in construction activity and minimizing waste quantity that requires land fill 
disposal. The total amount of saving that the company expects from the initiative is about Rs. 
30 Million on transportation and Rs. 60 Million due to avoidance of purchase of virgin 
material as recycled product is expected to be about 30% cheaper than virgin material. With 
the success of this pioneering initiative, NBCC also plans to follow these best practices in all 
its future redevelopment projects.  
 
Case Study – B 
 
L&T Realty Ltd. is planning to undertake a redevelopment project in Powai West, Mumbai, 
India. In Mumbai city, the institutional set up is different than that in New Delhi and it is 
mandatory for the organisation to develop an elaborate waste management plan and enhance 
resource recovery and reuse. Development approvals given by Government authorities are 
contingent on the effort planned for on-site waste management. There are no recycling 
facilities available in the city where the generated waste can be transported for further 
processing and utilization. Even though there were no institutional support from government 
authorities for recycling, top management in the case B showed considerable commitment 
towards zero waste disposal and took proactive steps to improve C&D waste management at 
the site.  
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A detailed waste management plan for each material that will be generated was created. End 
use of every other material generated on-site has been planned and one among the following 
four strategies were chosen to be adopted: 1. Recycle and Reuse at the same site; 2. 
Segregate, process at an offsite recycling facility and use them back at the site; 3. Segregate 
and handover to licensed recyclers and; 4. Filling at reclamation sites (only for excavated 
soil). A memorandum of understanding was obtained with all prospective vendors of waste 
management to ensure full material recovery. Large contractors in the region generally 
employ waste haulers to transport the waste being generated away from the site and consider 
their site premises as limit of responsibility beyond which they do not monitor the end-use of 
waste hauled away from their site. However, in the Case B, organisation has shown 
willingness to take up additional responsibilities of monitoring the end use of every waste 
material that is generated as well as indulge in on-site recycling and reuse.  
 
Conclusion 
 
Organisations studied in both the case studies experienced the problem of managing the C&D 
waste as all other Indian construction companies do but chose to act on it rather than 
following the traditional solution of landfilling and thus, has become institutional 
entrepreneurs (Scott, 2014). Institutional entrepreneurship through top management effort is 
found to be crucial in bringing change in the practices being adopted by the organisations 
especially in a country where there is considerable lack of awareness and commitment to 
sustainable development. Refusal to give building approvals or commencement certificates 
by the Government authorities without an elaborate waste management plan for enhanced 
reuse and recycling on-site has also been found to be effective in changing the perspective of 
looking at C&D waste management. Investing in recycling operations in large redevelopment 
projects is reported to be profitable unlike the popular belief of incurring costs for waste 
management provided appropriate institutional arrangements are developed. 
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ABSTRACT  
 
With growing pressure on the construction industry to be more resource efficient, to reduce 
waste and to lower embodied carbon, material reuse strategies are critical to meet targets, 
especially for steel. Indeed, steel recycling is an energy and carbon intensive process, offering 
only approximately 50% energy savings [1] and 75% [2, 3] over new production, while steel 
reuse eliminates both. Unfortunately, there are many barriers preventing steel reuse 
happening at a large scale. Indeed, only 7% of heavy structural sections and tubes are 
currently reused compared to 93% which are recycled in the UK. Using information collected 
during interviews with actors across the supply chain in the UK, we could establish the cost 
of steel reuse. We found that steel reuse is only slightly more expensive than new steel when 
considering all additional costs. This paper presents case studies which were described to us 
during interviews or which we found in the literature where steel reuse was successful. We 
tried to analyse where savings were found to make it viable. Finally, we propose three main 
strategies to enable steel reuse at scale. 

 
Keywords:  steel reuse, structural steel, sustainability in construction. 
 
Introduction 
  
Steel reuse compared to using new steel made in primary or secondary production is an 
excellent way to reduce the CO2 emissions connected with construction. It saves both the 
energy and the carbon required to melt the scrap and form the steel back into a useable 
product [4]. Unless used steel sections were fatigued or subjected to fire, they keep their 
properties. Thus, they can be used after the end-of-life of a building in other structures.  
Table 1 shows different scenarios for reuse. These can be in the same building, in another but 
on the same site, or on a different site. In some cases, a whole building is reused but the most 
common cases are parts of building or single elements being reused. Unfortunately, steel 
reuse is rarely happening. In studies by EUROFER, and by Samson and Avery [6, 7] it is 
reported that only around 7% of heavy structural sections and tubes, 15% of steel piles (sheet 
and bearing) and 10% of profile steel cladding in construction in the UK were reused in 2012, 
whereas respectively 93%, 71%, and 89% were recycled. It is therefore thought that many 
barriers prevent steel reuse from occurring on a larger scale [8, 5]. Only a few of these 
barriers appear to be practical in nature: availability, timing, and testing [8]. However, all 
barriers are linked to supplementary costs. In a survey, we found that actors in the supply 
chain believe steel reuse is more expensive than new steel. However, Dunant et al. [9] 
calculated the full cost of reusing steel sections to be only slightly higher than new elements. 
The difference is approximately 80-145/t [5]. This represents between 7.6% and 10% over the 
cost of new steel (Fig. 1). The cost components causing reused steel to be more expensive are 
related to reconditioning, fabrication, transport and testing. 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

332

Using the information collected during 30 interviews across all the supply chain, 
supplemented by a review of literature, we found successful case studies which suggested 
where cost reduction might be found to make reuse viable. 

 
Table 1. Characteristics of different types of reuse [5]. 

 
 
Successful steel reuse – Case studies  
 
Even though steel reuse in the UK is not common, there are some successful examples. Table 
2 presents such cases as described during interviews or found in the literature. Based on these 
findings, we can observe that the three main strategies enabling steel reuse are: 

- Refurbishing or extending existing buildings; 
- Reuse of a whole building or large parts thereof; 
- Reusing elements left on the demolition site after the deconstruction of a building 

previously standing there. 
All these strategies show cost components reduction connected to steel reuse, such as lowered 
material, fabrication, testing or transport costs. 

 In    site    
    (the    same    building)    

On    site    
(other    building    but    in    the    same    site)    

Different    site    
    (other    building    but    in    the    other    site)    

All    Building    

Reuse    

The same purpose Relocation – the same function 

Other purpose Relocation – the other function 

Part    of    the    

Building    Reuse    
(component    system    

reuse)    

Unmovable parts (e.g. reinforced 

concrete foundations) 

Reinforced concrete footings (especially 

prefabricated) 

Rebuild or extend existing 

buildings    (e.g. frames, trusses, 

roof structures) 

Build, rebuild or extend from components derived 

from other buildings    (e.g. frames, trusses, roof 

structures) 

Use as temporary 

structures 

Use as temporary 

structures 

Use in agriculture 

buildings 

Reuse e.g. façades, envelopes, sandwich panel systems for existing and new buildings 

Element    Reuse    
(steel    elements)    

Rebuild, extend or repair 

(replacement) from reuse steel 

elements 

Build, rebuild, extend or repair (replacement) from 

reuse steel elements 

Use as temporary 

structures 

Use as temporary 

structures 

Use in agriculture 

buildings 
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Figure 1. Differences between new and old steel use [5]. 

 
Table 2. Savings observed in analysed case studies. 

 
 
Conclusion 
 
Steel reuse in the UK is a very narrow market. The main reason seems to be high cost, real 
and perceived. Indeed, taking into account all cost components, we found that steel reuse is 
more expensive than using new steel. However, the difference isn't large, only 10% over new 
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steel. We found case studies through a literature review and interviews where the costs of 
reconditioning, fabrication, transport, and testing where reduced, making steel reuse 
profitable. Finding such viable strategies to make reuse profitable will contribute to develop 
steel reuse into a widespread practice hopefully leading to significant savings in emissions.  
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Abstract  
 
Flows of construction materials through urban areas are significant not only in terms of 
consumption but also of processed output. They raise environmental issues together with 
land-use conflicts. In Paris region in 2013, domestic material consumption reaches 2.5 
t/inhab. while local and exported processed output amounts for 0.7 t/inhab. and unused 
excavated materials extraction for 1.5 t/inhab. Besides, while non metallic minerals form 95 
% of the domestic consumption, only 57 % of the minerals consumed by the region are 
extracted locally. Up-cycling today’s building stock would reduce the amounts and lengths of 
those flows and it is defined as a priority target by local authorities.  
 
Research carried out by Géographie-Cités laboratory and financed by the Regional council 
and the Regional office for environment (DRIEE) aims at analysing and anticipating regional 
flows and stock of construction materials in terms of quantity and location. Flows were 
estimated with the Eurostat top-down MFA method adapted to urban and regional scales by 
Barles (2009). Stock contained in buildings and networks was studied through a bottom-up 
assessment with the use of a 3D geographical database matched with local tax records which 
contain information on construction years, economic activities and materials in wall 
structures.  
 
Results show that buildings form 64 % of the estimated total material stock and concrete 70 
% of the stock contained in buildings. As statistics on building demolition are incomplete, 
comparison of local tax records for 2009 and 2014 brings indication on demolished surfaces, 
types of buildings and location. Concrete waste is estimated to amount for approximately one 
third of the consumption of aggregates for concrete during that period. As a regional 
development plan for 2030 sets high annual construction objectives in an already dense urban 
area, demolition is assumed to increase and up-cycling today’s building stock has a potential.  

 
Keywords: building demolition, secondary resources, material flows and stock analysis. 
 
Introduction 
 
Flows of construction materials through urban areas are significant not only in terms of 
consumption but also of processed output (Matthews et al., 2000). They raise environmental 
issues together with land-use conflicts. However, materials contained in a city today, in the 
form of buildings and networks, could potentially be recycled tomorrow and partly substitute 
for primary resources in highly urbanised countries (Brunner, 2011). Construction materials 
flows and stock analysis is therefore an important issue in terms of understanding and 
managing the metabolism of socioeconomic systems. It is bound up with significant 
methodological challenges concerning the knowledge of flows and stock in terms of quantity, 
quality and location, along with short-term forecasting which is essential to anticipating and 
acting on metabolism. 
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Paris administrative region (région Ile-de-France) is a 12.012 km² highly urbanized area 
populated with 12 million inhabitants. A regional development plan for 2030 was launched in 
2013. Its objectives are the construction of 70 000 housings per year and the development of 
200 km of mainly underground metro lines, 68 stations. 600 000 jobs are assumed to be 
created in the region until 2030. As both metro lines and expected housings construction are 
mainly located in the center of the region, the implementation of this plan will have a great 
impact on the volume and the location of construction materials input and output flows.  
 
In 2013, domestic material consumption reaches 2.5 t/inhab. while local and exported 
processed output amounts for 0.7 t/inhab. and unused excavated materials extraction for 1.5 
t/inhab. Only 25 % of non-metallic minerals waste (excluding excavated materials) are up-
cycled: 34 % are sent to landfills and 41 % used for quarries reclamation. Besides, while non 
metallic minerals form 95 % of the domestic consumption, only 57 % of the minerals 
consumed by the region are extracted locally. Up-cycling today’s building stock would 
reduce the amounts and lengths of those flows and it is defined as a priority target by local 
authorities.  
 
Research carried out by Géographie-Cités laboratory and financed by the Regional council 
and the Regional and Inter-departmental Directorate for the Environment and Energy aims at 
analysing and anticipating regional flows and stock of construction materials in terms of 
quantity and location. While taking into account all construction materials, it focuses on 
concrete up-cycling for concrete production.  
 
Flows were estimated with the Eurostat top-down MFA method adapted to urban and 
regional scales by Barles (2009). Stock contained in buildings and networks was studied 
through a bottom-up assessment with the use of a 3D geographical database matched with 
local tax records which contain information on construction years, economic activities and 
materials in wall structures.  
 
Results show that buildings form 64 % of the estimated total material stock and concrete 70 
% of the stock contained in buildings. As statistics on building demolition are incomplete, 
comparison of local tax records for 2009 and 2014 brings indication on demolished surfaces, 
types of buildings and location. It shows that in 2013 concrete waste form approximately a 
third of aggregates used in concrete. As demolition is assumed to increase with the 
implementation of the regional development plan, up-cycling today’s building stock has a 
potential.  
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ABSTRACT 
 
In recent years, waste prevention and management have gained importance due to the 
economic and environmental impact of waste on construction sites. Although some 
innovative practices have already been experimentally put in practice, it remains difficult to 
apply them in densely built regions due to lack of space and time, and lack of knowledge 
regarding quantities produced and new solutions.  
In order to improve the knowledge of the construction sector on waste management and to 
improve the environmental impact of construction works, several innovative practices, 
focusing on prevention and waste management, have been implemented and validated on ten 
pilot construction sites in Brussels.  
 
For each of the pilot projects, an estimation of the amount and type of waste arising has been 
made, before the beginning of the construction works, in order to establish an economical and 
environmental optimized waste management scenario to be applied on site. Based on the 
quantities, several innovative approaches were implemented by contractors in collaboration 
with the supply chain actors of the construction site (waste collectors, material suppliers, 
material producers, architects and clients): the commitment of social economy enterprises to 
the sorting out and collection of waste on site ; the quantification and monitoring of arising 

waste ; the industrial symbiosis between contractors and other local economic actors; the 

reuse of materials salvaged on site ; specific recovery channels for closed-loop recycling. 
 
The paper describes the lessons learned from the experiments of these innovative practices 
and highlights on the conditions that need to be fulfilled in order to repeat the good practices 
on other construction sites. These pilot construction sites show that innovative waste 
management practices can provide large practical, economic and environmental advantages. 

 
Keywords: innovative practices, waste management, pilot projects, construction sites, 
circular economy. 
 
CIRCULAR ECONOMY AND CONSTRUCTION WASTE MANAGEMENT 

 
Circular economy in the construction sector has gained huge interest given that the sector has 
to focus on minimizing raw materials exploitation and waste arising on construction site. 
Among other principles regarding construction design for flexibility and development of new 
business models, the circular economy considers waste as resources and asks to smartly 
prevent and manage waste. In practice, the circular economy minimizes the production of 
waste by repairing, maintaining, reusing products, remanufacturing and recycling materials 
(WEF, 2016). 
 
A study in Great Britain shows that the main causes of construction waste production are: 
failing work methods, material over-ordering, inadequate storage of unprotected materials 
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(weather and theft) and work that must be executed several times due to drawings or 
conceptual specifications not being clear enough (Zakar, 2008). 
Designing and building within a circular economy perspective is not just about building 
without waste, but about transforming the concept of waste into resources. This means, firstly 
that waste must be avoided, both in the design and in the implementation of products and 
materials on site, avoiding overproduction, overstocking, inefficient transport, redundant 
work, waiting times, and improper performance; and secondly, to find opportunities to turn 
waste into a resource. 
 
The Brussels Capital-Region is a densely built region, generating more than 600000 tons of 
construction and demolition (C&D) waste each year. The Brussels Capital-Region 
government engaged in 2016 in favour of implementing a Regional action Plan for Circular 
Economy (PREC), with focus on prevention and management of construction waste, 
especially in renovation and construction projects (be.brussels, 2016). One concrete action in 
this plan is to implement and validate several innovative waste management practices on ten 
pilot construction or renovation sites in Brussels. The authors of this paper coordinate the 
realization of this concrete action of the PREC.   
 
SUMMARY OF INNOVATIVE WASTE MANAGEMENT PRACTICES ON  
PILOT SITES 
 
Before the beginning of the construction works, an estimation of the amount and type of 
waste expected to arise on site has been made for each of the pilot projects. The aim of this 
estimation was to establish an economical and environmental optimized waste management 
scenario to be applied on site. 
The estimation is based on the analysis of the technical drawings and specifications and on 
waste production ratios. These waste production ratios are extremely variable since they 
depend on many factors such as the type of material, the type and design of the building or 
the constructive processes. Nonetheless, based on several references (ADEME, 2001, 
GEDEC, 2004, WRAP, 2012), on site monitoring experiments, own experience and on 
discussions with contractors and material producers, a database was established of waste 
production ratios for many construction materials that was used to estimate the type and 
amount of waste (see Figure 1). 

 
Figure 1. Extract from the wastage rate database. 

Wastage 
Rate

Wastage 
Rate

Concrete - Block, Slab, Paving stone 4% Gypsum / Plaster - Plastering 3%
Concrete - Poured 2% Gypsum / Plaster - Plasterboard 7%
Concrete - Prefab 1% Insulation - Rock wool 5%
Cellular concrete - Block 7% Insulation - Glass wool 5%
Cellular concrete - Lintels 2% Insulation - EPS 5%
Wood - (other) 8% Metal frame 3%
Wood - Carpentry 8% Bituminous asphalt steamer 3%
Wood - Formwork 90% Floor tile 5%
Wood - Panel 5% Gypsum / Plaster - Plaster block 8%
Wood - Outside covering 8% Plastic - piping PVC, PE 2%
Wood - Inside covering 8% Silico-limestone - Block 7%
Bricks 4% Ceiling - Fiberboard 6%
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Based on the types and the quantities of waste expected to arise on site, several innovative 
approaches were developed in order to optimize both economic and environmental aspects of 
waste management. On each pilot site, a monitoring of waste production is established in 
order to validate the waste estimation. 
On relatively small projects, innovative approaches focused mainly on selective waste 
management in order to reduce the waste management cost due to mixing waste containers. 
Some renovation projects went further and put into practice deconstruction and reuse on site 
(see Figure 2). 
 

   
Figure 2. Deconstruction and selective waste management applied as waste management on small 

projects (pictures: BBRI). 
 
On larger and very large projects (up to 60000 m²), innovative approaches mainly focused on 
management of specific waste fractions for which innovative recycling or reuse processes 
exist. Several material producers set up collecting systems for the collection of cut-offs in the 
implementation of their products to reintroduce them into production cycles. These collection 
methods are tested on several pilot sites (see Figure 3). Other pilot sites are setting up 
industrial symbiosis with other local economic actors for the reuse of certain waste from the 
site (mainly formwork) as resources for the production of new products. Collaboration with 
social economy enterprises is also being tested for sorting, storing containers and maintaining 
a clean building site. 
 

   
Figure 3. Specific waste fraction collection, industrial symbiosis and social economy applied as waste 

management on huge projects (pictures: BBRI and LEVANTO). 
 

LESSONS LEARNED FROM PILOT SITES 
 
Innovative waste management practices, experimented on these ten pilot sites, can take many 
forms. First of all, the waste production must be predicted before the beginning of the 
construction works and follow up by a waste production monitoring during the construction. 
Despite estimates recognized by contractors as reliable, there are often significant 
discrepancies between these estimates and monitoring. The reasons of these discrepancies 
rely mainly to the bulking factors of materials thrown into a container (measurement of the 
vacuum part in a container) and to construction processes that may consume a large amount 
of materials not preliminary mentioned into the technical specification (for example, 
formwork, packaging, protective covering materials, etc.)Secondly, innovative waste 
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management practices also refer to the existence of recycling channels for certain specific 
wastes. Many materials such as rock wool, glass wool, plastic wrap, bituminous roofing, etc. 
may be sorted on site to be to be recycled in closed loop by the producer. On one hand, these 
specific treatment streams require sufficient available place on site to be implemented and 
large volumes of waste in order to be profitable. Therefore, small-scale projects cannot 
implement such practices.In addition, the number of on-site sorted waste fractions is directly 
linked to the size of the project and by the way to the amount of waste produced. For large-
scale projects, if there is no place to install many containers and since the price of the mixed 
container is not sufficiently dissuasive, contractors are not encouraged to sort several 
fractions.Nonetheless, for small-scale projects, in order to reduce its management costs, the 
contractor often sorts several fractions on site that he collects in small bags before personally 
evacuating them to a consolidation centre. 

Thirdly, the innovation may also consider the human resource management. 
Nowadays, many languages are spoken on construction site and the waste management is not 
always usual for many nationalities. It is therefore important to train and to inform every 
worker on site with simple and comprehensive waste collecting signage. 
Since sorting waste, storing containers and maintaining a clean building site represent a cost 
for the contractor, he may be interested to subcontract on-site waste management to a social 
economy enterprise. For large-scale projects, a social economy enterprise may install on-site 
a kind of waste disposal centre in order to sort numerous waste fractions. Since the cost of a 
social is lower than the price of a skilled worker, the benefit of this action may be found in 
the sorting and the storing of the containers. In order to be really efficient, social workers 
have to be considered on site as common subcontractors in charge of the implementation of 
the waste management plan. 

Fourthly, consider waste as a resource, in a circular economy perspective, is a form 
of innovative waste management practice. For renovation projects, the deconstruction of the 
constructed elements can not only reduce the amount of waste produced but also encourage 
reuse on-site or off-site. The deconstruction with a view to reuse has to be carefully planned 
before the beginning of the demolition part of the renovation project. Moreover, waste that 
arise on-site during construction works may interest other economic activities surrounding the 
construction site. An industrial symbiosis may therefore be implemented in order to give or to 
sale what it is considered as waste for the site and as a resource for someone else. This kind 
of sharing economy represents economic benefits for both actors since the site does not have 
to pay to get rid off some waste types and the purchaser receives or pays a lower cost 
compared to virgin materials. This application of the sharing economy principle is really 
efficient if both actors are located nearly from each other in order to reduce transport costs 
and if they are not competitors in the same market sector. 
 
The implementation of these innovative approaches depends on a lot of factors relative to the 
size of the site and the contractor. Mostly, contractors will implement these practices if they 
can save money on waste management. The realization of a waste management plan prior to 
the start of the project is therefore essential to evaluate the benefit of each action. 
These pilot construction sites show that innovative waste management practices can provide 
large practical, economic and environmental advantages. 
 
FUNDING 
 
Action within the framework of the Regional action Plan for Circular Economy.  
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Abstract 
 
Associated with the continuing increase of construction activities such as infrastructure 
projects, commercial buildings, and housing programs, China has been experiencing a rapid 
increase of construction and demolition (C&D) waste. Till now, the generation and flows of 
China’s C&D waste has not been well understood. This paper aims to provide an explicit 
analysis of this based on a weight-per-construction- area method. Our results show that 
approximately 2.36 billion tonnes of C&D waste were generated in China annually during the 
period of 2003–2013, of which demolition waste and construction waste contributed to 97% 
and 3%, respectively, in 2013. East China contributed over half of the total C&D waste in 
China due to their rapid economic development and expansion of cities, followed by Middle 
China (21%) and South China (11%). Potential economic values from the recycling of C&D 
waste were found to vary from 201 billion (the worst scenario, i.e., the current practice of 
C&D waste management) to 401 billion US dollars in 2013 (the most optimistic scenario, i.e., 
C&D waste is assumed to be well recycled); and the landfill space demands were estimated to 
range from 7504 millionm3 (the worst scenario) to 706 mil- lionm3 (the most optimistic 
scenario) accordingly. Consequently, increasing the recycling rate and reducing landfill rate 
of C&D waste could not only improve the potential recycling economic values, but also 
dramatically reduce land use and potential environmental impacts. 
 
Keywords: C&D waste; Waste characterization; Economic values; Land space; China. 
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Abstract 
 
In many developing countries, the rapid growth of town and cities has generated a rising 
levels of waste and illegal dumps have become a serious issue. The booming construction 
industry in Mongolia has resulted in the production of massive amounts of CDW which is 
one of the largest waste streams. In Ulaanbaatar (UB) and other cities in Mongolia, the 
construction waste is dumped illegally.  In order to promote the sustainability of the building 
industry, plenty of regulations focusing on reducing or recycling the CDW have been carried 
out worldwide. This paper investigates the current CDW management in Mongolia and 
proposes a quantification of the amount of CDW in UB by using a Material Flow Analysis 
(MFA). Questionnaire surveys and interviews were conducted with main stakeholders in 
construction and recycling sector. From the questionnaire results, it is clear that the awareness 
about the CDW issues in Mongolia is low among the principal stakeholders in the sector, 
such as Government agencies and construction companies. On the other hand, recycling in 
Mongolia belongs to an informal sector and the lack of investment constitutes a major 
problem. In this regards, the technical and non-technical solutions to improve CDW 
management system are proposed. A stricter control of landfilling for CDW and a creation of 
a dedicated regulatory framework specific to CDW are needed. To increase the recovery and 
recycling rates of materials an optimum demolition strategy (for example process, costs, 
logistics, procedures, timing) is recommended. 
 
Keywords: CDW recycling, Construction and Demolition waste management, Material 
Flow Analysis, Landfilling, Mongolia. 
 
1. Introduction 
 
The construction industry generates about 35% of industrial waste in the world (Construction 
Materials Recycling Association, 2005; Hendriks and Pietersen, 2000). In many developing 
countries, the rapid growth of town and cities has generated a rising levels of waste and 
illegal dumps have become serious issues.  In order to preserve the environment and 
guarantee growth, a number of studies have been conducted and several solutions have been 
proposed. Most of these solutions seek to minimize and regulate Construction and 
Demolition Waste (CDW). 
In order to promote the sustainability of the building industry, plenty of regulations focusing 
on reducing or recycling the CDW have been carried out in many countries and regions such 
as the EU countries (Symonds Group Ltd., 1999), the US (USEPA, 2009) and Hong Kong 
(Hong Kong government, 2005). In Hong Kong, the Government has implemented an 
administrative rule that specifies that CDW containing more than 20% inert material by 
volume (or 30% by weight) cannot be disposed at landfills (Hong Kong Government – 
Environmental Protection Department, 1998). In addition, since 2003, a Waste-Management-
Plan (WMP) method for all construction projects is required (Tam, 2008). However, the lack 
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of financial incentives together with the increase in overhead costs is considered as the major 
obstacles for its implementation.  
The problem of quantification of CDW is central to establish reasonable policies as well to 
propose alternative solutions. The first method to quantify the amount of CDW was proposed 
in the Netherlands by Bossink and Brouwers (1996) who quantified the waste generation 
during several residential construction projects. Researchers in countries such as Greece 
(Fatta et al., 2003), Portugal (Coelho and de Brito, 2011), Hong Kong (Poon et al., 2001, 
2004) proposed different methods to estimate CDW. In EU, Llatas (2011) and Màlia et al. 
(2013) carried out studies to propose indicators to estimate the amount of CDW. 
The booming construction industry in Mongolia has resulted in the production of massive 
amounts of CDW. It is estimated that this waste accounts for the large majority of all overall 
solid waste produced in Mongolia. CDW is thus one of the largest waste streams in 
Mongolia. In Ulaanbaatar (UB) and other cities in Mongolia, the construction waste is 
dumped illegally. A huge part of the construction and demolition work is done by small and 
medium-sized contractors and subcontractors. Thus, small medium enterprises (SMEs) are 
producing most of the CDW, and their current unsustainable approaches have negative 
impacts on human health and the environment in Mongolia.  
The Mongolian Ministry of Environment reported on average 80,000 tonnes of CDW per 
year in UB. However, it is only an approximation and it is not clear if this figure is referring 
to the total amount of CDW or only that registered at landfills. In any case, the uncertainty on 
total amount of CDW reflects the difficulty of knowing how much CDW is being illegally 
disposed.  
The proposed research will allow to quantify and trace the CDW materials and distinguish the 
material categories that are more relevant to the developed EU technologies and regulations. 
 
2. Material and methods 
 
2.1 Surveys and interviews 
 
Conditions in the Mongolian CDW sector have been qualitatively investigated using two 
questionnaire surveys and semi-structured interviews with main stakeholders in construction 
and recycling sector. The surveys were based on similar questionnaires found in journal 
articles (Tam, 2008; P. Villoria Saez et al., 2013) but tailored to the Mongolian needs. The 
semi-structured interviews followed a general outline but allowed for areas of interest to be 
explored in further detail (Punch, 2005). The interviews were intended for gathering further 
comments; elaboration and interpretation in the results obtained from the questionnaire. The 
questionnaires were distributed to each target group and a response rate of 75% was 
considered satisfactory. 
A first survey was carried out to clarify the common practices among construction companies 
and their level of interaction with other stakeholder within the industry. To obtain a 
representative sample of the companies to be interviewed, TUD selected 70 active 
construction companies which are divided in: 
- 45 active construction companies in UB area.  
- 35 active construction companies outside UB. The 35 construction companies covered 

almost every Aimag (province) in Mongolia, included the Omnogovi province. 
The number of construction companies constitutes the 10% of the total members of Builder 
Association. In total, 700 construction companies are active in Mongolia from which 450 
companies are active inside and 350 companies operate outside of UB. 
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A second survey was directed to the main stakeholders in the recycling sector in Mongolia, 
such as scavengers/collectors, collection points and recycling industries. Recycling industries 
are most commonly concentrated in capital city along with Mongolia’s population and 
industry. For reasons of efficiency, factories tend to locate themselves near the source of 
materials or end markets, or both. A total of 21 recycling industries are currently operating in 
Mongolia and 20 industries are located in the seven districts of capital city UB. Namely the 
following entities are operating in cooperation and non-cooperation with the Mongolian 
National Recycling Association (MNRA). The two questionnaires are shown in Table 1. 
 
Table 1: Questionnaires sent to construction companies and to recycling companies in Mongolia. 

Survey Section Required information 

Survey to 
construction 
companies to 

investigate CDW 
sector in Mongolia 

General Information - The number of construction projects for each 
company 

- Location of different construction projects. 
- Different types of constructions (Residential / 

Non - Residential). 
- The number of employees for each company and 

years of experience in the construction sector. 
- List of the information needed to be provided at 

the beginning of a construction project. 
Construction 
information 

- Relation between construction company and 
hired contractor. 

- Material Wasted: average different materials 
quantities (Bricks, Concrete, Plastic, Glass, 
Wood) wasted in a construction project. 

- Type of inspections received during a 
construction process. 

- The exact sequence of operations for the 
construction process. 

Construction material 
procurement 

- The suppliers’ information for each material. 
- Average prices for construction materials. 

Demolition 
information 

- Collaboration with contractors. 
- Type of permit needed to perform the 

demolition. 
- An average number of workers necessary to 

perform demolition and the average number of 
days to complete it. 

- CDW produced during a demolition. 
- Level of knowledge of asbestos risks and 

procedures followed to treat hazardous waste. 
Survey to recycling 
industries operating 

in Ulaanbaatar 

General information - Current waste flow and different stakeholders in 
the waste supply chain 

- Location of the production site and proximity to 
end-market 

- Human resources operating on site 
 Technological 

information 
- Production capacity 
- Type of secondary materials recycled and 

attitude toward CDW 
- Standards followed to produce recycle products 
- Technology used in the recycling process 

 
 
 



 International HISER Conference on Advances in Recycling and Management of Construction and 
Demolition Waste 

21-23 June 2017, Delft University of Technology, Delft, The Netherlands 
 

 

 

347

2.2 Methods to quantify the amount of CDW 
 
In order to quantify the amount of CDW in UB, the methods proposed by Fatta (Estimation 
methods for the generation of construction and demolition waste in Greece, Fatta et al., 
2003) and Llatas (Methods for estimating construction and demolition (C&D) waste, C. 
Llatas, 2013) were applied. 
In this study, the proposed MFA calculates the total amount of each material-� �P� in 
tonne/year by the following expression: 
�P� = QP� R SP� (1) 
Where �P�  is composed of the amount of material-� coming from demolition activity  QP�  
and construction activity	SP�, both expressed in tonne/year. 
To quantify the amount of DW the proposed methodology starts from an analysis of the 
municipal context, in particular of the buildings in the capital Ulaanbaatar and of the main 
types of structures-j with the highest probability of been demolished, Bricks and Concrete 
structure. Furthermore, it is necessary to quantify total demolition waste for the different 
types of structure-j, QPT	 in ton/year.  
By using the formula proposed by Fatta (Estimation methods for the generation of 
construction and demolition waste in Greece, Fatta et al., 2003), the applied models for DW 
is as following:  
QP	 = UQ ∗ UW ∗ XQ ∗ PQ ∗ Q  (2) 
- DW = demolition waste in tonne  
- ND = number of demolitions  
- NF = mean value of no. of floors 
- SD = surface of each building being demolished  
- WD = generation rate of each demolition  
-  D = density of waste  
Different percentages, ��T, of each material in each building category were adapted from 
Llatas (Methods for estimating construction and demolition (C&D) waste, C. Llatas, 2013) as 
shown in Table 2. 
 
Table 2: Percentages of material-i in each of the building structures in UB 

 
 
The final step it is represented by the quantification of the amount of each material-i studied 
QP� by the following formula: 
 
QP�	 = 	 ∑ QPT	 ∗	T ��T ∀ material-� (3) 
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The amount of CW is directly related to the classification characteristics and construction 
techniques employed in each building; CW will therefore vary between projects.  
Given the plurality of projects actually running in UB, SP� coming from each material-� is 
studied by using quantification in (Table 3 and Table 4) as proposed  by Llatas in Methods for 
estimating construction and demolition (C&D) waste, C. Llatas, 2013 as shown in Figure 1. 
To calculate the total amount of construction waste in tonne/year, the total surface XS in m2 is 
then multiplied by weighted averages CDW generation, PZ. Hence, the formula to obtain 
construction waste is given by: 
 

SPT	 = 	XS ∗ PZ   ∀ category of building-[ (4)  
 
Finally, the amount of each material wasted in construction SP� is obtained by splitting the 
total amount in tonne/year by the rounded average percentage of waste composition ��T 
calculated by: 
 

SP�	 = 	 ∑ SPT	 ∗	T ��T ∀ material-�  (5) 
 

 
Figure 1: CW quantification methodology [Methods for estimating construction and demolition 
(C&D) waste, C. Llatas, 2013] 
 
Table 3: Average Demolition waste generation rates (kg/m3) [Methods for estimating construction and 
demolition (C&D) waste, C. Llatas, 2013] 
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Table 4: Rounded average percentage of waste composition by volume in construction (%) [Methods 
for estimating construction and demolition (C&D) waste, C. Llatas, 2013] 

 
 
3. Discussion  
 
3.1 CDW management based on the interviews and surveys results.  
 
Waste management in general in the UB city is facilitated by the city municipality. Collection 
services are operated through a mixture of direct services and sub-contracts with service 
providers. UB Municipality has recorded statistics on the amount of CDW entering into each 
of the three landfill sites via data obtained from its weighbridges. These statistics offer insight 
into the current patterns of waste generation from the construction industry. The distribution 
of CDW between the three landfill/dumpsites in UB is shown in Figure 2. The majority of the 
generated CDW is dumped in Narangiin Enger and Morin Davaa sites while only a small 
amount is being disposed at Tsagaan Davaa site. In the mentioned Figure the data for year 
2015 stands for the duration from January to August resulting smaller numbers compared to 
the complete year of 2014.  
Illegal dumping represents a serious problem in UB, about 20% of all waste generated in the 
city is illegally disposed. The numbers from all three official landfills in 2015 reports 65,859 
tonnes of construction waste registered. It is reported that the city municipality spent 200 
million Tugrugs to clean up illegal CDW in 2011. Backfilling off vehicles delivering 
materials to site is a common approach to waste collection in the construction industry in UB. 
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This approach utilises the empty vehicle whilst offering additional revenue for the driver. It is 
understood that much of this work is done on an informal “cash-in–hand” basis and may be 
executed without the knowledge of management from either party (e.g. construction company 
or transport company).  
Illegal disposal of construction waste can occur at construction sites or anywhere else. A 
number of construction sites have reported that construction waste from the construction 
activity is buried under the site itself. Demolished building materials also are often disposed 
following the same mechanism. Otherwise illegally disposed construction waste ends in areas 
along the construction truck route. This route is often route between construction sites, and 
construction material producers, including gravel quarries. 
 

 
Figure 2: CDW disposal in UB during the period 2013 – 2015 divided by the three principal landfills 

 
It is important to highlight the poor monitoring and evaluation system in Mongolia. The 
processes described in official regulations and documents concerning handling, transporting, 
and disposal of CDW, respective roles and responsibilities are not reflected properly. 
Conceptually there are a number of entities assigned to monitor and evaluate proper 
management of CDW, however their absence is felt as illustrated by the presence of illegal 
disposal practice and sites. The lack of attention to monitoring transportation and disposal of 
CDW, is especially evident compared to other monitoring activities regarding construction 
industry in general, such as land rights.  
After presenting information from the questionnaire survey about practices adopted by 
construction companies in Mongolia, the following conclusions can be drawn: 
- Lack of awareness and culture regarding waste management by Government agencies. 
- Lack of support and human resources from key stakeholders such as Inspection Agency. 
- Lack of incentives from construction regulatory authorities and low costs of sending 

materials to landfill. 
- Lack of community attention on CDW management. 
- In the building materials industry in Mongolia processing technology and equipment are 

often obsolete. 
- Demolition activity is not followed by the separation of CDW because companies have 

no incentives to perform this task. 
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- Construction companies do not collaborate with recycling companies, most of the time 
they are not aware of the existence of recycling sector in Mongolia. 

- Lack of a database for the buildings of UB create a big obstacle to a clear understanding 
of the quantities of CDW produced after a demolition. 
 

3.2 Recycling sector in Mongolia  
 

Recycling is a new concept in Mongolia. The Mongolian recycling sector plays an important 
aspect of Mongolia’s environment and society. A strong and sustainable recycling sector is 
essential for Mongolia to utilise resources more efficiently and maximise the full value of 
materials. At present there is limited information on the recycling sector and the potential for 
this sector to contribute to environmental, economic and social outcomes. The key reasons 
underlying this lack of information are the following:  
- The recycling sector is often considered along with the waste sector and it is not always 

possible to isolate the data and information that relates to the recycling sector alone.  
- The recycling sector is often highly integrated with other sectors, particularly transport, 

waste and manufacturing, and it is not always possible to, or there has been no attempt to, 
isolate the data and information that relates to recycling activity.  

- Recycling sector is not clear belong to which government department collect data 
information, and strategy. There is no fixed law and regulation for recycling sector.  

One of the purposes of the in-depth interviews conducted for the research was to arrive at an 
understanding of the effectiveness of current waste management policies and regulations. 
Waste management reform is in its early stage of development since Mongolia’s transition to 
market economy. The relevant legislative acts for this sector were started to be developed 
from 2000.  
Comparing to other countries, recycling sector in Mongolia is an informal sector and a 
limited amount of data, and information are registered. The industry should be regulated by 
the government both at municipality and districts levels. Furthermore, the lack of investment 
constitutes a major problem, most of actual recycling plant’s equipment is obsolete and a 
strong renovation is needed.  
The Municipal Governor’s Office is in charge of waste treatment along with its executive 
agencies including environmental protection authority and district maintenance companies. 
Furthermore, there is a lack of potential policies, techniques, financial resources and human 
resources.  
 
3.3 MFA results 
 
3.3.1 Demolition waste quantification 
Future DW is calculated from the number of End-of-Life (EoL) buildings which are going to 
be demolished according to UB Municipality in the period 2015-2018.  By following the 
aforementioned procedures, from a total of 32 concrete buildings and 275 brick buildings, the 
following numbers are estimated: 
- DW Brick = 1,359,072.00 tonne 

o NF = mean value of no. of floors that building has = 3,96 
o SD = surface of each building being demolished = 975 m2 
o WD = generation rate of each demolition = 0.8 m3 / m2 
o  D = density of waste = 1.6 tonne / m3 

- DW Pre-cast = 97,335.71 tonne 
o NF = mean value of no. of floors that building has = 3.69 
o SD = surface of each building being demolished = 644 m2 
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o WD = generation rate of each demolition = 0.8 m3 / m2 
o  D = density of waste = 1.6 tonne / m3 

The specific amount of each material-i is presented in Table 5 and Figure 3.  
 
Table 5. Specific amount of each material-i 
from demolition activity 

 DW [t] % DW 

Concrete 130,373.95 9% 

Bricks 937,099.62 64% 

Mixed 
concrete 

136,815.87 9% 

Metal 30,101.51 2% 

Plastic 14,564.08 1% 

Glass 43,692.23 3% 

Wood 43,692.23 3% 

Total 1,456,407.71 100% 

                                                                                         Figure 3: Composition of DW 
 
3.3.2 Construction waste quantification 
UB is facing an important transformation in the last years and number of construction sites 
has started to increase again after a small interruption during 2013-2015. Figure 4 shows the 
number of active construction sites for each district.  

 
Figure 4: Number of construction sites in each district of UB 

 
Actually, 60 construction sites are open in UB with an average surface of 700 m2. 
Multiplying the total surface for PZ = 130 kg/m2, construction waste SP is obtained and 
amount of each material SP�	  is calculated using the method explained in section 2.2 
Methods to quantify the amount of CDW. 
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The final result is shown in Table 6 and figure 5. All the waste produced is going to disposal 
sites and it can be noticed that wooden materials represents the biggest amount mostly 
because of wooden packing used in the construction site 
 
Table 6: Specific amount of each material-i  
from construction activity 

                                                                               

Figure 5: Composition of DW 
 

 
3.3.3 Total CDW in Mongolia 
To summarize the results obtained from quantification of CDW, UB is expecting a total of 
1,461,867.71 tonne CDW over the next years (2015-2018). It is important to notice that 
Concrete and Bricks account for the large majority of the total amount and as expected, 
construction waste is marginal compared to demolition activity. Statistics show that the 
amount of CDW is booming every year in months March, September and October. Thus, it is 
obvious that the weather is a determinative factor in Mongolia to run the construction or 
demolition projects.   
 
4. Conclusions 
 
In Mongolia, CDW management represents a significant challenge because the performance 
of SMEs in construction and demolition debris management is still poor. There are 
difficulties which keep SMEs away from good CDW management practices. In addition, 
CDW recycling SMEs in Mongolia face a lack of knowledge and the technical capability to 
deal with negative environmental impacts. Furthermore, there are no specific regulations or 
certifications for a proper demolition of an End-of-Life (EoL) building, recycling and reuse 
of CDW in Mongolia.   
The purpose of this study has been to identify and document the current CDW management 
situation in Mongolia and quantify the amount of CDW in UB by using a Material Flow 
Analysis (MFA).  The results indicate the lack of awareness regarding CDW among 
stakeholders, especially Government agencies and construction Companies. The Government 
agencies lack of the support and human resources to effectively monitor illegal disposals and 
enforce CDW regulations. Construction companies do not collaborate with recycling 
companies and do not have any incentive from regulatory authorities to use recycled building 

 CW [t]  % CW 

Concrete 1,092 20% 

Bricks 709.8 13% 

Mixed 
concrete 

436.8 8% 

Metal 109.2 2% 

Plastic 273 5% 

Glass 0 0% 

Wood 2,839.2 52% 

Total 5,460 100% 
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materials in new constructions. On the other hand, recycling sector in Mongolia is an 
informal sector and a limited amount of data is registered. Furthermore, the lack of 
investment constitutes a major problem, most of actual recycling plant’s equipment is 
obsolete and a strong renovation is needed.  
Following the EU practices a stricter control of landfilling for CDW is needed. Setting proper 
landfilling regulations will be a major driver towards better CDW management. In addition, 
the landfill disposal fees and taxes, governmental encouragement for environmental friendly 
practices and granting the related activities and management of demolition waste are key 
factors.  
The CDW producer should develop a system which minimizes the adverse environmental 
impacts and maximizes the recovery of resources (recycling, reuse).  For that reason, the 
implementation of a waste management policy with not only economic instruments (taxes on 
landfill), but legal measures such as: selective demolition obligation, voluntary agreements 
and responsibilities is needed. In this way, even during the production phase, the foundations 
are laid for the effective and environmentally compatible avoidance and recovery of waste.  
Once, legal framework is set up, it is necessary to create standards for recycled products to 
ensure quality and ease market tendency to buy those products. The implementation of 
secondary raw material regulation and standards is needed. Looking at concrete as the main 
waste flow estimated in Ulaanbaatar, EU standards can be applied and adapted. In EU, 
recycled concrete aggregates can be used as the substituent of the natural coarse aggregates 
for new concrete production. Use of up to 30% concrete aggregates as substitute of natural 
coarse aggregate is a common practice in the mortar and concrete production facilities.  
To increase the recovery and recycling rates of materials an optimum demolition strategy (for 
example process, costs, logistics, procedures, timing) is recommended.  In the Netherlands, 
selective demolition of EoL buildings is one of the common practices in CDW management 
projects. The difference between conventional and complete selective demolition is that in 
selective demolition the workers use light mechanical tools in order to recover the highest 
percentage of materials that can be reused, whereas in conventional demolition the workers 
use heavy equipment (explosives, wrecking balls, bulldozers) and, as a result, the generated 
waste is mixed and the recovery of materials is difficult.  
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