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This study presents an innovative method for concrete waste up-cycling based on concrete weakening through
microwave heating before impact crushing. Two series of tests were conducted in order to assess the influence
of the aggregate properties (size distribution, mineralogical nature) and the influence of the operating conditions
of the microwave heating pretreatment on concrete fragmentation; and thus to evaluate the feasibility and the

robustness of this process. Experiments were carried out on lab-made, cylindrical concrete specimens and on
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1. Introduction

Concrete is the world's most widely used construction material but
its production has negative impacts on the environment and on our
future capacity to meet an ever-increasing demand. The global con-
struction industry uses approximately 1.5 billion tonnes of cement
and 9 billion tonnes of sand, gravel, and crushed rock every year
and the demand for concrete i< exnectad ta oraw tn annroximately
16 billion tonnes a year by 2050 . However,
mining large quantities of raw materials orten re<inre in extensive de-
forestation or denudation and top-soil loss . A growing
demand for aggregates, especially in large metropolitan areas, leads to
increased transportation distances, costs and by extension environmen-
tal impacts. This leads to a rising demand for alternative aggregate re-
sources such as recycled aggregates from Construction and Demolition
Waste (CDW).

The traditional recycling circuit for CDW includes crushing steps that
do not permit recovery of liberated, i.e. cement free, aggregates. Indeed,
these techniques apply high compressive stresses that are rather ineffi-
cient for the intended objective. Because of the high compressive
strength of concrete, they yield extensive comminution not only of the
concrete matrix but also of the aggregates themselves. Moreover, the
amount of liberated aggregates is very low. As a result, recycled concrete
aggregates contain various amounts of adhered cement mortar which
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no-slump concrete waste with a multimode cavity microwave equipment (2.45 GHz, 6 kW) and an impact
crusher. Results showed that microwave heating always induced an embrittlement of concrete samples which
resulted in lower fracture energy, higher fragmentation of samples and higher liberation of aggregates (i.e. free
of cement paste). A microwave-assisted comminution process is therefore an effective recycling technique for
the recovery of high-quality aggregates from concrete waste.

nacativalu affart tha warlkahilitr and mechanical properties of concrete

. Therefore, recycled concrete
aggregates are not benenclated as aggregates for new concrete
manufacturing but they are mainly downcycled as road pavement
materials. A breakthrough method for liberating aggregates from
concrete waste is then required to produce high quality recycled
aggregates.

Different mineral dressing operations have been proposed to re-
move the cement paste from coarse recycled aggregates. Among these
techniques, microwave heating technology has recently been recog-
nizerl ac nne nnscihle enlutinn far nroducine clean acorecates fram con-

€IECIOIMAZNENC €ENErgy 10 1auce Concrete EmpritleInenc Its princpie
is based on the selective effects of internal heating on different mineral
phases when submitted to microwaves which create stresses due to dif-
ferential thermal expansion. Moreover, microwave heating can also
generate significant pore pressures due to the rapid formation of
steam from water within the material. These internal mechanical stress-
es produce fractures, especially at the interfacial transition zone (ITZ)
which is located between aggregates and the rement nacte leadine
therefore to a weakening of the material

. Regarding liberation of agoraoatac ie nromuenon m avgregales
without adhering cement paste ‘eported
that microwave heating alone auowedu paruai uperauon v1 aggregates
from laboratory cast concrete samples. When a mechanical rubbing
stage was used after microwave heating, then aggregates of higher
quality were obtained since rubbing improved the removal of adher-
ing weakened cement paste and the breakage of the mortar lumps



Table 1
Composition and properties of the concrete specimens.

SC_fine SC_medium SC_coarse S_medium

Mineralogical nature of aggregates Alluvial silico~calcareous aggregates Crushed siliceous aggregates
Particle size distribution (in wt.%) 8-20 mm 55 3 19

6.3-8 mm 225 64 194

4-63 mm 355 33 385

2-4 mm 83 30 32

<2 mm 17 6.5 83
Compressive strength {MPa) 303 1938 137 227

ere similar to the results
~ho observed improved
LIDErAUON U1 DULL dggregales ana cement pnases after impact fragmen-
tation of microwave heated lab made concrete samples. These results
confirm the potential of microwave heating for selective liberation of
concrete's raw constituents i.e. cement paste and aggregates, hence
their possible reuse as raw constituents for clinker manufacturing and
concrete production respectively Anather technnlnov hased on micro-
wave heating was investigated b; This technology
involved aggregate surface mowcauon vy appiyuig a coating of a
strongly dielectric binder to the surface of coarse aggregates before
being used to make concrete, with a twofold objective: increasing con-
crete strength and improving aggregate liberation when processed with
mirrnwave heating Recurled cnarce aceregates were of high quality
. Although it was demonstrat-
£u UldL LIS leduyue 1ds pulenudl 1r improving concrete waste
recycling, its requirement of specially designed material (i.e. concrete
with modified surface aggregates) makes it unusable on existing con-
crete waste.

This work aimed to assess the feasibility of combining microwave
heating pretreatment and impact crushing for achieving selective frag-
mentation and liberation of concrete's natural aggregates. It investigat-
ed the effect of aggregate properties (size distribution, mineralogy) and
process properties (power and exposure time) on process performance.
Its sensitivity to each of these variables was also studied.

2. Materials and methods
2.1. Concrete samples

Two types of concrete samples were used in this study: lab-made
concrete specimens and no-slump concrete waste samples.

Lab-made concrete specimens were cast as cylinders 40 mm in
diameter and 80 mm in height for this investigation. They were
manufactured using CEM 1 52.5 N Portland cement, cement to concrete
ratio of 400 kg/m> (wet basis) and a water-to-cement ratio of 0.6 (mass
basis). Aggregates used were either silico-calcareous (SC) or siliceous
(S). Three aggregate sizes were used (fine, medium and coarse) but
the volume fraction of aggregates was kept constant at 0.63 m>/m> of
concrete on a wet basic The compositinn and nroperties of these
specimens are given i As shown i1 these formulations
led to normal strength concretes.

Table 2
Composition and properties of the no-slump concrete waste

Mineralogical nature of aggregates Alluvial siliceous and

calcareous aggregates
Average particle size distribution 8-20 mm 53.8
of the aggregates (in wt.%) 6.3-8 mm 75
2-6.3 mm 39
<2 mm 3438

Compressive strength (N/mm?) 392

No-slump concrete waste samples, commonly known as dry cast
concrete, correspond to the waste of concrete delivered by dump trucks
i.e. the excess concrete which was not used at a construction site. It was
collected from a French company specializing in earthwork and public
works. This concrete was made with 80.3% of alluvial siliceous and cal-
careous aggregates, of which 61.3% was coarse aggregates (6.3-20 mm)
and 38.7% was sand (0-4 mm), 17.0% of CEM 1 52.5 N Portland cement
and 2.7% of water. The water-to-cement ratio was 0 16 The composition
and properties of this concrete waste are given i After collec-
tion, this concrete was cast into a slab and left to cure for 5 months.
Once cured the concrete was crushed in a jaw crusher with a closed-
side setting of 80 mm.

2.2. Experimental set-up

Microwave heating was carried out in a 2.45 GHz laboratory micro-
wave oven manufactured by Sairem. This equipment generates up to
6 kW of microwave power in a multimode cavity. Concrete was then
comminuted using a laboratory Hazemag impact crusher with rotation
speed of 290 rpm.

The performance of the microwave heating process, as defined by
the selectivity of the fragmentation process, was evaluated through
batch tests performed on 400-450 g concrete samples with size
between 50 and 80 mm.

- The first series of experiments was carried out with the lab-made
concrete specimens in order to investigate the influence of aggregate
properties.

- The second series of experiments was performed using the no-
slump concrete waste samples in order to study the effect of operat-
ing variables, namely power (kW) and exposure time (min) and
thus energy absorbed by the sample (kWh/t). The latter was

Table 3
Operating conditions of the microwave heating stage before impact crushing.

Operating conditionsof Energy absorbed Replicates

the microwave by the sample number
heating stage (kWhy/t)
Power Exposure time
(kw)  (min)
Seriesn°1 SC_fine - - - >2
45 05 377
SC_medium - - -
45 05 365
SC_coarse - - -
45 05 376
S_medium - - -
45 0.5 36.5
Seriesn°2 No-slump - - - >3
concrete waste 1 05 7.1
45 0.5 324
1 5 772
45 5 3486










Table 6

Fragment size distribution after impact crushing of concrete specimens SC_coarse, SC_medium, SC_fine, S_coarse and S_medium with and without a microwave (MW) pretreatment at
4.5 KW-30s.

<2 mm 2-20 mm >20 mm
(wt.%) (wt%) (wt.%)
Mean Standard deviation Mean Standard deviation Mean Standard deviation
of the mean of the mean of the mean
SC_coarse Impact crushing 6.7 04 92.1 03 12 1.2
MW + impact crushing 57 02 943 02 00 -
SC_medium Impact crushing 6.9 01 65.8 25 274 25
MW + impact crushing 10.1 03 885 10 13 13
SC_fine Impact crushing 5.5 03 290 02 65.5 0.1
MW + impact crushing 136 10 775 04 90 05
S_medium Impact crushing 84 0.1 65.1 13 264 14
MW + impact crushing 95 0.1 90.5 0.1 00 -

Table 7
Fracture energy before impact crushing of concrete specimens SC_coarse, SC_medium, SC_fine and S_medium with and without a microwave (MW) pretreatment at 4.5 kW-30s.
Fracture energy
(Whtt)
Mean Standard deviation %Relative decrease
of the mean
SC_coarse Without MW pretreatment 55 01
With MW pretreatment 3.0 00 455
SC_medium Without MW pretreatment 104 03
With MW pretreatment 6.2 04 404
SC_fine Without MW pretreatment 122 25
With MW pretreatment 117 14 41
S_medium Without MW pretreatment 9.7 0.1
With MW pretreatment 76 12 21.6

3. Results and discussion
3.1. Influence of the aggregate properties on the selective fragmentation performance of concrete samples
3.1.1. Results for impact crushing alone

3.1.1.1. Influence of the size nf the nagregates. By comparing fragment size distribution after impact crushing of silico-calcareous specimens SC_fine,
SC_medium and SC_coarse ;shows that increasing aggregate size led to an increase in concrete fragmentation. This induced a reduction of
the amount of particles witn size greater than 20 mm but had almost no impact on the nraduction of fines (amount of particles smaller than
2 mm). These results are in line with those obtained with the Hopkinson bar testing since it was observed that an increase in the energy
needed to fracture the concrete specimen correlated with a decrease of aggregates size distribution, the frartire anarov haine 55 104 and
122 Whit far SC cnaree SC medinm and SC_fine respectively. Similar results were found by several authors

who all showed that the concrete strength increased with decreasing aggregates maximum size.

hows an increase in the liberation degree of aggregates with an increase of aggregate size for silico-
ralearaniic agoracatac the liharatinn deorae heine increaced fram 10 1% far QC fine tn 71 R% for SC cnarca Thaca reciilte canld he pynlainad hv the

LLIC UUBELVEU UCLLITADE 111 SAIPIT 11dULULE CLICLEY dllU LT ULBELVEU HILITAE 111 HUCLdLUULL UEPEIEC LUL LULYE dEBLERALED dd UICLHL IdIEEl 114 WUUlU IedU W
a weaker connection to the cement paste matrix, so when exposed to the same crushing conditions would experience a greater fragmentation and
greater liberation.

3.1.1.2. Influence of the nature and mineralogy of the aggregates. Regarding the influence of the nature and mineralogy of the aggregates on impact
crushing performances ‘hows that for a similar aggregate distribution size (SC_medium vs S_medium), fraomentatinn nf cancrete wac not in-
fluenced by the nature ana mineralogy of the aggregates used in this study. These results are confirmed by the
similar fracture energy for SC_medium and S_medium. This observation is in line with results of several authors

who found similar compressive strength values for normal strength concrete made with different type u1 aggiegates. m paricinar v was
showed that in conventional concrete (compressive strength < 41 MPa) like the concrete specimens used in this study (as shown b , the
properties of coarse aggregates rarely become strength-limiting, because this type of concrete mixtures typically corresponds to a water-cement
ratio (w/c ratio) in the range of 0.5-0.7 and within this range, the weakest components in concrete are the hardened rement nacte and the trancitinn
zone between the cement paste and the coarse aggregates rather than the coarse aggregates itself



. However, for a high strength concrete (compressive strength > 41 MPa), researchers have noted that the hardened cement paste and the
transition zone are no Inneer strensth-limiting, but the ultimate strength of concrete is controlled by the mineralogy and the strength of the coarse
aggregates

Regardi shows that the use of silico-calcareous aggregates induced a lower liberation degree than the use of siliceous
aggregates. This result could he exniainer hv the nrecence nf came chemical reactions between the aggregates and the cement paste. Indeed, it was
observed by several authors that the microstructure in the ITZ may be affected by the chemical
reactivity between aggregaies ana cemem nasie, 1 parucudr, 1L was 1ouna wuat calcareous aggregates are reactive with Portland cement nacte
resulting in a superficial etching Two explanations of this chemical reaction were found in the literature. According t«

the hudrate whicn reacre 1< caicium aluminate hydrate, forming calcium hydrocarboaluminate C3A-CaC0Os-11H;0. The other explana-
LULL WS BIVEL U ~ho reported that calcite reacts with calcium hydroxide, resulting in the formation of calcium carbonate
with a varying composmen are s 1im e a0 )5 - HpO. This reaction is limited to the ITZ due to the low mobility of carbonate ions but it leads to a more
compact cement paste . Therefore, the bond strength around calcareous particles is increased. This increased bonding strength

between cement paste ana caicareous aggregates could then explain why the use of silico-calcareous aggregates induced a lower liberation degree
than siliceous aggregates.

3.1.2. Results for the microwave-assisted crushing process

3.1.2.1. Influence of the size of the aggregate: hows that the particle size distribution after concrete fragmentation tends tn he very similar to the
initial aggregate size distribution, meaning tnar a petter aggregate liberation was reached. This was confirmed by results ii vhich shows that
the microwave pretreatment allowed improving the liberation degree of aggregates after impart crisshineg the liheration deoree reaching even mare
than an% far Q€ coarse. These results are in line with the ones obtained by several authors

Indeed, aggregates and cement phase exhibit differences in dielectric and therina properues, wincn mauce anierent ulerna ex-
pansion wnen submitted to microwaves. This leads to the development of stresses which are favorable for phase boundary weakening during rapid
heating. Moreover, ITZ around aggregate particles is suspected to play a key role in the embrittlement behavior of concrete during microwave heating
asit hasa higher porosity and higher w/c ratio. Indeed, the energy absorbed by a material increases significantly with an increase in the water content
and water heating gives rise to both heat and stress sources, therefore the ITZ is expected to heat up faster when concrete is expnsed ta micrnwavec
As aresult, higher differential thermal stresses may develop at the ITZ, leading to a more efficient removal of the adhering mortar

Comparing results for fracture energy and liberation degree of aggregates from all samples has to be performed with particular care since these
two parameters have an ultimate limit (also called “value to reach”), being 0 Wh/t and 100% respectively. This means that a simple comparison of the
decrease or increase rate cannot be done since the improvement potential was physically limited by these values. For example, the liberation rate of
aggregates after impact crushing alone of SC_coarse and SC_fine is 71.6% and 19.1% respectively meaning that the gap to reach the limit value (100%)
was only of 28.4% for SC_coarse against 80.9% for SC_fine. Therefore, it was chosen to use the parameters “%relative decrease” for fracture energy and
“%relative increase” for liberation degree of aggregates which are defined as the following:

- For fracture energy:

Fracture energy with MW treatment-Fracture energy without MW treatment

#Relative decrease =100 Value to reach-Fracture energy without MW treatment

- For liberation degree of aggregates:

Liberation degree with MW treatment-Liberation degree without MW treatment

ZRelative increase = 100 - : -
% Value to reach-Liberation degree without MW treatment

The influence of the particle size distribitinn of the acoregates on the performance of the microwave heating regarding concrete fragmentation

was evaluated with these two parameters .Results show that the coarser the aggregate size distribution, the more effective was the
MW pretreatment with an nhiertive increaca in liberation degree ranging from 29.7% for SC_fine to 65.1% for SC_coarse. This observation is consistent
with works performed b vho reported that reducing the aggregate size leads to lower porosity and a higher unhydrated par-

ticle content in the ITZ due to tne 1act tnat 1arge aggregate particles tends to accumulate more bleed water around them than smaller aggregate par-
ticles, leading to a higher local w/c ratio around large aggregate particles. Moreover, since it was previously reported that the thickness of the ITZ
becomes larger for larger aggregates, it could then be expected that microwave heating would be more effective for coarse aggregates in terms of
liberation.

3.1.2.2. Influence of the nature and mineralogy of the nooreoates The aggregates mineralogy has no clear impacts on the performance of a microwave
heating pretreatment for concrete fragmentation . Indeed, similar evolution of the fragment size distribution was observed in both
cases. They also led to a similar liberation degree or aggregates in fragment size of 2-20 mm but a greater increase was observed with silico-
calcareous aggregates compared to siliceous ones {59.0% against 18.7% respectively). Since lower liberation degree with silico-calcareous aggregates
compared to siliceous ones was previously explained by the chemical reactivity between calcareous aggregates and cement paste, these results seem
to show that microwave heating allows breaking of these bonds. However, further tests are needed to confirm this explanation.



3.2. Influence of the microwave heating pretreatment operating conditions

A series of experiments was conducted on the no-slump concrete waste with the objective to evaluate the influence of the operating conditions of
the microwave pretreatment on concrete fragmentation after impact crushing, This concrete waste was formulated in a very different way from the
lab-cast samples, in particular with different aggregate size distribution and aggregate mineralogy and with a different water/cement ratio. Regarding
the w/c ratio, it is 0.16 for the no-slump concrete waste. Since water in materials was previously reported to have a major role when exposed to mi-
crowaves, this allows testing of unfavorable conditions for concrete embrittlement through the use of microwaves and thereby the robustness of the
technique.

Four operating conditions of microwave embrittlement before impart rmiching were tested with power value fixed either at 1 kW or 4.5 kW and
exposure time fixed either at 0.5 min or 5 min. Results are presented i A statistical comparison of the operating conditions of the microwave
heating was firstly performed and secondly results were compared to the reterence “impact crushing alone”, that is why only mean values are given
for this latter condition.

The plotting of the probability distribution relative to “mass percentage of 2-20 mm fragments” highlights the presence of two population groups

: the first one at microwave heating conditions of 1 kW-05 min and of 1 kW-5 min; and the second one at microwave heating conditions of
4.5 kvww-0.5 min and 4.5 KW-5 min. When drawn separately it is observed that both probability distributions can be fitted by a log-normal
distribution, the probability of appearance relative to the impu.«1 «rushing alone being 61.4% in the first group and only 0.02% in the second group.
Parameters of these functions were estimated and are given i1 These results show that there may be a limit value of heating power neces-
sary to embrittle concrete waste samples i.e. to generate stresses high enough inside the material to induce noticeable cracks. When the heating
power is higher than thi< limit value then the additional absorbed energy may be used to enhance the embrittlement of the cement matrix, since
it is observed fron 1n increase in the production of fines and a drastic decrease in the production of fractions >20 mm for the maximum
heating condition (348.9 kwh/t) compared to the other conditions.

Regarding “liberation degree of aggregates in the 2-20 mm fraction” shows that the probability distribution can be described by a
log-normal distribution, whose parameters are given i This means tnat the microwave operating conditions do not have a significant
influence on liberation degree of aggregates. Moreover, the probability of appearance relative to the impact crushing alone is only 0.02% which
underlies a significant difference between liberation degrees obtained with a microwave pretreatment and from the one obtained without
pretreatment.

Results obtained in this second series of experiments show that the microwave heating is an effective weakening technique for improving
selective fragmentation after impact crushing even when the material was exposed to a very low energy microwave heating (7.1 kWh/t).
Moreover, an increase in this energy from 7.1 kWh/t to 348.9 kWh/t enhanced concrete fragmentation but had no influence on aggregates
liberation degree. This is an important result since it could mean that there is a threshold of microwave heating energy to reach in order
to liberate aggregates; above this threshold an increase in the microwave heating energy would have an influence only on the
intensity of the fragmentation phenomenon and not on the liberation. According to the results obtained in this study, this threshold is
lower than 7.1 kWh/t. By applying an appropriate comminution treatment after a low microwave heating step, it could then be possible to re-
cover aggregates of high-quality and to reach the objective of increasing concrete waste recycling by producing recycled aggregates with prop-
erties similar to the natural ones.

4, Discussion on the applicability of the proposed process to treat
concrete from construction and demolition waste

These series of experiment were performed on lab-made concrete
specimens but concrete from construction and demolition waste
exhibits higher complexity and heterogeneity. It is then important to
look into the applicability of the proposed process for treating this
concrete, In particular:

- Concrete waste is a very heterogeneous material especially regard-
ing aggregates, for example, due to the fact that aggregates for con-
crete production are extracted near concrete production sites and

Table 8

Liberation degree of aggregates in fragment size of 2-20 mm after impact crushing of
concrete specimens SC_coarse, SC_medium, SC_fine and S_medium with and without a
microwave (MW) pretreatment at 4.5 KW-30s.

Liberation degree of aggregates in
fragment size of 2-20 mm (wt.%)

Mean Standard deviation  %Relative

of the mean increase

SC_coarse Impact crushing 71.6 13

MW + impact crushing  90.1 40 65.1
SC_medium Impact crushing 453 35

MW + impact crushing  77.6 15 59.0
SC_fine Impact crushing 19.1 1.8

MW + impact crushing  43.1 03 29.7
S_medium Impact crushing 65.7 22

MW + impact crushing  72.1 01 18.7

their properties vary with the geological characteristics of the region
of extraction. Since this series of experiments has underlined the fea-
sibility of a microwave heating stage before impact crushing for low-
ering the concrete fracture energy and for producing liberated
aggregates (i.e. high quality aggregates) irrespective of the nature
of the aggregates used in concrete, it can then be stated that the pro-
posed process is a robust technical solution that can be used for a
high-quality concrete waste recycling.
Concrete waste can include steel reinforcement bars. This rein-
forcement will not damage the microwave magnetrons since in-
dustrial magnetrons are protected from reflected microwave
power but it may affect the operation of the microwave heating
step. Indeed, it has been reported that part of the microwave en-
ergy is reflected from the reinforcement and more energy is dissi-
pated between the roncrete front enrface and the lncation of the
reinforcement . However,
the proposed prucess paseu on nucrowave neaung 10llowed by
impact crushing will include a concrete recycling loop in order
to optimize treatment of concrete blocks. The use of a magnetic
separator just before the recycling loop should remove all metal-
lic inclusions and guarantee an effective microwave treatment of
concrete waste,
Even if concrete from demolition waste has been in use for sever-
al years, it is expected that microwave heating will induce a sim-
ilar embrittlement behavior as the one observed in this study.
Indeed, several studies have showed that dielectric properties of
concrate are relativalv ctahle nver time after the curing time
. Moreover, stresses induced









