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This study presents an innovative method for concrete waste up-cyding based on concrete weakening through 
microwave heating before impact crushing. Two series of tests were conducted in arder 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 !ab-made, cylindrical concrete specimens and on 
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 recyding technique for 
the recovery of high-quality aggregates from concrete waste. 

Selective fragmentation 

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, grave!, and crushed rock every year 
and the demand for concrete is expected to grow to approximately 
16 billion tonnes a year by 2050 (Mehta and Monteiro, 2005). However, 
mining large quantities of raw materials often results in extensive de
forestation or denudation and top-soilloss (Mehta, 2001 ). 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 ofliberated, 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 
con crete matrix but also of the aggregates themselves. Moreover, the 
amount ofliberated aggregates is very low. As a result, recycled concrete 
aggregates contain various amounts of adhered cement mortar which 
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negatively affect the workability and mechanical properties of concrete 
(Kim et al., 2012; Ulsen et al., 2013). Therefore, recycled concrete 
aggregates are not beneficiated 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
nized as one possible solution for producing dean aggregates from con
crete waste (Tsujino et al., 2008; Akbarnezhad et al., 2011: Uppiatt and 
Bourgeois, 2012; Menard et al., 2013 ). This technology uses microwave 
electromagnetic energy to induce concrete embrittlement Its principle 
is based on the selective effects of internai heating on different mineral 
phases when submitted to microwaves which create stresses due to dif
ferentiai thermal expansion. Moreover, microwave heating can also 
generate significant pore pressures due to the rapid formation of 
steam from water within the material. These internai mechanical stress
es produce fractures, especially at the interfacial transition zone (m) 
which is located between aggregates and the cement paste, leading 
therefore to a weakening of the material (Lippiatt and Bourgeois, 
2012 ). Regarding liberation of aggregates, i.e. production of aggregates 
without adhering cement paste, Akbarnezhad et al. (2011) reported 
that microwave heating alone allowed partial liberation of 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 



Tablet 
Composition and properties of the con crete specimens. 

SC_fine S(Jnedium SC_coarse SJlledium 

Mineralogical nature of aggregates 

Parti de size distribution (in wt%) 

Alluvial silico-calcareous aggregates Crushed si!iceous aggregates 

Compressive strength (MPa) 

8-20mm 
63-8mm 
4-63 mm 
2-4mm 
<2mm 

83 
17 
303 

(Akbamezhad et al., 2011 ). These findings were similar to the results 
obtained by Lippiatt and Bourgeois (2012) who observed improved 
liberation ofboth aggregates and cement phases after impact fragmen
tation of microwave heated !ab made con crete 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. Another technology based on micro
wave heating was investigated by Tsujino et al. (2008 ). This technology 
involved aggregate surface modification by applying 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 wh en processed with 
microwave heating. Recycled coarse aggregates were of high quality 
(Tsujino et al., 2008; Noguchi et al., 2011 ). Although it was demonstrat
ed that this technique has potential for 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. 1t investigat
ed the effect of aggregate properties (size distribution, mineralogy) and 
process properties (power and exposure time) on process performance. 
Its sensitivity to each ofthese variables was also studied. 

2. Materials and methods 

2.1. Concrete samples 

Two types of concrete samples were used in this study: !ab-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 con crete 
ratio of 400 kgjm3 ( wet basis) and a water -ta-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 m3 /m3 of 
concrete on a wet basis. The composition and properties of these 
specimens are given in Table 1. As shawn in Table 1, these formulations 
led ta normal strength concretes. 

Table2 
Composition and properties of the no-slump con crete waste 

Mineralogical nature of aggregates Alluvial siliceous and 
calcareous aggregates 

Average partide size distribution 8-20mm 53.8 
of the aggregates (in wt.%) 63-8mm 7.5 

2-63 mm 3.9 
<2mm 34.8 

Compressive strength (N/mm2
) 39.2 

5.5 3 1.9 
22.5 64 19.4 
35.5 33 38.5 
30 32 

6.5 83 
19.8 13.7 22.7 

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. lt 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, ofwhich 61.3% was coarse aggregates ( 6.3-20 mm) 
and 38.7% was sand (0-4 mm), 17.0% ofCEM 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 in Table 2. 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 

22. Experimental set-up 

Microwave heating was carried out in a 2.45 GHz laboratory micro
wave aven 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 !ab-made 
con crete specimens in arder to investigate the influence of aggregate 
properties. 

- The second series of experiments was performed using the no
slump concrete waste sam pies in arder 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 

Table3 
Operating conditions of the microwave heating stage before impact crushing. 

Series n ·1 SC_fine 

SCJlledium 

sc_coarse 

SJlledium 

Series n•2 No-slump 
concrete waste 

Operating conditions of Energy absorbed Replicates 
the microwave by the sample number 
heating stage (kWh/tl 

Power Exposure time 
(kW) (min) 

4.5 0.5 

4.5 0.5 

4.5 0.5 

4.5 0.5 

0.5 
4.5 0.5 
1 5 
4.5 5 

37.7 

36.5 

37.6 

36.5 

7.1 
32.4 
772 
348.6 

~3 
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Fine production Aggregate liberation 

Fig. 1. Experimental testing and product analysis protocols. 

>20mm 

1 

Hopkinson bar 
testing 

Comminution 

properties 
(fracture energy) 

experimentally evaluated to about 40% of the incident microwave 
energy calculated as the product of power and exposure time. 

20 mm and 31.5 mm. As shown in Fig. 1, the performance of the process, 
i.e. the sequence of microwave heating followed by impact crushing, was 
assessed through the embrittlement of the specimens, the liberation of 
aggregates and the production of fines. Due to the heterogeneity of con crete waste, the significance of the 

results of the tests performed in the second series was analyzed by sta
tistical means. Operating conditions of these tests are reported in 
Table 3. In both cases, replicates were performed so as to ensure repro
ducibility of the tests. 

2.3. Characterization methods 

In each experiment, the particle size distribution of the fragments after 
crushing was measured. Five sieves were used: 2 mm, 63 mm, 8 mm, 

Totally liberated aggregates. 
Unliberated aggregates, 

exhibiting various degrees 
of adhering cement paste. 

Fig. 2. Pictures of the aggregate liberation. 

i. The mechanical strength of individual con crete particles, untreated 
or treated with microwaves, was evaluated using a short vertical 
Hopkinson bar, an apparatus which is dedicated to a single-particle 
impact breakage testing (Bourgeois and Banini, 2002). The test gives 
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Fig. 3. Size distribution of fragments after impact crushing of 4 types of concrete speci
mens (see Table 1). 



Table4 
Fracture energy of concrete samples SC_coarse, SC_medium, SC_fine and S_medium 
before impact crushing. 

Fracture energy 
(Wh/tl 

Mean Standard deviation 
of the mean 

sc_coarse 5.5 0.1 
sc_medium 10.4 03 
SC_fine 12.2 2.5 
S_medium 9.7 0.1 

TableS 
liberation degree of aggregates in fragment size of 2-20 mm after impact crushing of 
concrete spedmens SC.Jine, sc_medium, sc_coarse and S_rnedium. 

Fragment size of 2-20 mm liberation degree of aggregates 
(wt%) in fragment size of2-20 mm 

(wt.%) 

Mean Standard deviation Mean Standard deviation 
of the mean ofthemean 

sc_coarse 92.1 0.8 71.6 13 
sc_medium 65.8 2.5 45.3 3.5 
SC.Jine 29.0 0.2 19.1 1.8 
S_medium 65.1 1.3 65.7 2.2 
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indications of a particle's degree of embrittlement through mea
surement of properties such as mass specifie fracture energy and 
particle strength. In this study, the mechanical strength was only 
performed on samples with size larger than 20 mm due to the ag
gregate maximum size (20 mm). Mass specifie fracture energy 
was used to compare the relative leve! of embrittlement of concrete 
specimens. 

ii. Liberation degree is defined as the ratio between the mass content 
of liberated aggregates and the mass content of ali aggregates in
cluded in a given fragment size fraction. As defined by Tomas et al. 
( 1999 ), totally liberated aggregates means that no hardened cement 
paste is adhered and no liberation means that the aggregates are still 
bonded in the hardened cement paste bulk matrix (Fig. 2). In this 
study, liberation degree was measured by visual sorting. Due to 
the difficulty of sorting the fin er particle size fractions, the liberation 
degree of aggregates was only measured on 2-20 mm parti des. The 
effectiveness of this method for liberation quantification was evalu
ated through measurements ofliberated aggregates and middling's 
water absorption according to the French standard (NF EN, 1097-6, 
2001 ). Results showed that water absorption was about 2.5% for lib
erated aggregates and 9. 7% for middling. According to the French 
standard (NF P18-545, 2001 ) the limit value of water absorption 
for natural aggregates in categories A, B and C are fixed at 2.5%, 5% 
and 6% respectively. This indicates that the aggregates classed as 
"liberated" in this experiment are of a high quality. 

iii. Production of fine fractions refers to the amount of partiel es with 
size lower than 2 mm. 
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Fig. 4. Fragment size distribution after impact crushing with and without rnicrowave (MW) pretreatment of concrete spedrnens sc_coarse (a), sc_medium (b ), SC.Jine ( c) and S_medium ( d). 



Table& 
Fragment size distribution after impact crushing of concrete specimens SC...coarse, sc...medium, SCJine, S_coarse and SJTiedium with and without a microwave (MW) pretreatrnent at 
4.5 kW-30s. 

<2mm 2-20mm >20mm 
(wt%) (wt.%) (wt%) 

Mean Standard deviation Mean Standard deviation Mean Standard deviation 
of the mean ofthemean of the mean 

SC...coarse Impact crushing 6.7 0.4 92.1 0.8 1.2 1.2 
MW + impact crushing 5.7 0.2 943 0.2 0.0 

sc...medium Impact crushing 6.9 0.1 65.8 2.5 27.4 2.5 
MW + impact crushing 10.1 03 88.5 1.0 13 1.3 

SCJine Impact crushing 5.5 03 29.0 0.2 65.5 0.1 
MW + impact crushing 13.6 1.0 77.5 0.4 9.0 0.5 

SJTiedium Impact crushing 8.4 0.1 65.1 13 26.4 1.4 
MW + impact crushing 9.5 0.1 90.5 0.1 0.0 

Table7 
Fracture energy before impact crushing of concrete specimens SC...coarse, sc...medium, Sc.Jine and SJTiedium with and without a microwave (MW) pretreatment at 4.5 kW-30s. 

Fracture energy 
(Wh/t) 

Mean Standard deviation %Relative decrease 
ofthemean 

SC...coarse Without MW pretreatrnent 5.5 0.1 
With MW pretreatrnent 3.0 0.0 45.5 

sc...medium Without MW pretreatrnent 10.4 03 
With MW pretreatrnent 6.2 0.4 40.4 

SCJine Without MW pretreatment 12.2 2.5 
With MW pretreatrnent 11.7 1.4 4.1 

SJTiedium Without MW pretreatment 9.7 0.1 
With MW pretreatrnent 7.6 1.2 21.6 

3. Results and discussion 

3.1. Influence of the aggregate properties on the selective fragmentation perfonnance of concrete samples 

3.1.1. Results for impact crushing a/one 

3.1.1.1. Influence of the size of the aggregates. By comparing fragment size distribution after impact crushing of silico-calcareous specimens S(_fine, 
sc_medium and sc_coarse, Fig. 3 shows that increasing aggregate size led to an increase in concrete fragmentation. This induced a reduction of 
the amount ofparticles with size greater than 20 mm but had almost no impact on the production of fines (amount ofparticles smaller than 
2 mm). These results are in tine with those obtained with the Hopkinson bar testing {Table 4) since it was obseiVed that an increase in the energy 
needed to fracture the concrete specimen correlated with a decrease of aggregates size distribution, the fracture energy being 5.5, 10.4 and 
12.2 Wh/t for sc_coarse, SC_medium and SC_tine respectively. Similar results were found by severa! authors {Walker and Bolem, 1960; Cordon 
and Gillespie, 1963; AI-Oraimi et al., 2006) who ali showed that the concrete strength increased with decreasing aggregates maximum size. 

Regarding liberation degree, Table 5 shows an increase in the liberation degree of aggregates with an increase of aggregate size for silico
calcareous aggregates, the liberation degree being increased from 19.1% for SC_fine to 71.6% for sc_coarse. These results could be explained by the 
thickness of the Interfacial Transition Zone {llZ). Indeed, sorne authors (Monteiro et al., 1985; Ping and Beaudoin, 1992; Elsharief et al., 2003) ob
seiVed that the thickness of the ITZ becomes larger for larger aggregates. Since I1Z is considered to be the weak link in a concrete {Perry and 
Gill ott, 1977; Giaccio and Zerbino, 1998; Scrivener et al., 2004; Akçaoglu et al., 2005 ), this increase in I1Z thickness for coarse aggregates could explain 
the obseiVed decrease in sample fracture energy and the obseiVed increase in liberation degree for coarse aggregates as their larger I1Z would lead to 
a weaker connection to the cement paste matrix, so when exposed to the same crushing conditions would experience a greater fragmentation and 
greater liberation. 

3.1.12. Influence of the nature and minera/ogy of the aggregates. Regarding the influence of the nature and mineralogy of the aggregates on impact 
crushing performances, Fig. 3 shows that for a similar aggregate distribution size (SC_medium vs S_medium), fragmentation of concrete was not in
fluenced by the nature and mineralogy of the aggregates used in this study. These results are confirmed by the Hopkinson bar testing {Table 4) with 
similar fracture energy for SC_medium and S_medium This obseiVation is in tine with results of severa! authors ( Ozturan and Çeçen, 1997; Wu et al., 
2001 ) who found similar compressive strength values for normal strength concrete made with different type of aggregates. In particular, it was 
showed that in conventional con crete (compressive strength < 41 MPa) like the con crete specimens used in this study (as shawn by Table 1 ), the 
properties of coarse aggregates rarely become strength-limiting, because this type of concrete mixtures typically corresponds to a water-cement 
ratio ( w fe ratio) in the range of 0.5-0. 7 and within this range, the weakest components in con crete are the hardened cement paste and the transition 
zone between the cement paste and the coarse aggregates rather than the coarse aggregates itself (Kaplan, 1959; Mehta, 1986; de I.arrard and Belloc, 



1992). However, for a high strength concrete (compressive strength > 41 MPa), researchers have noted that the hardened cement paste and the 
transition zone are no longer strength-limiting, but the ultimate strength of con crete is controlled by the mineralogy and the strength of the coarse 
aggregates (Beshr et al., 2003). 

Regarding liberation degree, Table 5 shows that the use of silico-calcareous aggregates induced a lower liberation degree than the use of siliceous 
aggregates. This result could be explained by the presence of sorne chemical reactions between the aggregates and the cement paste. Indeed, it was 
observed by severa! authors (Maso, 1982; Ollivier et al., 1995; Tasong et al., 1999) that the microstructure in the ITZ may be affected by the chemical 
reactivity between aggregates and cement paste. In particular, it was found that calcareous aggregates are reactive with Portland cement paste, 
resulting in a superficial etching (Farran, 1956). Two explanations of this chemical reaction were found in the literature. According to Grandet and 
Ollivier ( 1980), the hydrate which reacts is calcium aluminate hydrate, forrning calcium hydrocarboaluminate C~ · caC03 ·11H20. The other explana
tion was given by Monteiro and Mehta (1986) who reported that calcite reacts with calcium hydroxide, resulting in the formation of calcium carbonate 
with a varying composition of caC03 ·ca( OHh · H20. This reaction is limited to the ITZ due to the low mobility of carbonate ions but it leads to a more 
compact cement paste (Ollivier et al, 1995 ). Therefore, the bond strength around calcareous parti des is increased. This increased bonding strength 
between cement paste and calcareous aggregates could then explain why the use of silico-calcareous aggregates induced a lower liberation degree 
than siliceous aggregates. 

3.12. Results for the microwave-assisted crushing process 

3.12.1. Influence of the size of the aggregates. Fig. 4 shows that the particle size distribution after concrete fragmentation tends to be very similar to the 
initial aggregate size distribution, meaning that a better aggregate liberation was reached. This was confirmed by results in Table 8 which shows that 
the microwave pretreatment allowed improving the liberation degree of aggregates after impact crushing, the liberation degree reaching even more 
than 90% for sc_coarse. These results are in line with the ones obtained by severa! authors (Figg, 1974; Akbarnezhad et al., 2011; Lippiatt and 
Bourgeois, 2012). Indeed, aggregates and cement phase exhibit differences in dielectric and thermal properties, which induce different thermal ex
pansion wh en 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 con crete during microwave heating 
as it has a higher porosity and higher w Je 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 wh en con crete is exposed to microwaves. 
As a result, higher differentiai thermal stresses may develop at the ITZ, leading to a more efficient removal of the adhering mortar (Akbarnezhad et al., 
2011 ). 

Comparing results for fracture energy and liberation degree of aggregates from ali samples has to be performed with particular care since these 
two parameters have an ultimate limit ( also called "value to reach"), being 0 WhJt 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 S(_fine is 71.6% and 19.1% respectively meaning that the gap to reach the limit value ( 1 00%) 
was only of28.4% 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: 

%R 1 
. d 

100 
Fracture energy with MW treatment-Fracture energy without MW treatment 

e attve ecrease = x . 
Value to reach-Fracture energy wtthout MW treatment 

- For liberation degree of aggregates: 

%R 1 t
. . 

100 
Liberation degree with MW treatment-Liberation degree without MW treatment 

e a tve mcrease = x . . . 
Value to reach-Liberation degree Without MW treatment 

The influence of the particle size distribution of the aggregates on the performance of the microwave heating regarding concrete fragmentation 
was evaluated with these two parameters (Tables 7 and 8). Results show that the coarser the aggregate size distribution, the more effective was the 
MW pretreatment with an objective increase in liberation degree ranging from 29.7% for SC_fine to 65.1% for SC_coarse. This observation is consistent 
with works performed by Elsharief et al (2003) who reported that reducing the aggregate size leads to lower porosity and a higher unhydrated par
ticle content in the IlZ due to the fact that large aggregate particles tends to accumulate more bleed water around them than smaller aggregate par
ticles, leading to a higher local w Je ratio around large aggregate partiel es. Moreover, sin ce 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. 

3.122. Influence of the nature and minera/ogy of the aggregates. The aggregates mineralogy has no clear impacts on the performance of a microwave 
heating pretreatment for concrete fragmentation (Tables 6, 7, 8). Indeed, similar evolution of the fragment size distribution was observed in both 
cases. They also led to a similar liberation degree of 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 on es 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. 



32. Influence of the microwave heating pretreatment operating conditions 

A series of experiments was conducted on the no-slump concrete waste with the objective to evalua te the influence of the opera ting conditions of 
the microwave pretreatment on con crete fragmentation after impact crushing. This con crete waste was formulated in a very different way from the 
!ab-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 tes ting of unfavorable conditions for concrete embrittlement through the use of microwaves and thereby the robustness of the 
technique. 

Four opera ting conditions of microwave embrittlement before impact crushing 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 in Table 9. A statistical comparison of the operating conditions of the microwave 
heating was firstly performed and secondly results were compared to the reference "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 of2-20 mm fragments" highlights the presence oftwo population groups 
(Fig. 5): the first one at microwave heating conditions of 1 kW-0.5 min and of 1 kW-5 min; and the second one at microwave heating conditions of 
4.5 kW-0.5 min and 4.5 kW-5 min. When drawn separately (Fig. 6) it is observed that both probability distributions can be fitted by a log-normal 
distribution, the probability of appearance relative to the impact crushing 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 in Table 1 O. 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 this limit value then the additional absorbed energy may be used to enhance the embrittlement of the cement matrix, since 
it is observed from Table 9 an 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", Fig. 7 shows that the probability distribution can be described by a 
log-normal distribution, wh ose parameters are given in Table 1 O. This means that 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 appropria te comminution treatment after a low microwave heating step, it could th en be possible to re
caver aggregates ofhigh-quality and to reach the objective of increasing con crete 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 
conaete from construction and demolition waste 

These series of experiment were performed on !ab-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 

TableS 
überation degree of aggregates in fragment size of 2-20 mm after impact crushing of 
concrete specimens sc_coarse, SCJDediurn, SC_fine and SJDedium with and without a 
microwave (MW) pretreatment at 4.5 kW-30s. 

überation degree of aggregates in 
fragment size of2-20 mm (wt%) 

Mean Standard deviation %Relative 
of the mean increase 

sc_coarse Impact crushing 71.6 1.3 
MW + impact crushing 90.1 4.0 65.1 

sc_medium Impact crushing 45.3 3.5 
MW + impact crushing 77.6 1.5 59.0 

SCJine Impact crushing 19.1 1.8 
MW + impact crushing 43.1 0.3 29.7 

SJDedium Impact crushing 65.7 2.2 
MW + impact crushing 72.1 0.1 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 concrete front surface and the location of the 
reinforcement (Lagos et al., 1995; Clemefia, 2004). However, 
the proposed process based on microwave heating followed by 
impact crushing will include a concrete recycling loop in order 
to optimize treatment of concrete blocks. The use of a magnetic 
separa tor just before the recycling loop should remove ali metal
lie 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, severa! studies have showed that dielectric properties of 
concrete are relatively stable over time after the curing time 
(Lai et al., 2009; jamil et al., 2013). Moreover, stresses induced 
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Fig. 5. Probability distribution of tbe 2-20 mm mass fraction produced by microwave 
heating followed by impact crushing. 

Table9 

by microwave heating are also due to the water content in the ITZ 
around aggregate particles and this bound water content will not 
change over time . 

5. Conclusions 

This work Iooked at assessing the efficiency of a microwave heating 
be fore impact crushing for producing high-quality aggregates (i.e. with
out cement paste) and th en for improving concrete waste recycling, 
showing the possibility of moving from the current down-cycling to a 
future up-cycling of concrete waste. lndeed, the microwave weakening 
pretreatment was proven to be effective irrespective of the nature of the 
aggregates used in con crete and even when the material was exposed to 
a very low microwave heating energy. Further tests including a me
chanical rubbing stage after microwave weakening and impact crushing 
have to be performed since it is expected that this rubbing stage should 
improve the aggregate liberation degree and fine fraction production by 
removing the remaining adherent cement paste on aggregates. 

Results of tbe experiments relative to the microwave-assisted crushing process performed on tbe no-slump con crete waste. 
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Fig. 6. Probabilitydistribution oftbe 2-20 mm mass fraction produced after impact crushingwitb and witbout microwave pre-treatment (a) For MW conditions of1 kW-0.5 min and of 
1 kW-5 min; (b) For MW conditions of 4.5 kW-0.5 min and of 4.5 kW-5 min 



Table 10 
Parameœrs of the log-normal probability distribution. 

Mean J.! (%} Standard 
deviation u 

Mass percentage of the 2-20 mm fraction - MW 36.6 13 
conditions of 1 kW-0.5 min and of 1 kW-5 min 

Mass percentage of the 2-20 mm fraction - MW 69.0 13 
conditions of 4.5 kW-0.5 min and of 4.5 kW-5 min 

liberation degree of the aggregaœs 53.5 1.2 
in the 2-20 mm fraction 

Probability density of x is defined as:P(x) = •. a.!Jï.rr exp{-! [ ln(~-e t} with Jl: mean and 

a: standard deviation. 
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Fig. 7. Probability distribution of the liberation degree of the aggregates in the 2-20 mm 
fraction produced after impact crushing with and without microwave pre-treatrnent 
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