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ABSTRACT

Demand for high quality recycled concrete aggregates (RCA) to offset the use of
primary materials is significantly rising due to circular economy goals and high-value
reuse of concrete. The quality of RCA significantly affects their availability for new
concrete production due to the variability of parent concrete streams. The
optimization of recycling procedures is under development to improve the quality of
RCA, however, the costs and energy efficiency of such processes are of practical
concern. With this in mind, this paper presents a new framework for reducing the
variability of RCA quality by identifying concrete members before their demolition.
The goal of identifying demolished concrete members from a structure is to provide
groups of concrete members with similar mechanical and chemical properties
through a systematic classification of the structural members.
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The quality assessment of concrete structures and their mechanical and chemical
(composition, contamination) properties prior to demolition is generally recognized
as challenging due to the absence of guidelines and the lack of easy-to-use in situ
characterization techniques. This paper proposes experimental approaches that
can non-destructively determine the properties of concrete structures, with a major
emphasis on the measurement of the chemical composition of concrete before
demolition. Characteristic quality indicators to classify concrete members are first
proposed and can be instrumental in setting up future studies. A new method is
proposed for in situ chemical composition testing of existing concrete structures;
assuming that no records about the parent concrete are available. Next, the
challenging parameters for in situ, non-destructive measurements are outlined. The
practical application of the proposed method and its uptake in industry can
potentially unlock a huge potential for optimized material recovery and contribute
greatly to a fully circular construction industry.

1 Introduction readiness for secondary materials [3]. Other sources of

demolished concrete are residential and non-residential

Globally, the construction industry is expanding rapidly
[1], while transportation infrastructure is facing significant
challenges due to aging, rapid growth in traffic loads, and
changing circumstances of existing structures (natural and
man-made resilience threats) [2]. As a consequence, a
significant amount of construction and demolition waste
(CDW) is generated. CDW contains concrete, brick, wood,
metal, drywall, plastics, glass, and others [3], of which
concrete waste forms the largest part. In Europe, CDW is
assessed to be 25-30% of the total waste [4], whereas the
level of recycling is still highly variable between the member
states [5]. Most countries globally and within the EU still have
low performance in CDW generation, management, and
recycling [5] because of ineffective CDW regulations; poor
data quality; poor reverse logistics; and a low market
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buildings, civil engineering structures, and the building and
pavement industries [6], amongst others. Demolition of
concrete structures can have various causes. Primary
causes of structural failures, and consequently demolition
are poor construction procedures, inadequate assemblage
of concrete members, and inadequate behaviour under load
[7, 8]. In the Netherlands, for example, the majority of bridges
and viaducts in the main highway network have been
demolished in the past for functional reasons (improved
traffic flow on the road network and railway construction),
and the rest were demolished due to technical reasons such
as insufficient load-bearing capacity (design loads,
accidental overload, deterioration) [9]. Fig. 1. gives an
example of demolition. The Hoog Burel viaduct over the A1



Pre-demolition concrete waste stream identification: classification framework

in the Netherlands was more than 50 years old, and the
concrete had deteriorated.

Such demolitions have so far primarily been carried out
without significant preselection, in particular, without any
preselection of concrete. Furthermore, the recycling process
principally consisted of simply crushing the waste concrete,
which inevitably entailed a degradation in quality [11].
Although in the past two decades, significant effort has been
made towards the advancement of concrete recycling and
many achievements have been made in both the treatment
and application of recycled concrete aggregates (RCA), their
use is still very limited in new concrete structures. This is due
to the fact that the recycling is mainly focused on mixed
concrete streams and, therefore, the quality of RCA is a
major concern for concrete producers (Fig. 2).

To address this issue, simple, non-destructive in situ
characterization techniques that enable pre-selection prior to
demolition and waste stream separation based on concrete
properties are required. With this in mind, the primary goal of
this paper is to propose a workflow for use in demolition
projects that is based on in-situ quality assessment of parent
concrete and non-destructive testing. The paper proceeds as
follows: Section 2 presents the current demolition and
recycling practices that do not rely on selective demolition;
Section 3 examines concrete input properties for selective
demolition; Section 4 presents a specific workflow towards a
selective demolition-based recycling of concrete; Section 5
presents non-destructive in situ concrete characterization
techniques; Section 6 outlines further research needed on
testing of concrete composition; and Section 7 concludes the

paper.

Fig. 1. Demolition of Hoog Burel viaduct (A1), the Netherlands: a) before demolition, b) during demolition (November 2022).
Credits go to Rijkswaterstaat [10]

Fig. 2. Mixed concrete streams at the recycling plant

Building Materials and Structures 66 (2023) 1-24
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2 Demolition and recycling without prior concrete
characterization

The way we handle waste now is based on several EU
guidelines, such as the Circular Economy Action Plan [12],
the EU Directive 98/2008/EC [13], the EU Directive
2018/851/EC [14], the EU Construction and Demolition
Waste Management Protocol [15], and the Guidelines for
Waste Audits Before Building Demolition and Renovation
[16]. However, concrete producers, construction engineers
and real state owners are sceptical towards recycled
aggregate concrete since RCA are typically heterogeneous
[17] and of lower quality than natural aggregates [18]. In
particular, engineers are faced with uncertainties when they
have the opportunity to design structural recycled aggregate
concrete members [19]. Quality assurance and certification
are of paramount importance in order to address these
reservations. It is very difficult, if not impossible, to demolish
a concrete structure for which there is prior knowledge about
the origin and properties of all concrete components.
Information about the composition (cement, aggregates,
fibres, coating) of each concrete member (strength class,
with/without reinforcement, type of reinforcement), and their
degree of contamination, is difficult to obtain. Furthermore,
they may have been exposed to different environmental
conditions (under varying conditions of drying and wetting,
chloride environment, carbonation, chemical attack, alkali-
aggregate reactions, etc.) [20].

Demolished concrete members can be crushed and
processed on site with mobile crushers, or they can be
transported to the recycling plant [21]. Preliminary manual
sorting is conducted in order to eliminate hazardous
materials (e.g., bituminous roofs) and further sorting with
magnet pads to segregate metals [22]. Within such a
process, there have also been recent advances in
automating and robotizing the procedure. For example,
ZenRobotics is an advanced and recently applied technology
for efficient sorting of input materials (metals, wood, stone,
and inert materials) with a heavy-duty picker sorting line (Fig.
3). ZenRobotics uses standard industrial robots and,
depending on the application, equips them with a variety of
sensors, detectors, and scanners, along with artificial
intelligence software, to ensure maximum efficiency. The unit
contains near-infrared spectroscopy, hyperspectral imaging
sensors, a 3D sensor system, a high-resolution RGB
camera, a metal imaging sensor, and a visual light spectrum
sensor [23].

As for the recycling process, RCA are produced using the
same equipment traditionally used in quarries for the
production of natural aggregates, and their appearances are
shown in Fig. 4. The most commonly used crushers are jaw
and impact crushers[24].

The traditional production processes result in RCA with
suitable properties for concrete, provided the CDW are of
good enough quality after the initial separation. However,
better recovery rates, faster and more efficient production,
higher quality recycled aggregates, and additional types of
recovered materials (e.g., recycled fines and cement) with
suitable quality may be obtained with technologically
advanced processes.

Examples of such advances are the Smart Crusher and
Concrete to Cement and Aggregate (C2CA). The Smart
Crusher separates concrete waste into gravel, sand, and
cement with minimal damage to each of these constituents.
This is achieved by adjusting the crushing force to an
intermediate value between the average compressive
strength of the aggregates and that of the hardened cement
paste [25, 26]. In order to exert the right force on the
aggregates, crushing and grinding are combined. C2CA
technology combines a mechanical-based process, the
Advanced Dry Recovery (ADR), with a thermal-based one,
the Heating-Air Classification System (HAS). Both are mobile
technologies suitable for on-site recycling of end-of-life
concrete waste. The combination of these technologies is
used to recover concrete waste into three product streams:
coarse recycled aggregates (4-12mm), fine recycled
aggregates (0.25—4 mm), and an ultrafine fraction (<0.25 mm).
While ADR is a mechanical system that crushes and sorts wet
concrete wastes according to their particle size, HAS uses a
combination of thermal and air classification methods to
separate and activate the hydrated cement paste [27].

At the moment, all of these technologies are more
expensive and more energy-consuming relative to
established ones, making such recycled aggregates econo-
mically unviable as a competitive alternative to concrete
made of natural aggregates. The energy consumption of
RCA production was measured and plotted against the water
absorption of coarse RCA in conventional and advanced
recycling processes [28]. On the one hand, energy
consumption was up to 62 times higher with advanced
recycling processes than in the case of ordinary concrete
recycling. On the other hand, water absorption has
decreased.

Fig. 3. ZenRobotics technology heavy picker sorting line [23]

Building Materials and Structures 66 (2023) 1-24
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10 mm

Fig. 4. Crushed natural materials (a) gravel and (b) sand versus recycled concrete aggregates (c) coarse and (d) fine
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Fig. 5. Energy consumption per metric tonne (allocated to fine and coarse fraction) vs water absorption of RCAs subjected to

advanced recycling processes. ORC (ordinary recycling); ERC (eccentric rotor crusher); C&l (compression and impact); SAC

(screw abrading crusher);, HR-M (heating by microwave oven and rubbing); HR-F (heating by kerosene furnace and rubbing);
HS-RK (heating by rotary kiln and sorting), adopted from [28]
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In addition, none of these advanced recycling techniques
can recognize the quality of the input concrete waste. Such
information can be of extremely high value for the wider
application of RCA in producing structural concrete, that is,
recycled aggregate concrete [29]. Therefore,
selective/gradual demolition and sorting of concrete waste is
another route for ensuring the correct management of
recycled material. However, this route is not a preferred
practice by demolition contractors for a number of reasons,
such as insufficient space at the demolition site, too little time
for additional sorting, or excessively low efficiency due to
small quantities of waste to be sorted in different streams
[30]. Furthermore, there are no specific workflows or
visualisation tools established for selective demolition.
Moreover, selective demolition was shown to induce high
costs for the demolition sector [31]; the actual effort, if
measured in time, skills, and labour, is significantly higher
than for conventional demolition [5]. However, adaptive
planning of the deconstruction works and ways of optimising
cost-effective processes can also lead to considerable
reductions in deconstruction duration and costs [31, 32]. In
addition, if design codes emphasise the environmental
aspects of the construction and give designers more
opportunities for material sourcing, the chances of reuse
through smart demolition and/or selective dismantling can be
enhanced [32].

3 Concrete input properties for selective demolition

Visualisation tools allow for selective dismantling
planning and therefore also allow one to foster demolition
practices according to waste management priorities [33]. For
correct concrete for waste management, it is necessary to
define characteristic quality indicators for parent concrete.
The RCA properties and parameters affecting new concrete
are water absorption, composition, alkali-silica reactivity,
contamination, and other critical parameters that may be
related to compressive strength. Those parameters and their
effect on new concrete are further examined, which led to the
selection of key characteristic quality indicators for parent
concrete screening in Section 3.5.

3.1 Compressive strength of parent concrete

The characteristic concrete compressive strength at 28
days is the value used by structural engineers for the design
of new concrete structures. By evaluating fundamental
parameters such as the compressive strength of parent
concrete before demolition, crucial properties of RCA before
their use in new concrete can be predicted. One of the
distinguishing features of RCA is their water absorption. In a
systematic literature review, Silva et al. [34] concluded that
the increasing strength of the parent concrete may cause a
reduction in the water absorption of the resulting RCA.In fact,
Kou and Poon [35] examined the effect of the wide range of
parent concrete strengths on the water absorption of RCA.
RCA, derived from stronger parent concrete, had lower water
absorption values. This effect was more distinct for RCA,
with a maximum particle diameter of 10 mm compared to 20
mm [35].

Building Materials and Structures 66 (2023) 1-24

Table 1 summarizes experimental data from the literature
on the 28-day compressive strength of fine or coarse RCA
concrete in relation to the parent concrete’s source and
strength. It must be noted that in the majority of reviewed
studies in the literature, the properties of the parent concrete
were unknown, and RCA was produced from a mix of
concrete waste from different sources and of unknown
quality [36-40]. Therefore, such studies were not reported in
Table 1. Nonetheless, these studies demonstrated how
difficult it is to explain the properties of new concrete with
RCA when information on the parent concrete's quality is
unavailable.

The compressive strength of concretes with coarse as
well as fine RCA fluctuated: it was higher, the same, or lower
compared to a reference concrete. The compressive
strength is rather sensitive to the high replacement level of
RCA (100%), irrespective of the binder composition or
cement content, as earlier reported [20]. As Table 1 shows,
there is no significant difference between the sources of
parent concrete: field or lab concrete, however, there is a
significant difference with regard to their compressive
strengths. Pedro et al. [41] studied the effect of using RCA
(100% replacement of natural coarse aggregates) from
different sources (precast rejects or laboratory concrete, with
target strengths of 20 MPa, 45 MPa and 65 MPa) on
properties of new concrete mixes with target strengths of 20
MPa, 45 MPa and 65 MPa, respectively. The loss of
compressive strength of concrete with RCA was less for
mixes with higher target compressive strengths (45 MPa and
65 MPa) compared to mixes with lower target compressive
strengths (20 MPa). This finding is in line with other studies
[42, 43]. The results showed that in terms of compressive
strength, the replacement of 100% natural coarse
aggregates would be possible when RCA are produced from
parent concrete with a minimum compressive strength of 60
MPa [43]. In another study [44], more representative for field-
demolished concrete, the compressive strength of parent
concrete was 35 MPa and 23 MPa (a 40-year-old highway
bridge). The new concrete mixtures were designed with a
target 28-day compressive strength of 35MPa. Concrete
with 100% coarse RCA had an 8% lower 28-day
compressive strength when produced with the same
effective water-to-cement ratio as normal aggregate
concrete, while other properties (shrinkage and creep) were
comparable [44]. The study by Lotfi et al. [27] demonstrated
that recycled aggregate concrete achieved higher
compressive strength compared to natural aggregate
concrete up to 30% at early ages, and after 90 days this
difference became lower, at 5%. In terms of concrete
deformations and durability, the concrete mixtures made with
RCA derived from parent concrete with higher strength had
lower drying shrinkage and higher resistance to chloride ion
penetration [35]. It has also been reported that the
compressive strength of parent concrete increases its
resistance to fragmentation [45]. Overall, studies highlight
the need to determine the strength of parent concrete, based
on which realistic qualities can be targeted for recycled
aggregate concrete [46].
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The strength of the parent concrete may also have an
impact on the amount of energy required for crushing. In the
context of crushability tests, there are no data on the impact
of the physical and mechanical properties of concrete on the
energy consumption of a crusher during concrete crushing.
For this reason, hard rocks will be discussed because of their
similarities with concrete (artificial rock). Laboratory studies
showed that the crushability of hard rocks is directly
associated with the rock strength and mineralogical
composition [60]. Rocks with a higher uniaxial compressive
strength are "harder" to crush resulting in an increased share
of larger particles and the need to use more energy for
crushing [61]. Fig. 6 shows the dependence of the specific

crushing energy on the compressive strength of the rocks
[61]. In the same study, it was shown that fracture toughness
and tensile strength also significantly affect the crushing
energy. The impact of bulk density is not large, while
hardness has only a minor impact. It is believed that, similar
to the increase in energy with the strength of rock, concrete
with a higher strength class consumes more energy for
crushing in order to achieve the required particle size. During
the size reduction processes in a jaw crusher and rod mill for
quartz ore (density 2800 kg/m?) with a density slightly higher
than that of normal concrete (2400 kg/m?), crushing and
grinding energy consumption increase when finer size
fractions of the product are desired [62], Fig. 7.
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3.2 Composition of parent concrete

RCA are the least homogeneous in mechanical,
chemical, and composition properties, since they originate
from many different concrete waste streams. The chemical
composition of the CDW, and therefore of the RCA, shows
great variability [63]. The element with the highest average
content is Si (47%), with values ranging from 8 to 77%. The
proportion of CaO is also high (20% on average) and varies
between 4 and 47%. Other components such as Al, Fe, Mg,
S, and different alkalis follow as secondary elements. Other
minor elements (Mn, P, Sr, Ti), may be present as well.
Testing the parent concrete composition can provide two
types of information, composition of major components in
concrete and possible minor elements and contamination.
Other reasons for testing the composition of concrete
components before demolition are discussed below.

3.2.1 Identification of cement type

This information can assist in deciding on the application
for recycled material. For example, based on cement type,
one can decide whether the fine recycled concrete
aggregates (fRCA) would be valuable for:

e Alternative raw materials

— mineral addition for clinker manufacturing. If the use of
RCA in concrete mix design is limited by their physical or
chemical properties (high absorption, sulphates or alkalis
content, etc.), they can be used as raw materials for cement
production [63]. The studies show that if the RCA
composition, cement type, and cement quarry composition
are known, it is possible to produce Portland clinker using
RCA as raw materials [63-66]. Schoon et al. [64]
incorporated the concrete fines in cement raw meal replacing
siliceous materials due to the high SiO2 contents of recycled
materials. However, the percentages of RCA incorporation in
the cement raw meal vary greatly, mainly due to the variation
in RCA’s chemical composition and the use of different
natural raw materials (clays and limestone). It was shown
that the maximum incorporation rate is mainly between 10—
20% (50% of the 180 raw meal calculations), occasionally
lower than 5% (13%), or higher than 30% (17%) [63]. The
incorporation rates of CDW in an OPC clinker are directly
controlled by the CaO or SiO2 content [63]. The use of CDW
for cement production requires better taking into account the
effect of the natural raw materials and the RCA chemical
composition variability. This is an example of how knowing
the composition of RCA can improve clinker manufacturing
by avoiding the addition of undesired components, such as
clays. Other study reported a greater amount of
phyllosilicates in the fine fraction compared to the other
fractions [67]. Therefore, the authors indicate that if one is to
use recycled fine fractions in mortars and concrete, careful
sorting must be carried out to limit the presence of clays.

— pozzolanic materials [68], in which case the fine
fraction of RCA should contain adhered mortar that consists
of pozzolanic materials such as fly ash, silica fume, and
naturally calcined pozzolana and has a siliceous or silico-
aluminous composition as defined by EN 197-1:2011. It
should be noted that fRCA and other pozzolanic materials
have to be heated. It indeed has an environmental and
economic impact, but it may result in more valuable material.

— fillers [69-72], the candidates would be fRCA with a
high CaO or SiO2 content. These candidates would be

potential alternatives to traditional fillers such as limestone
and quartzite.

e As an activator for ground granulated blast furnace slag
and pozzolanic materials

Recycled concrete fines can be used for blended
cements with the role of an activator. For example, thermally
treated fRCA, when dissolved in water, can activate ground
granulated blast furnace slag [73] or fly ash [74]. When
combined with slag cement, the fine fraction of RCA
improves compressive strength when compared to reference
mortar (70% slag + 30% CEM | 42.5N) by providing lime for
slag dissolution [75]. This occurs only if fRCA originates from
OPC-based concrete, which can be known only if parent
concrete composition is known.

e CO:2 sequestration

If CO2 sequestration is the goal of using RCA, the most
suitable cement type in adhered mortar in RCA is OPC,
which contains the highest levels of CaO and calcium
hydroxide (Ca(OH)2) that can react with CO2. The addition of
fly ash or ground granulated blast furnace slag in partial
substitution of OPC decreases the initial content of CaO in
the cement matrix, and consequently, it lowers the amount
of Ca(OH)z to be formed as a result of the cement hydration
reaction.

¢ Durability aspect

When the concrete contains cement with high Al2O3
content, such as fly ash- (CEM II) or slag-based cement
(CEM 1), chloride binding by the cement matrix significantly
increases (decreasing free Cl- in the pore solution), as
compared to reference concrete made without fly ash [76],
which is beneficial for the application of such recycled
material in new concrete, where chloride ingress resistance
is required. This is yet another example of how knowing the
composition of cement in parent concrete can have a
beneficial impact on the durability of new concrete with RCA.

3.2.2 Identification of aggregate type

The aggregates of the concrete to be recycled have a
large influence on the quality of the future recycled
aggregates. For example, as shown in Table 1, different
aggregate types lead to different compressive strengths.
Furthermore, knowing the composition of aggregates in the
parent concrete would assist in determining whether such
aggregates would be suitable for the production of fillers
usually used for production of concrete, such as limestone
filler. In the study of Oksri-Nelfia et al. [72], parent concrete
was made with limestone aggregates. Recycled crushed
concrete fines (RCCF) had particles with a diameter smaller
than 80 um. The results show that the influence of RCCF on
cement hydration is similar to that commonly observed for
limestone filler. Fines of up to 25% can be used without
affecting the properties of mortars [72]. In another study,
Schoon et al. [64] used recycled concrete fines in cement
raw meal to replace siliceous materials because the recycled
concrete fines had a high SiO2 content. Knowing the
composition of aggregates in the parent concrete may
prevent damage to the new concrete with RCA at high
temperatures. It has been found that the performance of the
recycled aggregate concretes was inferior to that of natural
aggregate concrete under high-temperature in terms of the
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residual properties [77]. The rate of crack growth increased
as the temperature rose. This behaviour was explained by
the presence of flint in the original aggregates of RCA, which
increased in volume during heating [78, 79]. Together, these
studies [64, 72, 77] indicate that aggregate characterization
in parent concrete is greatly important for predicting the
properties of RCA.

3.3 Appearance of sound and potentially damaged
concrete

A general definition of the appearance of potentially
unhealthy or healthy concrete does not exist [80]. The
appearance of a concrete surface can change as a result of
ageing, loading, or interaction with the environment to which
it is exposed [81], as illustrated in Fig. 8. Newly built
reinforced concrete is approximately homogeneously
coloured, whereas a long-used concrete structure can suffer
for multiple reasons (Figs. 8a—b). Concrete can be painted or

coated (Figs. 8c—d). Efflorescence usually appears as a
white coating on the external surface of a concrete slab. A
typical example of efflorescence formed by deposits of
CaCOs is shown in Fig. 8e. The appearance of algae is
demonstrated in Fig. 8f. The signs of unhealthy concrete are
mostly visible from the surface as disintegrated concrete or
severe cracking, Fig. 8g-h. If one wants to study any
deleterious effects in depth from the surface, then the
samples need to be extracted and analysed in the laboratory.
The major deleterious effects, chloride ingress, sulphate
attack, and alkali aggregate reactions and their assessment
will be further discussed in detail in Section 3.4. These three
mechanisms are selected as being critical for concrete
contamination and, therefore, need to be considered in the
selective demolition of concrete. Other deleterious effects
are not addressed, such as carbonation, freeze-thaw attack,
and fire. In fact, they do not introduce deleterious
contaminants in the concrete that will affect the quality of
RCA.
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Fig. 8. Concrete surface texture examples: (a) newly built reinforced concrete and formwork marks, (b), spall, (c) white paint,
(d) remained coating, (e) efflorescence, (f) algae, (g) crack, dirt and rust stain, (h) steel corrosion and concrete cover damage

3.4 Contamination of parent concrete

The potential contamination of RCA imposes an added
challenge for their use given that there might be deleterious
pathologies in parent concrete waste streams, such as de-
icing salts, sulfate attack, and alkali-silica reaction (ASR).
The parent concrete contamination referred to here is related
to two aspects, external and internal, as illustrated in Fig. 9.

External contamination of the parent concrete is mainly
limited to the concrete cover and, as such, has an
insignificant influence on the properties of the RCA. RCA has
been shown in several studies to have negligible chloride
content (less than 0.01% by mass of aggregate [82, 83]) and
water-soluble sulfates below the allowable limit of 1% [71,
83, 84].

10

The internal presence of critical species such as chloride
ions, sulfate ions, or potentially reactive aggregates (Fig. 9.2)
overall in the concrete structural member makes the parent
concrete decisive for the quality of the RCA [85] and it is of
major concern for the quality of RCA. Several studies [86-88]
reported reactive RCA, but they were also innocuous to
alkali-silica reactions [82]. The extent of reactivity/expansion
reached by a concrete member before its demolition will
influence the extent of expansion that can be obtained with
RCA produced from that concrete member. RCA produced
from concretes that have suffered from a high degree of
reactivity/expansion/damage can suffer less expansion
compared to a similar proportion of unreacted aggregate
material of the same origin. This is likely due to the
consumption of reactive phases in the RCA; also, it is
possible that the residual mortar that surrounds parts of
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Fig. 9. Contamination of parent concrete caused by 1) external ingress of critical species such as chloride ions being mainly
limited to the concrete cover, and 2) internal presence of critical species such as chloride ionsor potentially reactive
aggregates overall the concrete structure

reactive particles limits the exposure of the original
aggregate to the concrete pore solution, thus reducing
further reaction [85]. On the other hand, recycling/crushing
of concrete incorporating some reactive aggregate materials
can also rejuvenate the reactivity of the original aggregate by
exposing reactive silica from fresh aggregate surfaces, thus
resulting in a higher expansion of concrete incorporating
such RCA compared to “stabilized” original gravel material
[85].

To ensure that RCA are not a potential internal source of
contaminants for new concrete, selective demolition is
required. It would also decrease the number of tests that
such aggregates need to pass in order to be used in new
concrete. according to EN 12620:2002+A1:2008.

3.5 Characteristic quality indicators

To enable the use of RCA as European Standard EN
12620:2002+A1:2008 [89]-conforming products, it is
necessary to test the parent concrete quality of each
concrete member of a structure before demolition. The
characteristic quality indicators are crucial for a comparative
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assessment of various types of concrete. Criteria for
selecting characteristic quality indicators for parent concrete
testing and sorting were as follows: Literature review in
Sections 3.1-3.4 and relevance of an indicator to the
production and classification of RCA, available techniques to
assess certain concrete properties in situ, robustness of the
testing, automation capability, process speed, relevance of a
quality indicator to a recycler. Quality indicators that are
technically feasible to be assessed on concrete structures
before demolition are surface visual inspection for
deterioration and measurement of parent concrete strength
and composition. These are three key characteristic quality
indicators that can be linked to properties of RCA and their
production, such as energy consumption during crushing,
strength and type of cement and aggregates used in parent
concrete, and potential alkali silica reactivity. The properties
of parent concrete help determine which parts of the
concrete structure can be recycled together and which parts
should be kept separate to obtain concrete batches of known
and consistent quality.
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4 Workflow toward more rational concrete waste
management

Selective demolition of concrete structures should
involve a detailed plan and a workflow. The specific workflow
is presented on an example of the concrete bridge in Fig. 10,
where different parts of the bridge are sorted using
characteristic quality indicators and the concrete is
characterized before it is demolished and recycled.
Recyclers can have the opportunity to select concrete with
properties that best suit their crushing technology and
business model. After recycling concrete members of known
origin and quality, an advanced classification of recycled
materials can be made in separate stockpiles: recycled

concrete aggregates from high-strength concrete without
contamination (stockpile 1), recycled concrete aggregates
from normal-strength concrete without contamination
(stockpile 2), recycled concrete aggregates from lightweight
aggregate concrete (stockpile 3) without contamination, and
others (recycled concrete aggregates from contaminated
concrete). Finally, the individual stockpiles will benefit the
concrete producers, as their origin and quality will be known
upon delivery. For efficient concrete sorting, testing of parent
concrete quality would be essential. The following section
presents guideline for non-destructive testing of concrete
properties which are critical for concrete sorting before
demolition.
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Fig. 10a) Workflow to implement in demolition projects, including specific in-situ testing and classification of concrete
members based on strength and composition, b) an example of concrete bridge parts, c) their sorting prior to recycling and
classification of concrete members based on a), (Bridge drawing adopted from [90])
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5 In-situ testing of concrete properties

5.1 Compressive strength of concrete

The destructive testing requires the extraction of a
concrete sample from the structure, which is then analysed
in a laboratory. The extraction of such samples tends to be
laborious and time consuming. Compared with destructive
testing, non-destructive testing offers a promising way
towards strength assessment since many non-destructive
testing parameters are sensitive to material strength
variations [91], and non-destructive testing can be deployed
at many locations in real time at construction sites [92, 93].
The rebound hammer and ultrasonic pulse velocity tests are
the most commonly used non-destructive methods for in situ
concrete strength evaluation. The review of factors affecting
the reliability of assessing the concrete strength by rebound
hammer and cores [94] outlined the following sources of
uncertainty: measurement uncertainties [95], strength
variability [96], model uncertainties [96], statistical
uncertainties of sampling [97], and influence of uncontrolled
factors such as concrete degree of saturation and
carbonation [91, 98, 99]. The standard EN 12504-2:2021
[100] specifies the method for determining the rebound
index, whereas EN 12504-4:2021 [101] specifies the method
for determining the ultrasonic pulse velocity, and EN
13791:2019 [99] summarizes guidance for the assessment
of the in situ concrete compressive strength in structures.
RILEM TC249-ISC also provides recommendations on non-
destructive in situ strength assessment of concrete [102,
103]. It is generally stated that the rebound hardness tests of
concrete are not intended as an alternative to the
compressive strength testing, but with suitable correlation,
they can provide an estimate of the in situ strength, which
may be sufficient for the purpose of selective demolition.
Nevertheless, in the case of selective demolition, non-
destructive strength measurements can be verified, i.e.,
calibrated with results obtained on a discrete number of
samples (cores) taken from the structure and tested in the
laboratory, which is a common practice. Since the
advantages and disadvantages of concrete strength
evaluation in situ are well documented in the literature,
standards, and guidelines, the present paper is dedicated to
a review of methods that can evaluate concrete chemical
composition and contamination.

5.2 Concrete chemical composition and contamination
assessment

For determining the chemical composition and
contamination type of concrete, only a few methods are
available. Most of these techniques are destructive, requiring
the extraction of a concrete sample from the structure, which
is then analysed in a laboratory for mineralogical composition
[104] with optical and electron microscopes. The extraction
of such samples tends to be laborious and time-consuming.
In the next paragraphs, the non-destructive testing methods
are presented.

5.2.1 Visual inspection of concrete surface

Visual inspection is one of the most useful and versatile
non-destructive techniques, and it is normally undertaken at
the initial phase when assessing concrete deterioration by
fire and alkali silica reaction. In spite of visual inspection
being simple in principle, it may provide core information
about the condition of the deteriorated structure and act as a
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basis upon which subsequent assessment methods can be
performed [105]. Visually apparent deterioration induced by
heating includes spalling, cracking, surface crazing,
deflection, colour changes, and smoke deterioration; attack
by acids and alkalis includes exposed cement paste
completely disintegrating together with any calcareous
aggregate; ASR includes, among others, cracks (map
cracking) and secondary deposits of alkali-silica gel that may
appear on the outer concrete surface [106]. These indicators
of deteriorated concrete can be assessed visually and further
assessed using more advanced methods. A visual inspection
of a concrete surface can lead to the immediate classification
of a concrete member due to characteristic signs of concrete
deterioration. This can be the first line of concrete quality
assessment. In the case of non-deteriorated concrete, it is
necessary to employ element-characterization techniques
for the determination of the chemical composition of the
concrete to assess its classification and future application of
RCA.

5.2.2 Analysis of concrete composition with a handheld X-
Ray Fluorescence Analyzer

State-of-the art techniques relevant to in-situ
measurements for determining the material element
composition non-destructively, are handheld laser-induced
breakdown spectroscopy (hLIBS) and handheld X-Ray
fluorescence (hXRF) analyzers. In general, a single LIBS
spectrum can be obtained in a fraction of a second, whereas
typically tens of seconds to minutes are needed to acquire
an XRF spectrum [107]. However, XRF is a non-destructive
technique, whereas LIBS is micro-destructive, as each laser
shot removes a few nanograms of material from the sample
surface, forming a surface crater. Thus, a LIBS analysis of a
particular spot on a sample cannot be repeated and cannot
be compared to other techniques, which represents a
drawback for LIBS [107]. In laboratories, conventional
desktop XRF has been one of the most widely used
spectroscopic methods for testing the element composition
of materials for decades. The hXRF brought a large
revolution to the field of chemical materials characterization.
Based on previous experience with concrete bulk
composition testing with desktop XRF, the hXRF is
particularly promising for studying concrete composition in
situ. In the field of concrete science, typical desktop XRF is
widely applied for the characterization of raw materials used
for concrete production, including RCA in powder form.
Moreover, the standard EN 196-2: 2014 [108] presents XRF
as a method for cement composition testing in laboratories.

The hXRF possesses many advantages, including easy
of use, non-destructive testing, the portability (for fieldwork),
fast results, large numbers of analysed spots, satisfactory
accuracy, and precision [109]. It therefore has a wide
application foreground in material science, such as rocks,
ores, metals, soil, ceramics, manufactured glass,
geoarchaeology, art, and paintings [110-114]. A recent study
[115] has shown promising results regarding in situ versus
laboratory characterization of historical structures in marine
environments using hXRF. hXRF-based methods have been
used for the in situ characterization of concrete pavements
[116], concrete from nuclear material processing, and liquid
waste systems [117]. hXRF readings can also be used to
estimate the percentages of sand, silt, and clay in the soil
[118].

Fig. 11 shows the working mechanism. An hXRF
analyser includes an X-ray source, which irradiates the
sample, and an X-ray detector, for detecting the X-ray
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fluorescence emitted by the sample in response to the
irradiation. Each element in the sample emits X-ray
fluorescence in energy bands that are characteristic of the
element. The detected X-ray fluorescence is analysed to find
the energies, or equivalently, the wavelengths of the
detected photons, and the qualitative and/or quantitative
composition of the sample is determined based on this
analysis [119]. A mixture of elements irradiated by a
sufficiently energetic X-ray beam absorbs the incident X-rays
and re-emits other X-rays, the wavelengths of which are
characteristic of the elements in the sample, and the
intensities of which may be correlated with their
concentrations [120]. Elements from magnesium to uranium
are within the detection limit and can be analysed [121]. The
device is equipped with a small screen that shows the results
instantly, once the device is calibrated for the specific
materials (Fig. 12). The measurement times are very short,
such that it is possible to collect data for up to 100 samples
in a single day [109].

Regarding concrete in situ identification in the context of
sorting and selective demolition based on composition,
hXRF is believed to be a key solution to this issue owing to

< =
5

Fig. 11. The X-ray instrument emits energy which
changes the electrons orbitals [122]

its compatibility with lab XRF (Table 2) for concrete
characterization, easy installation, maintenance, and large-
scale applications. Furthermore, because hXRF can perform
non-destructive analysis with minimal sample preparation, it
is ideal for in situ concrete structural members. Moreover,
hXRF is largely used in the mining and cement industries and
can detect a large range of elements characteristic of
concrete. However, the hXRF-based method has yet to be
studied and applied for determining the chemical element
composition of in situ concrete structures. Therefore, hXRF
is recommended for a laboratory proof-of-concept to identify
and quantify elements in various types of concrete and,
therefore, various used cement and aggregate types for the
concrete demolition concept. In comparison to destructive,
time-consuming, and relatively expensive techniques for
concrete characterization in situ, hXRF can be generally
applied as a first approach to estimate concrete chemical
composition in situ. This would be helpful for ensuring the
identification of concrete at the source, improving the
demolition efficiency, guiding the quality of recycled
concrete, and decreasing the number of standard chemical
tests in the laboratory.

Fig. 12.The use of hXRF BRUKER device

Table 2. A general comparison between conventional desktop XRF (BRUKER S2 PUMA Series 2) and BRUKER Handheld
XRF (S1 TITAN 800) instrument settings

Settings Conventional desktop XRF Handheld XRF
(S2 PUMA Series 2) (S1 TITAN 800)
Range of detectable elements gi;?nmwith light element (LE) detector Mg-U
X-Ray tube Anode Pd or Ag anode Rh anode
Excitation source 4000 W (50 kV, 2000uA) 4W (50 kV, 200 pA)
X-ray beam path Vacuum, Air, Helium, Nitrogen Air (1 bar)
Spot size 1-34 mm 3-8 mm
Filter 10—position automatic filter changer 5—position automatic filter changer
Sample type :c_oose powders, grar)ules, solids, pressed pellets, Loose powders, granules, solids,
used beads, and liquids pressed pellets, fused beads
Sample preparation Drying No preparation needed
Scan duration 6-30s 30 s —10 min

Working distance contact measurement

contact measurement
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6 Further research on hXRF for concrete

6.1 Parameters affecting measurements

There are several influential parameters that need
attention for hXRF measurements:

« Distinction between cement and aggregates.

Because the spot size of the hXRF aperture varies
between 3 and 8 mm depending on the device, the
heterogeneity of the tested material can have a significant
impact on the results [121]. When testing the chemical
composition of hardened concrete, the challenge lies in
recognizing cement paste, fine and coarse aggregates due
to partial overlap in particle size distribution and, in some
cases, similar element oxides.

Kreijger [123] showed that the skin of a concrete structure
consists of three layers, the cement skin (~0.1 mm thick), the
mortar skin (~5 mm) and the concrete skin (~30 mm), as
shown in Fig. 13. Therefore, it is hypothesized that testing
the chemical composition of the surface (first concrete skin
layer) will represent the cement type, while testing the
chemical composition of the inner layers will yield aggregate
types in a relatively homogeneous environmental setting and
therefore can be predicted from the direct element readings
of hXRF.

e X-ray beam path, air versus vacuum.

Conventional XRF works in a vacuum, while hXRF
operates in air. The question is, what effect does air have on
hXRF measurements when compared to measurements in
vacuum? A Bruker S1-Titan 600 hXRF analyser with a
patented compact collimating device [124] has been used for
evaluation of the effect of environmental interferences
(specifically in the low energy range up to 10 keV) on the
graphite, copper, SiO2 powder, and UO2. First, the authors
used Monte Carlo simulation to calculate the relative
intensity of X-ray energy on the surface in both vacuum and
air [125]. The former represents the X-rays immediately after
emission from the Rh target, while the latter represents
reflection of the X-rays by air between the hXRF and the
contact surface of the sample. At higher energy levels hardly
any difference can be seen (Fig. 14). Second, in the case of
graphite, the effect of the environmental interferences was
evaluated to be about 20% on the conformity of the
measured and simulated results, while those for copper,
SiO2, and UO2 were about 1%, 3%, and less than 1%,
respectively. These results indicate that samples having
elements with higher rates of photoelectric absorption
followed by fluorescence compared to scattering tend to
decrease the effect of the environmental interferences over
the entire spectrum.

5 01
.

Layer 3 Layer 2 ¥ | Layer 1
Cement concrete= Cement mortar= Cement paste=
Cement mortar + Cement paste + Cement + water
Coarse aggregates Fine aggregates

Fig. 13. Characterization of the concrete skin. Credits go to Rijkswaterstaat for the photo of the concrete structure on the right
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Fig. 14. Monte Carlo N-Particle Transport 6 (MCNP6) simulation of a primary X-ray beam source profile in vacuum and air
media [125]. The accelerating voltage is 50 kV
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o Filters

hXRF has the possibility of using multiple filters. Filters
are used to reduce the intensity of interfering lines and
background, and hence improve the signal-to-noise ratio.
Normally, background scatter is lower in the vacuum
condition, which significantly improves resolution. Filters are
placed between the source and the sample (Fig. 15).
Commonly used filter materials are aluminium and brass with
a thickness between 100 and 1000 um, depending on the
tube lines that have to be filtered out. Fig. 16 shows the effect
of different filters implemented in the M4 TORNADO ED-XRF
spectrometer on the chemical composition of a historical
mortar [115]. The signal on the cementitious mortar was best
when no filter was used. This should be considered when
testing concrete surfaces.

e Sample preparation.

It is common practice to analyse powders with a
conventional desktop XRF analyser. Powdering is a good
way to counter mineralogical heterogeneity and is the main
justification for sample preparation. If solid flat surfaces are
used in geoarchaeology and tested with hXRF, the difference
between those and the powdered samples is within counting
errors, but not for some heavy elements such as Ti and Fe
[109]. In general, there is no gain in instrumental precision
by analysing powders instead of unprepared rock cores
[127].

Among the correctible elements, three groups can be
proposed with regards to the accuracy of hXRF
measurements on rock cores versus powders: the elements
or oxides better determined on rock cores, those better
determined on powders, and those that show similar results
(Fig. 17) [127].This suggests that when measuring concrete
surface composition, powdering should be investigated to
demonstrate whether the testing of solid surface and
powdered surface provides similar results and whether all
concrete elements are acceptable in both media.

Sample

Fig. 15. Scheme of hXRF, including: (1) X-ray source (rhodium tube); (2) filter (6 mil Cu, 1 mil Ti, 12 mil Al); (3) detector; as
well as (4) beam path at 45°angle, adopted from [126]
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Fig. 16. A comparison of detection power using different filters implemented in the M4 TORNADO ED-XRF spectrometer
applied to a historical mortar as an example of signal improvement [115]
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Fig. 17. A Venn diagram represents the three groups of correctible elements: (1) elements better determined in situ on rock
cores with respect to accuracy, (2) elements better determined on powders and (3) elements showing similar results
regardless of the media. The diagram also shows the elements that are detected but not correctable. The following elements
and oxides are determined in mining plus mode for best results: Al203, CaO, Fe203, MgO, MnO, Ni, SiO2, and Zr. The
following elements and oxides are determined in soil mode for best results: Cr, K20, Nb, Rb, Sb, TiO2 and Y. Adopted from

[127]

¢ Concrete surface roughness.

Surface irregularities (e.g., pores, voids, cracks) on rough
surfaces or in the middle layers of concrete (Figs. 18, 19)
have the potential to store measurements. Particularly,
moisture and air are retained in these irregularities. Thus,
attention should be given to the sample preparation to find
the optimal surface roughness and moisture for the
contacting surfaces to achieve optimal performance of the
hXRF measurements (avoiding air gaps and contact with
water). Pretreatments such as grinding and polishing,

significantly smooth the concrete surface, but they also may
create different micrometer-sized irregularities. Thus,
grinding, even if performed carefully, creates various
irregularities of different shapes (such as scratches) that are
produced by the abrasive particles in the grinding paper. The
homogeneity of the microstructure, the level of purity, the
size and distribution of aggregate particles, and other hard
constituents (e.g., fibres) in the concrete matrix are the
parameters that may influence the results.

Fig. 18. Concrete middle section topography (measured by focus variation microscopy 20%, lateral resolution: 2 um, vertical
resolution: 50 nm)
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Fig. 19. Three-dimensional height profiles of the concrete middle section (concrete middle section
appearance is presented in Fig. 18.)

e Low concentration elements detection.

Regarding concrete contamination such as Cl and S, for
their largely lower concentrations compared to, for instance,
CaO or SiO2, a hXRF instrument may incorporate a calcium
or lead-anode X-ray tube such as that used by Cesareo et
al. [128] to determine Cl and S in frescoes and stone
monuments. The detection limits were reported to be 0.04%
m/m for Cl and 0.03% m/m for S.

¢ Validation techniques.

Petrography and the method of extracting elements with
acids and then analyzing them with the inductively coupled
plasma (ICP) technique are two destructive methods that can
be used to study the composition of concrete. In addition,
conventional XRF and  Energy-dispersive  X-ray
Spectroscopy (EDS) may be used for the validation of hXRF
results.

6.2 Algorithms to automate the characterization and
selective demolition of concrete structures

With the rapid advances in data science concerning the
easier manipulation of large datasets (big data), the
development of machine learning regression models, the
increasing use of building information modelling (BIM), digital
twins, and the Internet of Things (IoT), significant benefits
can be gained by the application of these methods to
automating the characterization of concrete as well as the
selective demolition of structures.

For instance, an advanced terrestrial laser scanning
(TLS)-based method automates the classification of rebar
diameters using machine learning in order to enable
accurate rebar spacing inspection [129]. In this method, a
new methodology named Density based Modelling (DBM) is
proposed to improve classification accuracy. Experimental
tests on laboratory specimens with rebars of seven different
diameters (D10-D40) were conducted, and the results show
that the prediction accuracy for the large rebar diameter
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group (D25-D40) was up to 97.2%. However, it was found
that its performance in predicting small rebar diameter
groups (D10-D20) is much lower - around 56.0% [129].

Using data from both ground-penetrating radar (GPR)
and electromagnetic induction (EMI), [130] a strategy based
on deep learning is used to figure out the cover thickness
and diameter of steel bars in reinforced concrete structures.
The proposed framework is made up of two parts: 1) finding
hyperbolic signals in radargrams, and 2) figuring out the
diameter of reinforcement bars and the thickness of the
cover.

Non-destructive detection of steel reinforcement
corrosion in concrete structures has been achieved using
techniques such as ground penetrating radar [131]. Current
inspection practices require a large amount of time for
inspection and can pose a safety risk to inspectors. These
drawbacks could be overcome by using ground robotic
systems [131]. Furthermore, work is being conducted on the
enrichment of Industry Foundation Classes (IFC) in BIM with
data on damage and deterioration [132].

Finally, such technologies should preferably lead to BIM-
based frameworks and databanks of material stock for
reusing recycled materials and entire structural members
[133]. Efforts are already under way to develop BIM models
of high level of development (LOD) enriched with data on the
static, mechanical, and reuse properties of the built materials
and members. From such models merged with LCA and
multi-criteria decision-making tools and embedded in city-
wide platforms of building stock data, the concepts of ,design
from stock” and ,design with stock® can successfully emerge
[133] leading to a fully circular construction industry.

7 Conclusions

The various recycling technologies for concrete waste
have greatly contributed to increasing the sustainability of
waste management. However, mixed concrete streams are
becoming more prevalent, and the quality of RCA is
uncertain. Advanced solutions for recycling technology
cannot address the quality issues of input concrete waste.
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Therefore, a new workflow toward a more rational CDW
management and the selective demolition of concrete
structures in relation to concrete type characterization, is
presented in this paper. Knowing the origin of RCA should
aid in improving predictions of the impact of their use on the
properties of new concrete by separating aggregate
stockpiles based on parent concrete properties.

This paper proposes a specific workflow to be
implemented in demolition projects for parent concrete origin
and quality identification before concrete structure
demolition. Compressive strength, chemical composition,
and contamination are selected for characteristic quality
indicators and concrete classification. Parent concrete
strength determines the physical and mechanical properties
of RCA, such as energy of crushing and strength. The parent
concrete composition can ensure that RCA have the
appropriate application (aggregates, mineral addition for
clinker manufacturing, pozzolanic material, filler).
Contamination evaluation can ensure that the contaminated
concrete is kept apart. Non-destructive testing methods are
proposed to estimate the quality of the concrete before
demolition. A hXRF analyser could potentially be used for
concrete composition measurements in situ.hXRF should be
considered a preliminary screening tool for concrete quality
selection and not a substitute for conventional chemical
methods (e.g., desktop XRF, fusion ICP-ES and ICP-MS).
The hXRF possesses many advantages, including non-
destructive testing, large numbers of analysed spots, high
sensitivity, compatibility with lab techniques for material
characterization, and easy installation and maintenance.
Further research is dedicated to the laboratory proof of a
proposed characterization approach for concrete quality
assessment.

Considering the above presented evidence, it can be
concluded that the practical application of non-destructive
concrete characterization for the purposes of selective
demolition can significantly increase the sustainability of the
construction industry, unlocking a huge potential for
optimized material recovery and reuse and contributing
greatly to a fully circular construction sector.
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