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

RILEM was founded in 1947, and has a membership of over 2600 in some 90 countries. It
forms an institutional framework for co-operation by experts to:

( optimise and harmonise test methods for measuring properties and performance of building
and civil engineering materials and structures under laboratory and service environments,

( prepare technical recommendations for testing methods,

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

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

RILEM members include the leading building research and testing laboratories around the
world, industrial research, manufacturing and contracting interests, as well as a significant num-
ber of individual members from industry and universities. RILEM’s focus is on construction
materials and their use in building and civil engineering structures, covering all phases of the
building process from manufacture to use and recycling of materials.
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RILEM meets these objectives through the work of its technical committees. Symposia, work-
shops and seminars are organised to facilitate the exchange of information and dissemination
of knowledge. RILEM’s primary output consists of technical recommendations. RILEM also
publishes the journal Materials and Structures which provides a further avenue for reporting
the work of its committees. Many other publications, in the form of reports, monographs, sym-
posia and workshop proceedings are produced.
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Preface

Recycling materials has a long tradition in human history. In the Palaeolithic, for example, the reuse of
discarded stone artefacts was likely a common strategy for obtaining raw materials. Later, “scrap metal”
became an important material source for remanufacturing. Recycling also played a role in the Dark
Ages, with the collection and recycling of materials such as scrap metal, rags, clothing, paper, bones,
and ashes being widespread. Technological progress and the initially seemingly limitless transportation
possibilities reduce the demand for recycling with the advancements in the industrial era. However, it
has become relevant again due to signs of a shortage of resources such as primary construction raw
materials such as sand, gypsum, and natural rocks. Simultaneously, avoiding the landfill of valuable
secondary resources is a must nowadays, as a strong push towards the circular economy.

There is still significant progress to be made in building materials research to achieve balanced solutions
in terms of performance and circularity of building materials. This conference aimed at address these
issues by enhancing our understanding of secondary resources as challenging raw materials and by ex-
ploring their impacts when used in advanced product developments and processing technologies. Inno-
vative approaches such as energy savings and reduced CO» emissions through new recycling solutions
are part of these new developments.

The V.PRE Conference is part of a series started in 2009 by the RILEM Committee TC-217 “Progress
of Recycling in the Built Environment.” The 2023 edition was particularly significant, marking a long-
awaited gathering after the hiatus forced by the COVID-19 crisis that forced the suspension of many
such international events, with the PRE series being no exception. THE V.PRE edition brought a re-
newed enthusiasm among participants and organizers alike. The highly appreciated face-to-face inter-
actions fostered collaboration and innovation in the field, making this edition all the more momentous.

Throughout the conference, there were debates and discussions on recent developments in the charac-
terization, processing, and application of secondary construction materials to enhance their production,
build confidence in their use, and consequently boost their demand. This was done also with the goal of
increasing stakeholder participation and raising awareness about the importance of recycling construc-
tion and demolition waste as a key resource.

These Proceedings detail the high-level scientific sessions that addressed pressing issues in recycling in
the built environment. They intend to serve as a valuable resource for improving resource efficiency in
the construction sector, offering insights into material reuse and recycling, low carbon products, and
preservation of natural resources.

This 2023 edition was hosted by the Weimar Institute of Applied Construction Research — IAB gGmbH
and fundamentally supported by several esteemed organizations. These are RILEM: International Union
of Laboratories and Experts in Construction Materials, Systems and Structures, LNEC: Laboratorio
Nacional de Engenharia Civil (Portugal), VITO: The Flemish Institute for Technological Research (Bel-
gium), USP: University of Sdo Paulo (Brazil), and the European Demolition Association. We deeply
appreciate their contributions, which were essential for the event to achieve its objectives.

The V.PRE featured contributions on * New and enhanced processing techniques for CDW; ¢ Innovative
solutions for products based on CDW; ¢ Performance and durability of products with/from recycled
material; ¢ Contributions of CDW recycling against the shortage of raw materials; « Contributions of
recycling against CO; emission; * Quality and confidence, and « Case studies. These diverse topics fos-
tered comprehensive discussions among participants. We thank all contributors to V.PRE for their val-
uable participation.

The debate was notably enhanced by insights from Keynote Speakers: Prof. Takafumi Noguchi, Dr.
Maciej Zajac, Prof. Luc Courard, and Prof. Anette Miiller. Their varied backgrounds provided a rich
perspective on the theme of the event, offering the audience fresh perspectives. Special thanks also go
to the Honorary Chairs of this Event: Prof. Enric Vazquez, a pioneer in the research and application of
construction and demolition waste, and Dr.-Ing. Ulrich Palzer, who facilitated structural support from
IAB.

We believe these Proceedings are a valuable resource for those interested in secondary resources in the
built environment, including the recycling of construction and demolition waste.
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Progresses and Challenges in Recycling of Construction and Demolition Waste
Anette Muller®

(1) Weimar Institute of Applied Construction Research, Germany

Abstract

The need to establish material cycles in the building industry is undisputed. Knowledge on this
topic is available in many places. In this paper the state of the arte of processing and develop-
ments for the sorting of Construction and Demolition Waste (CDW) are described. The main
fields of application of the processed material are road construction and increasingly the pro-
duction of concrete. For the latter, the development of the applicable standards is discussed.
Examples of applications are presented. Certain types of construction waste must be excluded
from the above-mentioned areas of application due to their chemical components or physical
characteristics. Heterogeneity can be a further exclusion criterion. Special technologies that are
available or under development for these materials are introduced.

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

The EU's material footprint amounted to 13.7 tons per capita in 2020. The largest share of
around 7.1 tons per capita is accounted by non-metallic minerals, which are mainly used in the
construction industry. Since 2012, there is no significant trend toward a decrease. The total
amount of waste generated is 4.8 tons per capita. The largest amount is caused by the construc-
tion industry with 1.8 tons per capita respectively 37.5 % (Figure 1). Mining and quarrying
waste that can also be a source for building material manufacture occurs in an amount of 1.1
tons per capita respectively 23.4 %.

Waste generation by economic activities and Figure 1: Waste generation (percent) in the
ngrmlysoi i Agriculure, European Union 2020 [1]
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Figure 2: Per capita amount of construction waste excluding excavated soil in European coun-
tries for 2004 resp. as average for 2010 to 2016 [2]

In addition, there are influences from the respective economic situation in the construction in-
dustry. The realization of large-scale projects in the period under consideration, which required
the demolition of residential, commercial and industrial buildings, can also have an influence.
The temporal fluctuations may be due to all of these factors.

2 State of the art of processing

A simplified scheme of the processing of demolished concrete and masonry is shown in Figure
3. The process steps crushing - classification - sorting are passed through (Table 1).
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Figure 3: Processing scheme
for concrete and masonry
rubble
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Table 1: Basic operations of CDW processing

Basic operation Obijectives

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

Crushing: — Reduction of the largest particle size

Using mechanical forces to split — Production of polydisperse particle mixtures

up a solid body — Disintegration of "adhesions", i.e. exposure of the
individual components of composites

Classification by screening: — Limitation of the upper particle size

Separation of processed polydis- — Generation of certain particle size distributions for

perse mixtures according to geo- subsequent recycling

metrical dimensions into differ- — Separation of coarse materials to protect down-

ent particle size fractions stream crusher from damages and overloading

— Separation of fine particles to relieve the load on
crushing equipment, to secure against wear and to
prevent blockages

— Preparation for sorting if this is only possible for a
narrow range of particle size Sorting the material if
specific substances are enriched in certain particle
size fractions

Sorting: — Removal of pollutants and impurities
Separating a mixture of materials — Separating mixed construction waste into its min-
according to substance types us- eral components

ing physical characteristics

The most important step to produce recyclates with a defined composition is sorting. “State of
the arte” feature for the sorting of non-metallic components of CDW is the particle density. It
ranges from 30 kg/ms3 for insulating materials up to 3,000 kg/m?3 for certain natural rocks. With
dry sorting methods, lightweight materials such as paper, plastic foils and insulation fragments
can be separated. Wood is also usually discharged, if it is not present as a very compact frag-
ment. With wet sorting methods, low-density contaminants can be removed. It is not possible
to separate mineral building material by their type with exception of aerated concrete and other
low-density building materials. The sorting of mixtures of brick, sand-lime brick, concrete or
natural stone is usually done by hand. As an advanced technology, sensor-based sorting ma-
chines began to be used in waste management about 30 years ago and have since become es-
tablished in the sorting of end-of-life plastics, waste paper or waste glass. In the sorting of
construction waste they have been used only very sporadically up to now (Figure 4, left).

The newest development is sorting by "heavy pickers™ (Figure 4, right). The entire sorting de-
vice consists of a conveyor belt, one or more sensors, the process computer, the actual pickers,
to each of which 4 drop boxes are assigned. The components of the building rubble, as deliv-
ered, are transported on the flat conveyor belt and pass the sensors individually. Impurities or
recyclables and their position on the belt are detected. This information is transmitted to the
sorting gripper, which picks up the materials and drops them into the box provided for the
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respective type of material. This sorting method offers advantages because only a few "hand
movements" are required to separate the coarse fragments. However, the basic principle of pro-
cessing technology is not taken into account, namely that a breakdown/separation of the com-
posites must take place before sorting in order to keep "valuable material losses™ low. However,
this aspect is less important when sorting CDW.

Figure 4: Sensor-based
sorting device for the
I separation of brick and
concrete in action in a re-
cycling plant left [3] and
heavy picker for sorting
construction and demoli-
tion waste right [4]

3 State of the art of reuse of processed CDW
3.1 Reuse for earthwork and road construction

Industrially produced recycled building materials from demolished concrete or masonry consist
mainly of concrete, natural aggregates, bricks and mortar. The sum of these components ranges
between 90 and 100 mass-%. They have a comparatively wide range of applications between
“Using (only) the volume” of the recycled materials for filling cavities etc. and “Using their
mechanical properties” for layers in road construction or as aggregates in concrete.

In earthworks and road construction (Figure 5, left), the possible fields of application depend
on the components of the recycled aggregates. If the recycled building material consists of the
material groups concrete, natural stone, sand and gravel, there are no restrictions on use in ge-
otechnical applications, provided that the environmental parameters fulfil the requirements. In
road construction (Figure 5, right), requirements on particle size distribution, material compo-
sition, particle strength and frost resistance exist, which can be met in most cases.

Suitable for RC aggregates:
. Subgrade & Backfilling Hydraulically bound base
improvment \ course

/ Top layer
Backﬁlling—\ I

Figure 5: Examples for the use of recycled aggregates in geotechnical applications (left) and in
in road construction (right) [2]

Recycled
aggregates

Y Covering soil layer
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The content of gypsum is strictly limited to < 0.5 mass-% in the fraction > 4 mm resp. < 300
SO42mg/l in the fraction < 4 mm, because gypsum can cause liftings etc. Roads with frost
protection layers made of recycled materials, which were built in the 1980s, are still functional
today without any complaints.

3.2 Reuse for the production of concrete

Decades of basic and applied research have been carried out on the properties of concrete recy-
clates and the effects of their use for the renewed production of concrete. The crucial fact that
concrete is a composite of coarse aggregates and mortar was already pointed out by Hansen in
his 1985 report [5]. The more accurate definition that concrete is a composite of fine and coarse
aggregates on the one hand and cement paste on the other has still not been fully accepted.
Consequences of the composite character are, among others:

= The composition of the aggregates can vary from grain to grain.
= Additional (old) cement paste is introduced into the second-generation concrete by the
recycled aggregates.

Due to the additional entry of hardened cement paste, the effects on the strength and the mod-
ulus of elasticity are unavoidable. The simplified model consideration of "multiple recycling”
and the investigations carried out on this topic illustrate the increase in the cement paste content
(Figure 6).
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Figure 6: Systematic changes of density and cement paste content as result of “multiple recy-
cling” of concrete [2]

The lengthy process of knowledge generation is also reflected in the timing of the standardiza-
tion process. In Germany, the first specification for the use of recycled aggregates in the re-
newed production of concrete was available as early as 1998 [6]. The largest addition of 35
vol.-% concrete chippings > 2 mm plus 7 vol.-% crushed concrete sand < 2 mm was possible
for interior walls up to strength class B 25. In concretes that shall be used outdoors and therefore
exposed to higher stresses were allowed to contain a maximum of 20 vol.-% of recycled aggre-
gates > 2 mm. Based on this the apartment house “Waldspirale” designed by Friedensreich
Hundertwasser was built. The (for the time being) final standard was published in 2023 [7].
According to this, a maximum of 45 vol.-% of the coarse aggregates may be replaced by con-
crete recyclates > 2 mm. Concrete sands from the same production as the coarse aggregates
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may be used in a quantity of < 20 vol.-%. In the meantime, a number of less spectacular build-
ings have been constructed using R-concrete. First visible advantages in the properties of con-
cretes with recycled aggregates are emerging. The absorption behaviour of the recycled material
noticeably reduces the number of blowholes and water runs on the surface of concrete compo-
nents. This makes R-concrete suitable for use as exposed concrete. Another possibility is to
make the aggregates contained in the R-concrete visible by sandblasting the surface. Especially
when using aggregates containing bricks, this results in an attractive appearance.

4 Progress in recycling technologies for certain components of CDW
4.1  Gypsum cardboard

Gypsum is a building material increasingly used because of its favourable properties. If this
building material is not demounted during deconstruction or separated during processing, the
recycled building materials produced cannot be used because they do not meet the environmen-
tal and construction requirements. At the same time, there are signs of an increasing shortage
of raw materials for the production of gypsum, because flue gas desulfurization gypsum (FGD)
will no longer be available in the future as a result of changes in energy production. Therefore,
the development, construction and commissioning of gypsum processing plants started about
10 years ago in Germany.

The first step of processing is a visual inspection of the incoming waste after the unloading of
the transport truck. A second batch-wise quality control follows before the material is fed in the
recycling device. The processing starts with the coarse crushing. Subsequently, the metallic
components and other impurities are sorted out. This is followed by a multiple secondary crush-
ing that allows selective comminution of the components gypsum and cardboard, based on the
fact that the comminution behaviour of these two materials is different. Gypsum can be crushed
by pressure or impact loads. Shear stresses are suitable for disintegration, i.e. the physical sep-
aration of the cardboard from the plaster body. The cardboard itself can be comminuted by
cutting stress. Crushing is followed by screening. The cardboard, which is present in coarse
flakes, is separated. The screen passing consists of gypsum particles up to a size of about 10
mm (Figure 7). The secondary gypsum has to fulfil certain quality parameters. Among others,
the gypsum content must be above 85 mass-% [8]. These and the other requirements can be
met. So the recycled gypsum can be used for the renewed production of plasterboard, for ex-
ample.

Figure 7: Products of the processing of gypsum plasterboard: Gypsum grains left, cardboard
flakes right
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4.2  Tar containing asphalt

Increasing efforts are made to eliminate asphalts containing tar pitch from the material cycle
completely. Therefore, since 2018, tar contaminated road construction material may no longer
be reused in road construction in Germany. One option of waste management of this material
iIs to deposit it in a landfill. Apart from the fact that this approach runs counter to the idea of
recycling, the high-quality aggregates contained in the asphalt granulate are lost too. Thermal
recycling, in which the tar pitch is burned and the aggregates are recovered, is a suitable alter-
native [9]. This is done, first time, in two plants in the port of Rotterdam. The feed material is
heated up to temperatures of 850 to 950 °C in a gas-fired rotary kiln. The tar pitch is combusted.
The hot aggregates leaving the rotary kiln serve to preheat the combustion air. The dusts are
separated in a multi-stage flue gas cleaning and desulfurization system. The products are coarse
and fine aggregates, filler and flue gas desulphurization gypsum (FDG). In addition, the energy
of flue gas is used for the production of electricity. Following the first plant, which was started
up in 2006, a second plant with higher throughput and significantly improved energy efficiency
was commissioned in 2020 (Figure 8).

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

4.3  Masonry rubble

The permissible proportion of clay bricks in recycled aggregates for concrete production is
limited according to the above-mentioned regulation. Contrary to this, the production of pre-
fabricated elements is technically possible even with higher proportions of clay bricks, but re-
quires approval by the building authorities. This approval was granted for the first time in Ger-
many for the so-called "Buscher wall”, which is used in modular housing construction. The
concrete for this wall consists of 100 mass-% recycled aggregates, which can contain up to 50
mass-% brick [10]. The contents of asphalt, glass, non-floating components and floating com-
ponents are limited, as is the sulfate content. The strength class C20/25 must be achieved as a
minimum. Since the approval was granted, a large number of precast elements have been pro-
duced (Figure 9) and installed in residential buildings.
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Figure 9: Prefabricated concrete elements “Biischer
wall” from masonry rubble [11]

4.4  Non-recyclable masonry rubble

In the acceptance and price lists of recycling and disposal companies, construction waste mix-
tures of lightweight concrete, pumice, aerated autoclaved concrete, bricks and gypsum are often
described as "non-recyclable”. However, they represent not only a useful but even a favourable
starting material for the production of lightweight aggregates. These new lightweight aggre-
gates are on a par with commercial aggregates made from clay or fly ash, such as Leca, Fibo-
Exclay, Liapor, Argex.

The production of the lightweight aggregates from mixed rubble begins with the treatment of
input materials, similar to the process used in the recycling industry. The resulting material with
a maximum particle size < 45 mm is the input material for the production of the lightweight
aggregates [12]. The production process of the aggregates themselves starts with grinding under
addition of an expanding agent. Then the powdered masonry rubble is pelletized. Thermal sta-
bilization and expanding in a rotary kiln follow. The main characteristic of the lightweight ag-
gregates produced in an pilot plant is their density of 600 g/cm3 on average. They were already
used to produce light concrete blocks on a technical scale.

crete blocks in a production facility

In terms of consumption of resources, the in this way manufactured lightweight aggregates from
masonry rubble represent a nearly ‘‘primary raw material free’” product. Only the expanding
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agent SiC, which undergoes oxidation at temperatures of around 1100 °C, releasing the neces-
sary bloating gas and a considerable amount of heat, needs to be added. A second decisive
advantage of the developed process is that gypsum-containing material can be processed. The
gypsum decomposes at the necessary burning temperature and can be recovered from the flue
gas as FGD gypsum.

5 Summary

After a long period of stagnation in the recycling of construction and demolition waste, various
developments have recently begun to emerge. In processing, the focus is on sorting methods
based on sensor technology and machine learning. In recycling, concrete production from re-
cycled aggregates is increasingly finding its way into construction practice. Special processes
have been developed for types of construction waste that previously could not be recycled or
could only be recycled at the lowest level. A promising process that has been successfully tested
at a pilot plant is the production of lightweight aggregates using non-recyclable CDW including
gypsum as raw material. The products generated are lightweight aggregates and FGD gypsum.
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Abstract

Efficient sorting and recycling of construction and demolition waste (CDW) are vital to
sustainable development and a circular economy in the construction industry. Building on our
previous study that achieved up to 92.3% accuracy using RGB camera data, we propose an
improved data set acquisition and feature extraction approach to improving classification
performance. We introduce a customized measurement line with industrial RGB cameras, force
transducers for volume and mass estimation, and acoustic transducers for ultrasound
frequencies. By integrating these additional data sources and exploring various feature
extraction techniques, such as shape indices, texture entropy, and mean intensity gradients, our
approach aims to enrich the set of features for machine learning algorithms and increase
classification accuracy. This research addresses the challenge of improper sorting in CDW
recycling, which limits the value of recycled aggregates in high-quality applications.

1. Introduction

Construction and demolition waste (CDW, Figure 1) constitutes a significant proportion of
the total waste generated worldwide. CDW is a complex mixture of different materials, some
of which can be recycled, and it is important to improve the efficiency and effectiveness of
CDW sorting and recycling [1]. Traditional methods of sorting CDW are time-consuming,
labor-intensive, and can be potentially hazardous for workers, particularly when dealing with
contaminated materials. Automating the sorting process using machine learning techniques
provides a promising avenue for improving both safety and efficiency.

In recent years, machine-learning algorithms have been successfully employed for object
recognition tasks, demonstrating high accuracy and reliability. With the rise of deep learning,
especially convolutional neural networks, applications for image classification and object
detection have expanded rapidly. There are several studies employing these techniques in the
context of CDW classification, yielding promising results [2, 3].
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Figure 1: Mixed CDW being landfilled.

However, one of the limitations of these approaches is that they primarily rely on visual data
captured by RGB cameras. Despite their capability of recognizing and classifying different
waste materials, these models face challenges when dealing with materials that are visually
similar or when fragments are covered with dust or other residues. This issue highlights the
need for more comprehensive data acquisition techniques to enhance the performance of
machine-learning models in CDW classification.

To overcome these limitations, we put forward a specialized measurement line that
synergizes multiple sensors, namely, an RGB camera, an acoustic sensor, and a weight-
measuring device, integrated with a conveyor belt system for efficient CDW transportation.
This setup aspires to generate a more comprehensive dataset for machine-learning models,
encompassing visual, acoustic, and weight attributes of CDW fragments. The overarching goal
is to devise a robust, high-accuracy classification system capable of differentiating between
various CDW types, thereby streamlining the recycling and reusing processes of CDW.

This paper presents the development of this comprehensive measurement line,
demonstrating its potential for improving CDW sorting and recycling.

2. Development of the Multimodal Data Acquisition System

The central component of our system is a conveyor belt mechanism, selected for its
efficiency in transporting a steady stream of CDW fragments (Figure 2). The conveyor belt
ensures a consistent presentation of the material to the sensors, maintaining a regular distance
and orientation, which is crucial for obtaining reliable and reproducible data. Furthermore, the
speed of the conveyor can be adjusted to match the requirements of the data acquisition process.

Above the conveyor belt, an RGB camera is placed to capture high-resolution images of the
CDW fragments. The frame is equipped with an adjustable light source to control illumination
conditions, ensuring consistent lighting across different imaging sessions.

Beyond visual data (Figure 3), our system integrates an acoustic sensor and a weight-
measuring device to expand the spectrum of collected data. The weight-measuring device
operates based on the force exerted onto the rollers that guide the conveyor belt, providing
insightful data about the weight characteristics of different CDW fragments.

11
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Figure 2: Prototype of the developed multimodal acquisition system; the colored components

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

(iv) cameras (red), (v) acoustic unit (pink), and (vi) lights (green); the computational unit and
weight measuring transducers are not visible in these images.

The classification is based on the detection of ultrasonic waves reflected by the surface of
the material under the test (Figure 4). HC-SR04 ultrasonic sensors were employed for the
measurements, with the transducers positioned to maximize the radiation characteristics
towards the target sample. These sensors are operated using an Arduino UNO microcontroller
connected to a PC. Additionally, a 1/8" Briiel & Kjar measurement microphone is affixed to
the mount to capture the signal reflected from the sample's surface. The obtained signal is
further processed using a Briel & Kjar Nexus measurement amplifier, with a conversion setting
of 100 mV/Pa. Subsequently, the amplified signal is displayed on a Rigol MS0O5074 digital
oscilloscope.

The measured signals exhibit a short, narrowband signal at approximately 40 kHz. The
dataset comprises 8 sets of 20 measurement instances. Initially, the signals were normalized by
subtracting their mean value. Although this normalization procedure eliminates potential
information regarding the acoustic absorption of the material, it is deemed acceptable given the
intended robustness of the classification method under uncalibrated field conditions. Notably,
all signals demonstrate a prominent amplitude peak followed by a smaller peak, often preceded
by minor activity. To facilitate a more comprehensive analysis, two-time windows were
selected.

Figure 5 illustrates the first (green) window, which encompasses the period preceding the
large peak to ensure the inclusion of the smaller peak whenever present. The second (red)
window is a narrowed-down interval surrounding the two larger peaks. Examining the peak
ratio within the second window proved instrumental in segregating the data into three clusters,
with one cluster exclusively containing one specific material. Furthermore, the variance
observed in the first window facilitated the division of one of the remaining clusters into two

12
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distinct materials, while the other cluster was split into two as well. The outcome of this analysis
Is presented in Figure 6.
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Figure 4: Variability of reflected signals measured for different materials.

13



V International Conference Progress of Recycling in the Built Environment
10-12 October 2023 — Weimar, Germany

1.00

0.75 1

0.50 1

0.25 1

A[-]

0.00

—0.25 1

—0.50 A1

—0.75 A

-1.00 T . T
0.0 5.0 10.0 15.0 20.0

t [ms]

Figure 5: Windows to extract features from the retrieved ultrasound signal.

0.00304 @ brick 80
concrete brick q. °
® ceramic tile .. ®
0.00254 @ laminate ) &
™ ® spruce
2 ® concrete tile [ )
S 0.0020 A !
o polystyrene ™
E ® havelock wool ® 0
] o ) o
— 0.0015 4 4
£ »
@
e °
S 0.0010 ‘%‘
S s .# ‘:‘
@
0.0005 A
<« comre
0.0000 A -

0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
Ratio of peaks in 2nd window [-]

Figure 6: Clustering of materials in the space of extracted features from the measurements of
reflected ultrasound signal.

3. Fusion of Data from Different Sensors

Effective use of multimodal data in a classification task requires not just the collection of
data from different sensors, but also the strategic fusion of these data. The process of data fusion
combines the information from each sensor, exploiting the unique strengths of each data type
to improve the overall classification performance. In the context of CDW classification, this
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means integrating the information derived from RGB images and acoustic sensor measurements
to better differentiate between different types of CDW fragments.

The first step in this process is the independent feature extraction from each sensor's data.
For the visual data, we continue to use the methodology described in our previous work [4],
which includes the extraction of various textural features from high-resolution images.
Meanwhile, for the acoustic data, we apply standard signal processing techniques to extract
spectral and temporal features, such as presented in Section 2.

Once the feature sets from all sensors have been extracted, the next step is their fusion. There
exist several strategies for data fusion, commonly categorized into three levels: early (or data
level) fusion, intermediate (or feature level) fusion, and late (or decision level) fusion.

In early fusion, the raw data from each sensor is combined before any processing or feature
extraction takes place. However, due to the disparate nature of visual and acoustic data, early
fusion is not feasible in our case.

In intermediate fusion, the feature sets from each sensor are combined into a single, high-
dimensional feature vector, which is then fed into the classification model. This approach
allows the classifier to make decisions based on all available information, but it also increases
the dimensionality of the input data, which may lead to challenges associated with the so-called
"curse of dimensionality."

Lastly, in late fusion, each sensor's feature set is independently fed into separate classifiers,
and the final decision is made based on the combination of these separate decisions. This
approach exploits the strength of each sensor in recognizing certain types of CDW fragments
but relies heavily on a robust strategy for decision-making.

In this study, we opt for the intermediate fusion approach, mainly due to its capability to
leverage the complementary nature of visual and acoustic features. The fused high-dimensional
feature vector will then be fed to machine learning classifiers, including gradient-boosting
decision trees (GB) and multi-layer perceptron (MLP), which have demonstrated promising
results in our previous work.

4. Training Machine Learning Models for CDW Classification

The first step in the training process is to split the entire dataset into two subsets: a training
set and a validation set. The training set is used for teaching the model, while the validation set
is utilized for testing the model's accuracy on unseen data and tuning the hyperparameters. The
standard practice is to use around 70-80% of the dataset for training, and the remaining 20-30%
for validation.

The training process involves adjusting the model's parameters so that the model's
predictions on the training data are as accurate as possible. This is done by defining a loss
function that quantifies the discrepancy between the model's predictions and the actual labels.
The model's parameters are then iteratively updated using optimization algorithms, such as
gradient descent, in a way that minimizes this loss.

For both GB and MLP models, the training process involves several rounds of iterative
learning. In the case of GB, a series of weak learners (decision trees) are trained, where each
successive learner tries to correct the mistakes of the previous one. For MLP, a different
approach is used, where the model learns to map the input (features) to the output (labels) using
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several layers of artificial neurons (or perceptrons), and the weights of these neurons are
adjusted during the training process.

Once the training is complete, the model's performance is evaluated on the validation set.
This step is crucial to ensure the model's ability to generalize well to unseen data and avoid
overfitting, a scenario where the model performs well on the training data but poorly on new,
unseen data.

Finally, once the models are well-trained and have demonstrated satisfactory performance on
the validation set, they can be deployed for the real-time classification of CDW fragments in
the sorting and recycling plants.

5. Transition to Industrial-Scale CDW Sorting

An industrial-scale sorting line would first and foremost require the development of a robust
conveyor system able to accommodate high volumes of CDW. The system described in our
study, while effective for research-scale analysis, would need to be significantly upscaled in
terms of both size and speed. Notably, this would involve careful design considerations to
maintain the precision of data capture while increasing the throughput of the system.

The sensor network we have developed, comprised of acoustic, weight, and RGB camera
sensors, could also be effectively scaled to meet the demands of an industrial environment.
Large-scale applications would require a comprehensive setup of sensors at multiple points
along the conveyor line to ensure comprehensive data capture for each CDW fragment. This
would involve additional hardware and installation requirements but could potentially be offset
by significant increases in sorting efficiency and recycling rates.

Training machine learning models for industrial-scale applications would entail processing
and analyzing substantially larger volumes of data. This might require more powerful
computational resources and potentially the application of distributed computing or cloud-
based machine learning services. However, the benefits of this approach are significant, with
the potential for the models to continuously improve over time as they process more data,
increasing the efficiency and accuracy of CDW sorting.

The models would also need to be made robust against variances in CDW types, lighting
conditions, sensor calibration, and other factors that might be more variable in an industrial
setting compared to a controlled research environment. This could be achieved by continuously
updating the training datasets with new data from the industrial sorting line, effectively enabling
the models to learn and adapt to changing conditions.

Importantly, while our research provides a proof-of-concept for a sensor-fused, machine-
learning-based approach to CDW sorting, the transition to the industrial-scale application
would require significant collaboration with industry partners, government agencies, and other
stakeholders. The practicalities of implementing such a system, such as financial costs,
regulatory requirements, and operational logistics, would all need to be carefully considered.

8. Conclusion

In this study, we have showcased a pioneering approach to construction and demolition
waste (CDW) sorting and recognition using a fusion of multiple sensor data and machine-
learning models. Our work underscores the significant potential of integrating acoustic, weight,
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and RGB imaging data to enhance the classification accuracy of CDW fragments, overcoming
the limitations inherent in relying on visual data alone.

The prospect of applying these methodologies on an industrial scale presents exciting
possibilities for the field of waste management and recycling. While there are practical
considerations for transitioning our research-scale system to an industrial context, our study
offers a roadmap for implementing a sophisticated, sensor-fused, machine-learning-based
CDW sorting line. This could revolutionize the CDW recycling industry, enhancing efficiency,
and increasing recycling rates, thereby contributing to a more sustainable construction industry.

However, it is crucial to note that transitioning to such a system will require significant
collaboration among industry partners, government agencies, and other stakeholders. Further
research and development will also be needed to fine-tune the models and adapt them to the
variable conditions of an industrial setting.
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Abstract

Strategies to increase the lifecycle of products are needed to reduce environmental impacts and
provide new business opportunities. In old cities, demolitions are increasing, and some
companies are interested in reusing steel rebars from the demolition of reinforced concrete
elements. However, there is lack of studies once reuse of steel can pose structural risks. Twenty-
four rebars were collected from the demolitions of three buildings near the city of Sdo Paulo,
Brazil. Those were characterized based on the building age, demolition equipment used, the
type of element (slab, pillar, etc.), and the physical condition of the steel rebar in terms of
alignment and corrosion aspect. After, the samples were cleaned mechanically and manually
realigned using levers, and some of them were subjected to tensile testing. All rebars met the
yield strength criteria; however, the ductility criteria did not. The rebars behavior may be
influenced by the structural element, the demolition technique used, the building’s prior use,
and the realignment process. Although more studies are needed, the steel can be used for
construction purpose only, without significant structural risk in reinforced concrete elements.
This strategy could add value to the material and potentially reduce environmental impacts.

Keywords: STEEL REBARS RECOVERY ; DEMOLITION ; CIRCULAR ECONOMY

1. Introduction

Urbanization leads to stock buildings to accommodate the growing population, and the old
growing building stocks will result in an increase of demolition operations over time [1]-[4].
In the mechanical process of demolitions, excavators and hydraulic breakers were used and the
steel rebars of the reinforced concrete structures become separated. A remaining steel fraction
is separated after the crushing of the concrete fragments in the construction and demolition
waste (CDW) recycling plants. Both extractions of steel are done without care for reuse. A
significant portion of this resulting scrap can be recovered and recycled in steel producers. The
steel scrap presents the highest secondary material price in the CDW types [5]. In Brazil, the
total steel production reached in 2020 31.4 million tons [6]. 30% of it is obtained from steel
scrap [7]; therefore, 9 million tons of steel scrap was recycled in Brazil in 2020.

"Selective Demolition" (SDM) [8] is a process that can preserve the functional components,
and it can increase the selling price of the reuse steel rebar, 3 times more than that of scrap
recycling [9]. Steel rebar is usually recovered more carefully from the structural reinforced
concrete elements and reuse can be explored without passing it in a recycling process.
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In Brazil, it is common to encounter an average ratio of 23kg of steel rebars/mz2 (0,023ton/m?)
in typical residential building construction with reinforced concrete structure [10]. Steel scrap
is usually sold for US$201/ton, while the recovered steel rebars could be sold for US$604/ton
in Brazilian market. As a result, during a demolition of a 10,000m? residential building, the
recovering of all rebars could potentially boost the financial gains derived. This could elevate
the earnings from US$ 46,000 to US$139,000 (Eq 1).

0,023ton
m?2
Other research indicate that the metals content (although it is not specified) during the
demolition of a non-residential building (constructed using a reinforced concrete structure)
could reach up to 53kg/m? [11], potentially enhancing those financial benefits. The production
of 1 ton of steel usually generates 1.6 tons of CO [6] Although further studies are needed, this
analysis show that we could not only improve the added value of the steel in a circular economy
scenario, but also minimize energy consumption and significantly the CO2 emissions [12], [13].

10,000m? x

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

The Fig. 1a shows the typical steel scrap after a mechanical demolition process. It is hard to
think the reuse of rebars. However, certain companies in the Brazilian market introduced an
equipment designed to “realign” these steel rebars. The Fig. 1b shows a commercially available
equipment called “Rebar recycler”. According to the producer, this equipment has a
productivity of 8 tons/day. Some recycling plants and demolition companies are already
implementing a similar process, not necessarily using this specific equipment (Fig. 1c).

Fig. 1 — (a) Steel scrap; (b) Entrance of twisted rebar in the Machine for "realignment™; (c)
Rebar after passing through "realignment™ [16].

In literature, only two studies have been identified about reused steel rebars; one from Poland
and other from Jordan [14], [15].These studies primarily focused on assessing the rebar’s
mechanical properties, including tensile and bonding strength, as well as bending capability. In
both studies, the rebars were only manually realigned, similar of that was observed in Brazil.

The utilization of realigned rebars can be promising in non-structural applications, where the
main parameter is not the steel’s strength. In some contexts, steel is used to help the construction
process, or to mitigate shrinkage, such as urban seats, sidewalks, with neglectable structural
risks. However, in Brazil, reused rebars has been employed to construct informal buildings,
posing structural risks. Therefore, and the properties of the reuse steel needs to be assessed.

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

deformation, or local damages by impact which can lead to fatigue and brittle rupture. VVarious
inquiries, not yet addressed in existing literature, must be resolved before this practice can be
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considered valid. For instance, does the mechanical behavior of these rebars present acceptable
properties after years of use, or when submitted to realignment? Does the demolition technique
affect the steel bar mechanical property? Is the ductility enough to lay rebars again ?

1.1  Objective

This work aimed to evaluate the physical condition, the tensile strength and ductility of steel
rebars recovered from demolition of reinforced concrete elements.

2. Methodology

Three demolition sites were visited near the city of Sdo Paulo, Brazil in 2022: The first one in
Sdo Bernardo do Campo (ID 1-SBC), a commercial building over 40-years-old and 2,970m2;
the second in Santo André (ID 2 — SA), a 14-years-old factory over 7,800m?; the third in S&o
Paulo, a 60-years-old factory covering 45,000m2 (ID 3 — SP).

Eight rebars (1.5~2m) were collected from each demolition site, totaling 24 steel rebars. The
rebars were characterized in situ in four items: 1) Type of element (beams, columns, slabs,
foundation); 2) Position in the building (Outside, inside); 3) Twisting degree (low, regular,
intense) — Visually defined by the angle of deformation (a) as follows: Low (a <10°), Regular
(10° < a < 45°), Intense (a > 45°); 4) Conservation against corrosion (Deteriorated, Not
deteriorated) - visually defined by the significant presence or not of corrosion residue adhered
to steel rebars. It was also identified which type of machinery were used in the demolition
process to obtain each rebar (Hydraulic breaker, Hydraulic shear). The Table 1 shows the
summary of the characteristics of the collected rebars.

Table 1 - Summary of collected rebars.
Demolition Site

Category Item 1_SBC 2_SA 3-SP Total Total %
Slabs 4 7 8 19 79%
Type of element Columns 4 0 0 4 17%
Foundation 0 1 0 1 4%
L A Outside 2 1 0 3 13%
Position in the Building Inside 6 7 3 1 88%
Machinery Hydraulic_: breaker 0 8 8 16 67%
Hydraulic Shear 8 0 0 8 33%

These rebars underwent a laboratory-based manual realignment process using levers (the
mechanical realignment was not possible at this moment of the research). After this, the rebars
were mechanically cleaned using a bench grinder. Twelve rebars were sectioned into 65cm
lengths and submitted to a tensile test in accordance with the Brazilian standard code ABNT
NBR 7480:2022 [19]. The Brazilian standard code presents four main requirements for the steel
rebars CA-50 (focus of this work):1. Yield Strength (fy) (500MPa); II. Maximum strength
(1,08*fy); I11. Elongation at maximum force (5%); V. Elongation at fracture (8%).
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3. Results and discussions

3.1  Rebars physical characteristics

The elements collected were visually evaluated for the twisting degree and their conservation
against corrosion. The Table 2 shows a summary of this evaluation for each building.

Table 2 — Visual evaluation about physical state of the steel rebars
Demolition Site

Category Item 1_SBC 2_SA 3-SP Total Total %
Low (o <10°) 6 5 4 15 63%
Twisting Degree Regular (10° < a <45°) 2 2 3 7 29%
Intense (o > 45°) 0 1 1 2 8%
Conservation Deterior_ated 0 3 2 5 21%
Not Deteriorated 8 5 6 19 79%

The elements were collected from within concrete elements inside of the building, and although
the buildings have been standing for 14-70 years since the construction, no correlation between
the building age and the conservation against corrosion was identified. On the other hand, the
Table 3 shows the relationship between the twisting degree and conservation against corrosion
for different elements. The rebars collected from slabs exhibit higher twisting degrees and
poorer conservation than other elements.

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

Element Twisting degree Conservation against corrosion
Low Regular _Intense Not deteriorated Deteriorated
Slabs 10 7 2 14 5
Columns 4 4
Foundation 1 1

The worsened condition state of slab’s rebars can be attributed to the quality of execution and
concrete cover. This often results from the absence of plastic spacers during the concreting,
which is a common construction error in Brazil. Furthermore, the authors identified two
possible factors that could explain the higher twisting degrees of slab’s rebars: Firstly, the
reduced diameter (typically smaller than those in columns and beams) - Fig. 2a, which may
contribute to greater deformability. Secondly, the type of machinery employed during slabs
demolitions (Hydraulic breakers) - (Fig. 2b) - , could have a greater impact on the pieces,
whereas the columns (which exhibit better twisting degrees) were demolished using hydraulic
shears (this machinery could result in less impact on the pieces). To gain a statistically
significant understanding of these circumstances, further investigations involving a larger
sample size, varying diameters and machinery are needed.

21



25 - Slabs Column Foundation
A

( \ f—x—\ (—‘—\ Deteriorated or regular/intense twisting degree
20
20 A1 ] Eﬁo 12
’g‘ /5 016 B 16
) P Low Low Not Deteriorated and low twisting degree
§ o]2|5
V]
=
E 10 ©10 10 3 g
) |
6,3x —_——
3 W Regular 4 0 4 8 12
Intense
0 [0 Hydraulic Breaker [ Hydraulic Shear
(@) (b)

Fig. 2 — (a) Diameter of rebars vs type of element vs Twisting degree (b) Machinery vs
twisting degree and conservation degree.

3.2 Mechanical properties

During the evaluation of the rebar’s mechanical properties, two aspects were considered: their
stress-strain behavior, and the standard requirements. Upon conducting the tensile strength test,
the rebars exhibited a nonlinear behavior in the beginning of the strength application. This
behavior could be attributed to a residual deformation that was not eliminated in the manual
realignment process (Fig. 3a). Once the linear behavior was established, the strength was
released and the test restarted, returning the diagram to the expected linear behavior. However,

only two rebars demonstrated a clear yielding point, highlighting the need for careful
consideration in the reuse of rebars (Fig. 3b)
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Fig. 3 — Stress-Strain steel diagram
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Upon evaluating the requirements in the ABNT NBR 7480:2022 all rebars meet the strength
criteria. However, the ductility requirements were not always met. Only 42% of rebars meet
both strength and ductility requirements simultaneously, while the others did not attain either
the Elongation in the Maximum force (83% attained) or the Elongation after breakage in 10
diameters (just 58% attained).

Some rebars presented brittle failure. The authors suspect that these rebars have undergone a
fatigue process during their life cycle, which may have reduced their ductility. This needs
further investigation in future research.

(@) (b)

Fig. 4 — Brittle failure of steel rebars (a) rebar collected at the factory building at Sdo Paulo
ID3-SP, from an industrial floor, showing signs of fatigue (b) rebar collected from the
commercial building at Sdo Bernardo do Campo ID 1 - SBC

The Table 4 presents a summary of the ductility evaluation and the influence of the type of
element, the twisting degree, and the machinery (HB means Hydraulic Breaker, HS means
Hydraulic Shear).

Table 4 — Summary of ductility evaluation

By type of element By Twisting degree By machinery
Evaluation Slab Column Low Regular ID2-SA ID1-SBC ID3-SP ID1-SBC
HB HB HB HS
Approved  23% 100% 50% 25% 33% 0% 33% 100%
Disapproved 77% - 50% 75% 67% 100% 67% 0%

A significant majority of slab rebars did not meet the approval criteria. This could be attributed
to two potential factors: the higher twisting degree, resulting from smaller diameters; or due to
the building’s usage (factory floors, subjected to cyclic loads). The twisting degree may affect
the ductility. The results show that the higher the twisting degree, the lower the ductility
approval. Furthermore, hydraulic shears demonstrated a 100% approval rate, outperforming the
Hydraulic breaker. However, it should be noted that all the rebars collected from the hydraulic
shear were sourced from columns, with larger diameters, which presented lower twisting
degrees compared to slab rebars. No correlation was found between the tensile test and the
conservation against corrosion. These parameters may be interconnected and challenging to
isolate. Nevertheless, this research serves as an initial step for future investigations, where more
variables and statistical analysis should be done.
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4. Conclusions

As the demolitions are expanding worldwide, this paper presents an investigation about the
physical state and mechanical properties of steel rebar recovered for reuse from demolition. The
results are promising, potentially adding more value to the material in the future. All the
evaluated rebars met the yield strength criterion; however, only 42% of the rebars met the
ductility criterion. It was not found any correlation between the building age and the corrosion
condition of the rebars. However, the rebars herein were collected mainly inside the building.
The type of element, the use of the building and the demolition techniques may affect the
characteristics of the recovered steel rebars. Rebars from Columns, demolished with hydraulic
shears, present significantly better results than slab rebars demolished with impact breakers.
Also, some rebars collected in industries involving intense machine movement on floors
presented brittle failure due to fatigue. The findings highlight that the primary challenge lies
not in the tensile strength of rebars, but rather in their ductility. However, more research should
be done to understand the effects of all the variables. Use of steel for constructive need in non-
structural elements seems to be promising. Although it requires further investigation, the reuse
of steel rebars could potentially reduce environmental impacts by decreasing energy
consumption and COz emissions in the manufacturing process.

5. Research needs

To continue the study, samples should be evaluated outside of buildings and in different
environmental exposure classes. The realignment method requires further investigation to
ensure that initial residual deformation is eliminated and based on industrial-scale
implementation. A statistical assessment about mechanical properties should be performed. An
economic and environmental comparison between recycled rebars and reused steel rebars
should also be conducted.
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Abstract

Masonry rubble is a mixture of concrete, brick, lime sand brick, mortar and plaster. Due to their
pozzolanic activity and the future shortage of fly ash, bricks are of special interest for the cement
industry as a potential substitute. There have been numerous research projects dealing with
optical sorting of masonry rubble to produce brick rich granulate or the use of waste brick
powder as pozzolan. Yet there has been no research trying to directly determine the pozzolanic
activity of brick rich masonry rubble with optical methods. In this work masonry rubble from
a recycling facility and backing bricks from a brick manufacturer were investigated. Sample
colour was measured by spectrophotometry and pozzolanic activity by hydration heat. Also
Fe;03 and Al,O3 were measured with X-ray fluorescence, since Fe2Os is responsible for the
reddish colour of bricks and Al>O3 content is an indicator for the clay type the bricks are made
of. The results show good positive correlation between Fe,O3 and AlOs; content and the
hydration heat. Colour measurement enables to determine the brick content of masonry rubble
and thus the results indicate the pozzolanic activity. Future determination of pozzolanic activity
of masonry rubble already in the recycling facility is likely to be possible.

1. Introduction

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

The biggest potential is currently seen in calcined clays. Since highly reactive metakaolin is too
expensive, latest research is dealing with the use of “common” clays containing other clay
minerals like illite or smectite. Numerous research projects showed their potential as substitute
for cement clinker depending on mineralogy and firing temperature [ 1-4]. The disadvantage of

26



V International Conference Progress of Recycling in the Built Environment
10-12 October 2023 — Weimar, Germany

calcined clays is that, though to a lower extent than for cement clinker, there is still required
energy for the calcination process. Therefore, already existing calcined clay products could be
used as pozzolans, namely fired clay bricks. The knowledge of pozzolanic activity of crushed
brick exists since the Roman empire and in the last years the subject gained new attention [5,
6]. The firing temperature of backing bricks reaching from 900 to 950 °C lies in a range where
clay minerals show pozzolanic activity. Since in Germany around 30 % of residential buildings
are made of brick masonry, there is a big potential for pozzolanic material. Furthermore,
backing bricks are produced of calcareous clays and the calcite might have a positive effect on
pozzolanic activity due to formation of an amorphous phase [7].

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

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

2. Experimental procedure

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

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

27



V International Conference Progress of Recycling in the Built Environment
10-12 October 2023 — Weimar, Germany

also be called neutral gray axis, because between the end points black (L* = 0) and white (L*
=100) all achromatic colors (gray) are contained.

Black

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

Also the content of FeoO3 and AlbO; was measured as Fe;Os3 in the form of hematite is
responsible for the reddish colour of bricks and Al>Os3 is an indicator for the amount and type
of clay minerals in the brick clay. The chemical composition of the samples is determined by
quantitative X-ray fluorescence analysis according to DIN EN ISO 12677. For the analyses,
one melt tablet is prepared from each sample material, which has been previously dried at 105
°C, then representatively divided and ground to an analytical fineness (< 63 um). The analysis
is performed on a Malvern PANalytical AXIOS advanced X-ray fluorescence spectrometer.

Since there should be a linear relation between brick content in masonry rubble, its reddish
colour and in consequence its pozzolanic activity a simple linear regression analysis was
performed with the software Design Expert. The dependent variable was the hydration heat and
the independent variables were a* and b* value and Fe;O3 and Al>O; content. The p-value and
the adjusted coefficient of determination (Ridj) were evaluated to determine if the variables
have a significant influence and how well they predict the hydration heat.

3. Results and discussion

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

Table 1: Hydration heat and Fe>O3/Al,03 content for samples of masonry rubble and brick

Sample Hydr. heat Fe:03 AlLO3 Sample Hydr. heat Fe:03 ALO3
[J/g] [wt.%] [wt.%] [J/g] [wt.%] [wt.%]
Masonry rubble Brick
Sample 1 79,9 2,41 6,99 Brick recycling 115,7 4,77 12,99
Sample 2 58,0 1,95 6,27 Brick recycling 123,8 4,77 12,73
Sample 3 80,2 3,26 9,02 Brick plant 1 142,8 5,24 14,69
Sample 4 32,6 1,89 4,36  Brick plant 1 117,2 4,85 12,70
Sample 5 80,2 2,69 7,90  Brick plant 1 106,0 4,99 12,77
Sample 6 66,8 2,11 6,94 Brick plant 2 250,3 507 16,67
Sample 7 67,6 2,69 8,30 Brick plant 2 191,0 4,64 15,56
Sample 8 125,7 3,69 10,53 Brick plant 2 220,0 4,13 14,40
Brick plant 3 168,8 5,85 15,39
Brick plant 3 178.,0 6,36 16,35
Brick plant 3 118,0 5,63 14,82
Roof tile 126,0 6,29 16,22
Roof tile 140,0 6,68 17,28
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plant, especially in the short time period where the samples were collected. The variance in the
a* value is much higher than in the b* value which is probably caused by different iron oxide
contents, since the samples of brick plant 3 and the roof tiles have the highest Fe>O3 content

and exhibit the highest a* values. It seems sufficient to measure just the a* and b* value as the
L* value does not contain colour information.

Table 1 contains the data for hydration heat at 7d, Fe,O3 and Al,O3 content. In Figure 3 the
hydration heat of the samples is correlated with a* and b* value. For the masonry rubble sample
4 shows the lowest hydration heat and sample 8 the highest. The hydration heat slightly
increases with increasing a* and b* values which shows there is a link between the colour of
masonry rubble and its pozzolanic activity. Since sample 8 is the masonry rubble with the
highest brick content, its hydration heat is similar to that of the brick samples. The values
measured for the different brick types are higher than for the masonry rubble as they are not
contaminated. Moreover, samples from the same brick plant are close to each other, indicating
a correlation between heat of hydration and clay mineralogy. All brick samples show a similar
hydration heat except for the samples from brick plant 2 that show significantly higher values.
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Figure 3: Hydration heat in dependence of a*b* values for all samples

Table 2 shows the results of the linear regression analysis which was performed with the data
of Table 1 and the a*b* values. All p-values are lower than 0.05 which indicates that the
relationship between hydration heat and the four independent variables is statistically
significant and that these variables can be used to describe the hydration heat. The coefficient
of determination is highest for AI>O3 content and b* value and lowest for FeoO3 and a* value.
The value for Al,O3 means that 67.6 % of the variance can be explained by this variable which
shows the major influence of the clay mineral content on hydration heat.

Table 2: P-value and adjusted coefficient of determination

a* b* Fe203 ALO3

p-value 0.0015 <0.0001 0.0013 <0.0001

R 0387  0.591 0397  0.676
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Figure 4 shows the linear regression plots. For each variable the predicted hydration heat is
compared to the measured hydration heat. A high coefficient of determination means that the
values are close to the dotted line. All variables show a positive linear correlation with hydration
heat. The b* value (yellow) correlates better with the hydration heat than the a* value (red)
despite its lower variance (see Figure 4 a and b). The red colour of bricks is caused by hematite
which is the most important colouring pigment in iron containing ceramics fired under
oxidizing conditions. Its origin are iron containing minerals or the clay minerals [8]. Bricks
made of calcareous clays are rather orange than red. The yellow part of the colour is caused by
partly incorporation of iron in new crystal phases like melilite or pyroxene [9, 10]. The
correlation of Fe>O3 with hydration heat is worse than for Al,O3 but the position and the relative
arrangement of the brick samples to each other is nearly the same, since iron and aluminium
highly correlate with the clay mineral content in brick clays and consequently with the brick
content in masonry rubble.
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Figure 4: Linear regression analysis of hydration heat in dependence of a* and b* value
(a, b) and Fe>O3 and Al,O3 content (c, d)

In all four diagrams it can be seen that the samples from brick plant 2 are special because the
measured values are much higher than the predicted ones. Since the samples of brick plant 2
have the same colour as the others, the clay mineralogy, especially the Al,O3; content, must be
responsible for the difference in hydration heat. This assumption is supported by the fact that
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Rﬁdj is highest for AI>O3 and that the samples of brick plant 2 in Figure 4 d are closer to the
dotted line compared to the other diagrams. The main source of Aluminium in clay are the clay
minerals in which it is part of the crystal lattice. Iron can always be found in ordinary brick clay
and it can be part of the crystal lattice, absorbed on the surface or exist as a mineral. In brick
plant 2 a so called opalinus clay with a kaolinite content of 18 wt.% is processed. The clays
from brick plants 1 and 3 each contain only 4 wt.%. Since kaolinite is a 1:1 clay mineral, it
contains more Al,O3 than 2:1 clay minerals like illite or smectite. Furthermore, aluminium in
the kaolinite lattice is not replaced by iron which is the case for other clay minerals like chlorite
and illite [11]. Consequently the ratio of Al,O3 to Fe2Os is higher for bricks made out of this
clay type (see Figure 5 a). Kaolinite is the clay mineral with the highest pozzolanic activity and
studies showed that the kaolinite content also determines the compressive strength of calcined
clay limestone cements [12]. So there are two factors influencing the hydration heat of brick
waste and therefore of masonry rubble. One is the A1bO3 content which correlates with the
amount of clay minerals and the other is the Al2O3/Fe>O; ratio which is an indicator for the
kaolinite content. The influence of these factors on the hydration heat can be seen in Figure 5 b
where the x-axis is the product of these two parameters. There is a good positive correlation
between the measured hydration heat and (Al>O3)?/Fe>Os indicating that by knowing the
chemical composition of masonry rubble or brick waste the pozzolanic activity can be
estimated.
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Figure 5: Ratio of Fe;O3 to Al>O3 for all samples (a) and dependence of measured hydration
heat on (Al203)*/Fe>0Os3 ratio (b)

4. Conclusion

Estimating the pozzolanic activity of masonry rubble by means of colour measurement is
possible. However, the chemical composition, especially the Fe,O; and Al,Os content, is
needed as additional information as spectrophotometry can only measure the brick content in
the rubble. But the pozzolanic activity of the brick also strongly depends on the mineralogical
composition of the original clay, which is reflected in its chemical composition. Bricks made
of kaolinitic clay contain more Al,O3 and are more reactive than bricks made of illitic clay. The
combination of spectrophotometry with an automated and fast measurement method for
determining the chemical composition such as LIBS, supported by machine learning and Al,
could enable an even better prediction [13]. Furthermore, for the industrial application of this
method, the sorting of masonry rubble with the aim of high brick content is of great importance.
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Abstract

This paper studies the potential of determining material parameters of recycled aggregates of
construction and demolition waste (CDW) by means of multispectral sensoring.

Multispectral data in the range from visible light over near-infrared to short-wavelength infrared
of different kinds of CDW are taken, covering wavelengths from 300 nm to 2500 nm in total.

One key aspect is the classification of the assorted CDW. In order to resolve this task features
of the spectral information are extracted and multivariate statistics techniques, such as principal
component analysis (PCA) and linear discriminant analysis (LDA), are used to distinguish
between the groups of CDW. Once the detection rate is sufficiently large, further investigations
within the classes can be performed.

For the estimation of the water content three different characteristic parameters utilizing
spectral information are introduced: mean absorption, water index and absorption difference.
Their calculation is based on the absorption spectrum of the covered water band at
approximately 1950 nm. All three approaches are applied to several kinds of CDW and
compared according to their quality and applicability.

In conclusion, the LDA emerges as a promising tool for the classification of CDW. The
estimation of the water content utilizing the absorption difference looks most auspicious
considering quality and efficacy.

Keywords: recycling, CDW, recycled aggregates, material composition, multispectral
sensoring, classification, multivariate statistics

1. Introduction

In the last twenty years about 50 million tons of mineral CDW were produced annually in
Germany [1]. For high-quality reuse instead of disposal, it is necessary to monitor the structural
properties of the recycled material according to [2-4]. Within the scope of this research work,
an automated analysis for the classification of recycled aggregates and the corresponding water
content will be developed (Figure 1). For this purpose, spectral information from the visual to
the near-infrared (NIR) wavelength range (300 nm to 2500 nm) will be used in combination
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with different dimensionality reduction methods like principal component analysis (PCA) [5]
and linear discriminant analysis (LDA) [6].
Determination of spectral and

Spectral lighting
texture image information

= " Estimation of water content
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Figure 1: Device for material composition analysis and water content estimation

Material reservoir

For the determination of the water content, there exist many well-known methodologies, which
can be found in [7] [8]. Nevertheless, the aim is to rapidly gain information about the water
content non-destructively and contact-free. The estimation of the water content by using
spectral information was already described by [9] [10] for vegetation and by [11]-[12][14] for
the curing of concrete and mortar, respectively. This paper deals with investigations on the
application of water content estimation methods for spectral data in the range from 1000 nm to
2300 nm.

2. Investigations on the determination of the material composition

2.1 Material and Methods

The investigations were realised on selected building material samples (concrete, calcium
silicate brick, roof tiles, masonry bricks, lightweight concrete, autoclaved aerated concrete).
The material parameters (pure and bulk density, water absorption, mineralogy) of the partly
recycled and partly new building materials were analysed.

After an unsupervised dimension reduction method, PCA was used, where the class
membership does not have to be known. LDA was applied as a supervised dimension reduction
method in a complementary way. The goal of using LDA is to increase the interclass variance
of samples while decreasing the intraclass variance between samples in one class, such that a
much clearer separation of classes can be achieved. Information in greater depth can be gained
in [5] and [6].

2.2 Application

The spectrometer measurements were done by the Agilent Cary 5000 UV-VIS-NIR
spectrometer. The recordings are taken within the range of 300 nm to 2500 nm with a spectral
resolution of 1 nm. To gain information of commonalities and differences within the recorded
point spectra without knowledge of class membership, the data set was examined using PCA
and LDA.
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2.3 Results

The investigations carried out with PCA and LDA show cluster formations, i.e. that a separation
of the considered building material categories is possible based on spectral information. LDA
proves to be most suitable for a separation of the considered building material classes. The
following Figure 2 shows the PCA and LDA analysis results in the wavelength range from 401
to 2500 nm.
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Figure 2: PCA (left) and LDA (right) analyses in the range from 401 nm to 2500 nm
3. Investigations to estimate the water content

3.1 Material and Methods

Figure 3 is exemplarily showing several reflection measurements of recycled brick with
different water contents and the corresponding absorption. The water bands around 1950 nm
and 1450 nm are best recognized when the water content is relatively high. It has to be noted
that the total water including free and bonded water on the surface is measured. With decreasing
water content, the amplitude of the extreme values is dropping.
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Figure 3: Reflection (left) and absorption curves (right) of selected measurements of one
aggregate of recycled brick material with indicated the water content in the legend

The absorption spectrum allows formulating several estimates for the water content. Three of
them are presented and used on recycled aggregates in the following.
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3.1.1 Mean absorption

The mean absorption is depicted in Figure 4. Here, the mean value of the absorption is
calculated between the points of inflection of the absorption curve for the 1950 nm water band.
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