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Abstract Construction and demolition waste stream has

generated news materials that may be re-introduced into

new concrete, e.g. as recycled aggregates. The specific

feature of recycled concrete aggregates is the presence of

hardened mortars influencing their behaviour. This study

aims to distinguish processes that allow the complete

separation and quantification of attached mortar. An

important point is that the laboratory developed method has

to be transferable on a wider scale to be exploited on a real

recycling platform. This study is linked to the recybeton

national research project involving public research labo-

ratories, institutes and private companies. After a short

literature review, pointing out the relevant processes, sev-

eral methods are tested in laboratory conditions to deter-

mine their efficiency. They are based on mechanical,

chemical and physical principles. Efficiencies are evalu-

ated by measuring mass losses, density variations and by

carrying out visual comparisons. It appears that not any one

method is 100% satisfactory as aggregates are never

completely cleaned and/or are damaged. Furthermore, the

global efficiency of the process is difficult to determine

because of the lack of knowledge of primary aggregate

properties or because of property changes during treatment.

The most promising methods, of those investigated in this

study, seem to be combined thermal–mechanical processes.

Keywords Recycled concrete aggregates � Attached
mortar � Separation � Experimental process

Abbreviations

RCA Recycled concrete aggregate

RAC Recycled aggregate concrete

MDE Micro deval test

LA Los angeles test

HSC Hydrated silicate calcium

Symbols

Temp Temperature

Sat Saturation

q (g/cm3) Density

Dm Mass loss

W (%) Absorption coefficient

Introduction

In order to decrease resource consumption and demolition

waste generation, materials from building deconstruction

are now studied with the aim of re-introducing them into

new concrete, e.g. as recycled aggregates [1, 2]. The study,

presented here, deals with the prospect of a lack of natural

aggregates requiring the use of aggregates from recycling

[3]. The physic–chemistry of recycled concrete aggregates,

like their high absorption, low strength, or specific mor-

phology, limits their direct use as aggregates and requires

pretreatment if 100% re-use is expected. This operation

aims at separating primary aggregates and mortar for re-use

as aggregates for concrete. Then, the residual mortar

obtained could be reintroduced into cement production

plants. Recycled aggregates may comprise of various sized

particles [4–6]:
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• Fine elements (0–500 lm), mainly composed of hard-

ened cement paste, primary crushed aggregates and

anhydrous cement;

• Sands, fine aggregates including the fine elements

(0–4 mm), mainly composed of primary aggregates and

mortar (primary sand, dry and hydrated cement);

• Gravel, coarse aggregates ([4 mm), have a constitution

close to recycled sand with lower residual mortar

content.

Thus, the recycled aggregates consist of aggregates

coated with primary mortar: separated or attached (Fig. 1;

[2]). The presence of this primary mortar is responsible for

the different behavior of recycled concrete aggregates and

natural aggregates [7–9]. The range of these alterations is

dependent on the amount of primary mortar included in the

recycled elements [6].

Different processes used to separate primary aggregate

and mortars are discussed in the literature (Table 1; [10]).

These methods, based on mechanical (wear, fragmentation,

etc.), chemical (acid attack) or physical (heat treatment)

principles, use differences of properties between the

aggregates and the cement paste [10]. Few studies offer a

multi-criteria comparative analysis of these methods [10],

and efficiency is rarely discussed, this paper provides this

critical analysis.

For this purpose, a short literature review is proposed in

order to collect processes which have been experimentally

tested in our laboratory. Thus, several methods or combi-

nations of methods are tested in the laboratory to determine

their efficiency: mechanical wear test, sandblasting,

chemical attack by hydrochloric acid, hot and cold thermal

cycle and microwave (see Table 1). Concerning the hot or

cold thermal processes combined with a mechanical

treatment, a 12 phase experiment allows for a thorough

knowledge of treatment efficiency. The efficiency, defined

Fig. 1 Recycled concrete aggregate constitution [5] T
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by the separation ratio or the quantity of attached mortar, is

analyzed using mass loss, density variation measurements

and visual comparisons. The definition of this efficiency

concept and the mortar content denomination are also

discussed.

This study is linked to the national research project [12]

(complete recycling of concrete) involving public research

laboratories, institutes and private companies. An impor-

tant aspect of this work is to ensure that developed methods

in the laboratory have to be transferable on a wider scale to

be exploited on a real recycling platform. The final recy-

beton aim is to edit recommendations promoting the

complete recycling of concrete.

Short Review of Processes

Mechanical Treatments

The mechanical treatments of aggregates allow mortar-

aggregate separation by shocks (based on Los Angeles

standard test [13]: LA) or abrasion (based on micro-deval

standard test [14]: MDE). The efficiency of the LA method,

up to 60% mass loss after sieving, depends on the number

of balls used, the amount of processed materials, the

rotation rate and the treatment length [15]. However, effi-

ciency may be called into question when considering the

amount of natural aggregates to be crushed. Moreover, one

limitation of this method is its energy consumption to

obtain such a mass loss (min 300 revolutions). It requires a

compromise between efficiency, treatment duration, noise

and energy consumption [10]. Although, authors don’t

indicate an estimation of energy consumption, this con-

sumption can be estimated around 2 kWh/ton of recycled

aggregates concerning the only shock phase (without

sieving).The efficiency of the MDE method is lower than

when using separation by shocks, depending on its dura-

tion. However, it avoids high fragmentation of primary

aggregates and, therefore, decreases damage of their mor-

phological integrity, especially that of rolled aggregates.

Another method called ‘‘smart crusher’’, based on the

optimization of the crushing method of recycled concrete,

was found to produce much more recycled concrete fine

elements and cleaner aggregate than a conventional

crushing method. It is based on a smart combination of

pressure and abrasion [16, 17]. According to the authors,

no supplementary cleaning treatment is needed after

crushing and material from crushing could be re-used as

sand or fine addition in concrete. The process efficiency is

evaluated by the particle size distribution comparison

between aggregates issued from two crushing methods.

Authors indicate that the use of the smart crusher leads to

obtain an aggregate easily recyclable in concrete. However,

this analyze is only performed with fine aggregate

(\2 mm) and the properties of the treated aggregate are not

evaluated (density, water absorption, visual aspect…).

Ultra-Sound Treatments

This method is based on the stresses generated by high

frequency sound waves which damage the bonding

between aggregates and cement paste. The supply of

energy over the entire surface increases the separation

efficiency whilst reducing the degradation of initial

aggregates. Many factors influence the efficiency of this

method [18]: aggregate size, applied voltage, capacitor

capacitance, electrode spacing and number of pulses. For

the verification of the crushing and separation effect, dif-

ferent characteristic values were determined (particle size

distribution, amount of attached cement stone, content of

cement paste).

The efficiency of this method can reach a higher level

than conventional mechanical treatments by crushing (jaw

crusher, hammer) but it depends on the aggregate size: the

detachment rate is about 40% for a fine aggregate (\4 mm)

and 70% for a coarse aggregate (\24 mm). The efficiency

of this method has to be considered regarding its high

energy consumption. The estimation of consumed energy is

about 12 kWh/ton of recycled aggregates [18].

Thermal Treatments

High Temperature Treatment

High temperature thermal methods are based on the influ-

ence of the temperature increase on the cement matrix and

on the aggregates: damage of cement hydrates, differential

strains of hardened concrete constituents and lower

strength of the mortar (thermal stresses).The recycled

aggregate concrete is heated for several hours between 300

and 600 �C (depending on the strength of the mortar and

the types of natural aggregates [19]) and then sieved to

separate mortar and natural aggregates. Water immersion

of RCA (saturation of the mortar), prior to heat treatment,

improves the efficiency of the separation processes. Indeed,

the transformation of water into steam generates an

increase in the internal pressure favorable to mortar

cracking. The maximum separated mortar proportion can

reach 20% [20]. Rapid cooling of RCA, after the heating

cycles, produces further thermal shocks, thereby, improv-

ing process efficiency, which is probably due to ‘‘prevented

thermal expansion’’ [21]. Thermal separation by heating is

easy to implement but the actual energy consumed is very

high, it can be estimated at 250 kWh/ton for 1 h at 600 �C.
Moreover, high temperatures can create high internal

stresses in natural aggregates. After 600 �C heat treatment,
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the tensile strengths of natural aggregates are reduced by

60% [20]. This reduction rate significantly depends on the

origins of the primary natural aggregates and their

mechanical properties.

Low Temperature Treatment

These methods are based on freeze–thaw cycle effects

applied on saturated RCA, which generate damage caused

by internal pressures (transformation of water in the pores

into ice leads).

The saturation state (dry, saturated, saturated-immersed)

conditions the aggregate’s resistance to freezing and

thawing [22, 23]. This method can produce a large amount

of cleaned natural aggregates but requires a high number of

freeze–thaw cycles over a period of several weeks.

Microwave Treatment

Microwave treatment is based on electromagnetic proper-

ties of recycled concrete and its influences on the

increasing local temperature. Due to the different sensi-

tivity to waves between the mortar and the natural aggre-

gates, thermal stresses are mainly generated in the interface

mortars–aggregate. This treatment reduces the risk of

degradation of natural aggregates because of its lower

temperatures and duration compared to conventional

heating treatments. Parameters such as the duration of

treatment or generator power can be adjusted.

The efficiency of microwaves depends on the size and

type of recycled aggregates [11, 24]. The treatment is more

efficient for coarse aggregates than for fine aggregates,

about 71 and 19% release, respectively [26]. Treatment by

microwaves is less efficient on calcium silicate aggregates:

specific chemical reactions between aggregate and cement

paste in the interfacial transition zone affect the reactivity

of recycled aggregates subjected to microwaves [25].

The pre-saturation of RCA can improve this process’s

efficiency (mortar content decreased from 47 to 24%). The

effectiveness of treatment can also be increased by suc-

cessive applications of the process [26].

Chemical Treatment

RCA is composed of two different mineral materials,

natural aggregates and alkaline cement paste, which offer

different sensitivities to acido-basic reactions [27]. The

efficiency of acid treatment added to a water rinse

depends on mortar porosity, the nature of aggregates, the

acid solution choice and the treatment conditions (volume

of material to be processed, temperature, treatment dura-

tion, static and dynamic processing) [28]. The most

effective acids with silica or granitic aggregates are

sulfuric and hydrochloric acids (H2SO4 and HCl). How-

ever, these aggregates cannot be treated using hydroflu-

oric acid (HF) which generate the dissolution of their

main components (Quartz, Feldspar, and Mica) [29].

Limestone aggregates are insoluble in salicylic acid while

some components of the cement matrix are soluble (C2S,

C3S, Ca(OH)2, CSH, ettringite). If optimum conditions

are implemented, the efficiency of this heat treatment can

reach a rate of 100%.

Thermal–Mechanical Treatments

These methods aim to combine the effects of heat treat-

ment, hot or cold, and a mechanical post-treatment.

Thermal–mechanical treatment, such as the hot-MDE

proposed by Shima et al. [19], is of sufficient efficiency:

35–45% of clean gravels, 30–35% of clean sand and

18–35% of fine elements after treatment. Many parame-

ters influence these results: temperature, primary concrete

properties, grinding intensity et cetera. Cold thermal–

mechanical treatments combine the exposing of the

damaged cement matrix to freeze–thaw cycles and

mechanical separation of the mortar. Due to the poten-

tially high duration of this process, no specific study has

this as its principle focus.

Other Treatments

Other methods are mentioned in the literature but they have

not been the main objective of extensive studies concerning

the problem of paste–aggregate separation.

Hydraulic Jet

The high pressure water jet method is used for cutting

different materials and should be adapted to the separa-

tion of mortar and aggregate [30]. During the treatment of

a porous material, such as concrete, the water jet leads to

the dispersion of a significant amount of energy in a small

area creating a phenomenon of erosion and a wearing of

the material. The method efficiency depends on the

energy created by the jet of water in contact with the

material and on the distance between the jet nozzle and

the material.

Thermal–Chemical Treatment

The thermal–chemical treatment combines two effects: the

chemical degradation of recycled concrete aggregate by

exposure to sodium sulfate solution (Na2SO4) and

mechanical separation of the mortar by freeze–thaw cycles.

Treatment efficiency depends on a duration of more than

7 days, thus, limiting its industrial development [19, 31].
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Chemical–Mechanical Treatment

RCA can be treated by combining the effects of acid attack

and mechanical treatment. This process consists in

immersing the crushed concrete in an acid solution before

submitting it to mechanical treatment like Los Angeles.

This type of short-duration treatment could be used as a

pre-treatment to remove the coarser particles [32].

Synthesis and Balance Sheet

A result of the literature review is synthesized Table 1

concerning the main treatments. Processes experimentally

tested in the continuation of the study are also listed in

Table 1.

Materials and Methods

In the following part, some of the previously described

methods are tested in the laboratory with the aim of

determining their efficiency. Their efficiency is analyzed

using mass loss, density variation measurements and visual

comparisons.

Recycled Concrete Aggregate

Four recycled aggregates are studied: Two recycled

aggregates from industrial platforms and two homemade

recycled aggregates whose compositions and properties of

primary concrete are known (Table 2).

Methods

Treatments and measurements

Simple processes are described on Fig. 2: mechanical

wear, sandblasting, chemical attack, microwave, and hot or

cold treatment. At the end of the treatments, samples are

sieved or sorted to separate the removed mortar from the

cleaned aggregate. Next, mass loss, density, water

absorption coefficient measurements, or visual checks are

carried out at various stages of the treatments. These

measurements are used to assess the efficiency of the

treatments. When the properties of the primary aggregates

are known (GR6, GR8), efficiency is evaluated by a

comparison of values. Although the aim of this study is not

to evaluate the quantity of primary mortar contained in the

recycled aggregate, sometimes, such an estimation will be

used as the efficiency criteria.

Combined thermal–mechanical treatments are described

in Figs. 3, 4. The phases of the thermal and thermal–me-

chanical processes are detailed hereafter.

Hot Thermal Cycle

Several combinations of heating/post-treatment cycles are

made. The three first experiments are carried out to identify

Table 2 Properties of RAC and primary component

Aggregate origin

Designation Origin Place Aggregate

GR2 Industrial Strasbourg, France 0–20 mm

GR4 Industrial recybeton Gonnesse, France 4–10 and 10–20 mm

GR6 Homemade Strasbourg, France 0–20 mm

GR8 Homemade Nancy, France 0–80 mm

Composition of primary concrete (GR6 and GR8)

(kg/m3) Rolled 0/4 mm Rolled 4/8 mm Rolled 8/16 mm Total water Cement type and content [33]

GR6 700 100 1000 200 CEM I-52.5-350

GR8 790 1024 200 CEM IIB-32.5R-340

Properties of aggregates used for primary concrete (GR6 and GR8)

Fine Medium Coarse

GR6 Water absorption (%) 1.06 ± 0.28 2.03 ± 0.02 1.43 ± 0.06

GR6 Effective density (qrd) 2.86 ± 0.21 2.57 ± 0.08 2.58 ± 0.02

GR8 2.56 2.55

GR6 Bulk ssd density (qssd) 2.89 ± 0.2 2.62 ± 0.08 2.62 ± 0.01

GR6 Bulk density (qa) 2.95 ± 0.2 2.71 ± 0.09 2.68 ± 0.01
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influential parameters. These experimentations are sum-

marized in Table 3.

An optimized combined process is performed. It consists

of a complete thermal–mechanical treatment. The experi-

mental design is available with 12 parameters. Sequencing

the method (Fig. 3) allows variations of the parameters.

Tests are performed with the parameters detailed in Table 4.

Cold Thermal Cycle

The principle of the cold thermal method is to saturate

aggregates with water, then, to submit them at a low temper-

ature. On applying light (e.g. mixer)mechanical treatment the

mortar can be separated from the parent aggregate. Several

thermal cycles and aggregate saturation conditions are tested.

The two first experiments are summarized in Table 5.

After which, the optimized process is performed. It

consists of thermal–mechanical treatment. Thermal phase

consist of freeze–thaw cycles. Similar to hot thermal–

mechanical treatment, the experimental design is

sequenced of 12 steps (Fig. 4). Tests are performed with

the parameters detailed in Table 6.

Experimental Results

Wear Mechanical Test (Micro Deval)

In a first approach, the efficiency of the process is checked

using mass loss. It’s considered that mass loss is composed

of primary mortar (Fig. 5).

At first sight, the process seems efficient because mass

loss is important, mainly for the smaller aggregates (4/

10 mm) and with an application time greater than 30 min

([10% on a 1.6 mm sieve). The results confirm that the

smaller the aggregate size, the higher the mortar content

found. As expected, an increase of application time

increases mass loss.

Fig. 2 Simple processes

Fig. 3 Hot thermal–mechanical experimental design
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However, in addition to incorporating a part of the pri-

mary aggregate worn by the test in the estimating amount

of primary mortar, there is no guarantee that the treatment

removes all the mortar. Moreover, it’s not easy to choose a

relevant sieve size to qualify the primary mortar or cement

paste. Thus, when the composition of the primary concrete

is unknown, an estimation of the mortar content can’t be

done and compared to mass loss. And, even if the

Fig. 4 Cold thermal–mechanical process experimental design

Table 3 Hot thermal cycle—firsts experimentations

Experiment 1 2 3
Recycled 
aggregate 

GR4 10–20 mm 
80–110 g 

GR 410–20 mm 
80–110 g 

GR8 20–40 mm 
20 aggregates 

Processes 

Heating 

Thermal shock at 500°C Gradual heating up to → 200°C

No aggregates fracture 
Thermal expansion 

H–S–C damage 

Gradual heating step by step

No aggregates fracture 
Thermal expansion 

H–S–C ruin; portlandite damage 

Cooling Slowly in the furnace → 1 h 20°C outdoors Each temperature step

20°C outdoors         0°C water + ice 
Post 

treatment 
Processing ball mill → 10 min                    Ultrasound → 10 min 

In water and 6.3 mm sieved 
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composition is known, the composition of the mortar col-

lected post treatment is unknown (sand proportion). So, a

study based on mass loss determination is insufficient.

Without knowledge of the primary aggregate densities

efficiency can’t be totally validated. However, the visual

check indicates that an application time of 120 min is nee-

ded. Unfortunately, it leads to the damaging of the primary

aggregate (visual check), which could lead to loss of prop-

erties, for example the decrease of density observed for GR2

and GR6 (Fig. 6). Furthermore, mortar can be unstuck but

not removed, thus, voids are created between the mortar and

primary aggregate. Moreover, standard deviation of effec-

tive density measurement is near to 0.07 g/cm3 for coarse

recycled concrete aggregate (4–14 mm). This involves being

cautious regarding result interpretation.

The measurements of absorption coefficients confirm

that the treatment is not complete since the values obtained

are higher than those usually found for natural aggregate

(Fig. 7).

The detailed results on GR6 (Table 7) don’t emphasize

the relevant sieve to distinguish mortar from aggregate

because the difference between 1.6 and 4 mm is not

significant and, by comparing primary aggregate proper-

ties, they confirm that the separation is not complete.

To obtain a clean aggregate it is necessary to apply wear

over a long period. However, the removed material is not

only composed of primary mortar. So a high value of mass

loss does not ensure effective cleaning.

Sandblasting

This process is not of interest because of its high con-

sumption of sand versus its low efficiency (Table 8).

However, this method could be used in post processing to

separate mortar removed by another previous treatment

(e.g. thermal).

Chemical Attack by Hydrochloric Acid

These results and visual checks show that this method

allows the dissolution of the cement matrix. The mass loss

proportion is high: 26% on the 4 mm sieve and 38% on the

5 mm sieve. However, such tests cannot be applied to

industrial use for two reasons. Firstly, the post treatment

Table 4 Parameters—hot thermal mechanical process

No. P1 P2 P3 (h) P4 (�C) P5 (h) P6 P7 (min) P8 P9 P10 P11

16 GR4 10/20 No sat. 1 600 2 Room temp. 10 421 No *1/5 Sieving

19.1 GR4 10/20 No sat. 1 600 2 Room temp. 10 501 Small *1/5

19.2 GR4 10/20 No sat. 1 600 2 Room temp. 10 502 Big *1/5

27.4 GR8 32/64 Pre sat 48 h 1 600 4 Ice 5 ? 25 502 Big ? small *1/5

Parameters’ signification (P1–P11) are described on Fig. 3

Table 5 Cold thermal cycle—firsts experimentations

First Second

Recycled 
aggregate 

GR4: 4–6.3; 6.3–8; 8–20 mm
400 g 

GR8: 20–40 mm
20 aggregates 

Processes
Absorption–

saturation 
Immersion → saturation at atmospheric 

pressure for 24 ± 1 h, at 20 ± 5°C 
Immersion → saturation inside a desiccator under vacuum 

Cooling 4 h at—17.5 ± 2.5°C 

5°C/−18°C cycles 

-A 24 h test 
→Two cycles 

-A 3 weeks test 
→40 cycles 

Post 
treatment 

Mixing (180 ± 10 s) 
Drying + sieving 

sieved to 1 mm             and 0.16 mm 

under                           upper 
cement paste presence      samples aspect 
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filtration generates a significant loss of material that cannot

be recycled without significant processing because of the

presence of residual acid. Hence, a secondary waste

requiring treatment is created. Secondly, this process does

not guarantee the preservation of the aggregates’ quality.

Indeed, the chemical reaction of hydrochloric acid with

limestone aggregate is at the origin of the formation of

calcium chloride and carbon dioxide.

Results in term of mass loss are of interest because they

show a gap in mass loss from the 5 mm sieve (4 mm:

26.5%; 5 mm: 38.4%), and stabilization with the higher

sieves(6.3 mm: 38.4%; 8 mm: 36.1%). It can be supposed

that, up to a diameter of 5 mm, primary aggregate are not

included in the mortar. This gives an indication of the size

of the post-treatment selective sieve.

Hot Thermal Cycle

First Experiment: 500 �C Thermal Shock

The heat shocks greatly weaken the mortar and they create

separation between the paste and the natural aggregate.

However, natural aggregates have also been subjected to

thermal shock and, so, are damaged. It is then possible to

break the aggregates, manually (Fig. 8).

Second Experiment: 200 �C ? Ball Mill

This first visual qualitative check shows that a large part of

the removed attached mortar is now in a powder state and

that gradual heating doesn’t damage the primary aggre-

gates (Fig. 8). The results of mass loss and density evo-

lution confirm, firstly, that the mass loss criteria is

insufficient to qualify the treatment efficiency. For example

a mass loss of 25% (sample 2) leads to a density of 2.27 g/

cm3 of the treated aggregate while a mass loss of 19%

(sample 3) leads to a density of 2.4 g/cm3 of the treated

aggregate. Secondly, it is observed that a thermal treatment

is beneficial to the separation of mortar and aggregate when

it is added to a mechanical process. Without thermal

treatment, mass loss is limited to 16% and the treated

aggregate density is 2.22 g/cm3. However, the applied

temperature (200 �C) is not high enough (see Fig. 8): the

dilatation mechanisms and the H–S–C damage are not

sufficient to ensure an efficient separation.

Third Experiment: from 105 to 600 �C ? Cooling to 20 �C
? Ultrasound Post Treatment

Visual checks indicate that a temperature higher than

500 �C is required to sufficiently damage the mortar

(Fig. 8). Nevertheless, ultrasound post treatment doesn’t

allow efficient separation of the damaged mortar from the

aggregate. To compare the cooling modes’ efficiency (0 or

20 �C), a 2D image analysis is performed. The number of

particles in the sample, average area and perimeters are

calculated. The efficiency of a 600 �C treatment is con-

firmed since the area and perimeter increases come with

high fragmentation: from 3075 mm2 up to 145 mm2 of

area, from 239 mm up to 46 mm of perimeter and from two

Table 6 Parameters—cold thermal mechanical process

No. P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11

1 GR 4/10 mm Dry Cooling -10 �C/h
heating ?5 �C/h

?5 �C/ -10 �C 1h 45 4 Cycles/

24 h 9 4 days

0 200 No – Sieving

2 Dry 2 400 Mixer –

3 Dry 10 400 Abrasion Small

4 Saturated 0 200 No –

5 Saturated 2 400 Mixer –

6 Saturated 10 400 Abrasion Small

7 Immersed 0 200 No –

8 Immersed 2 400 Mixer –

9 Immersed 10 400 Abrasion Small

Parameters’ signification (P1–P11) are described on Fig. 4

Fig. 5 Mass loss—wear test—various application times and sieve

diameters
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Fig. 6 Effective densities function of wear time—1.6 mm sieve

Fig. 7 Absorption coefficients function of wear time—1.6 mm sieve

Table 7 Influence of selective sieve on evolution of density and absorption GR6–4–10 mm after mechanical treatment

Application time (min) 10 30 60 90 120

Selective sieve (mm) 0.063 1.6 4 0.063 1.6 4 0.063 1.6 4 0.063 1.6 4 0.063 1.6 4

qrd (g/cm
3) 2.25 2.28 2.35 2.35 2.30 2.42 2.36 2.33 2.34 2.33 2.41 2.41 2.31 2.36 2.40

W(%) 7.27 6.79 6.08 6.47 6.41 5.09 5.39 5.66 5.84 5.27 4.86 4.5 8.4 6.03 5.33

qrd rec. Ag. (g/cm
3) W rec. Ag. (%) qrd primary Ag. (g/cm3) W rec. Ag. (%)

2.23 6.9 2.57 2.03

qrd (g/cm
3), effective density; W (%), water absorption

Table 8 Evolution of mass loss

by sandblasting
Sample Mass loss (%) Mass loss (g) Sand

quantity (g)

Sample

mass (g)

Sandblasting time 30 60 90 120

GR4 4/10 test 1 0.30 0.81 1.00 1.13 11.30 1381 1000

GR4 4/10 test 2 0.34 0.80 1.11 1.29 25.80 1722 2000

GR4 10/20 test 1 0.67 0.88 1.09 1.40 21.00 1951 1500

GR4 10/20 test 2 0.39 0.77 0.83 1.33 26.70 1605 2000

Fig. 8 Comparison of the three first hot thermal treatments
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samples up to 52 samples. The results also tend to show

greater efficacy using rapid cooling (89 samples, area of

137 mm2, perimeter of 40 mm).

Optimized Hot Thermal–Mechanical Process, First Results

Examples of the visual checks of three relevant tests (600 �C),
and their parameters presented in Table 9, are in Fig. 9. The

results of all 64 performed tests [12] are not shown here.

Test No. 16 led to a mass loss of 10%. This low value is

due to the presence of mortar that is detached from aggregate

but is still contained in the sample (Fig. 9); As a result, the

density is not increased (Table 9). For this process, the

combination of a 600 �C thermal and wear mechanical

treatment allows the damaging of mortar, to remove it from

aggregate. However,without ball crushing, it is not sufficient

to separate aggregate and mortar by sieving.

The comparison between test Nos. 19.1 and 19.2 shows the

efficiency ofwear post-treatment with a large ball because the

density is increased, significantly. However, a mass loss of

66% induces a loss of natural primary aggregate and leads to a

high quantity of secondary waste. The same results are

observed for the homemade recycled 32–64 mm aggregate:

primary aggregate density isn’t recovered (2.55 g/cm3).

Cold Thermal Cycle

First Experiment: 24 h Saturation ? 4 h at -17.5 �C Cold

Cycle ? Mixing

The density of the mechanically treated sample is higher

(2.6 g/cm3) than the density of the untreated sample

(2.54 g/cm3). For this aggregate (GR4), the absolute den-

sity of primary aggregate is unknown but, usually, it is

between 2.6 and 2.8 g/cm3. So, a freeze/thaw cycle plus

mixing allows the damaging of the attached mortar.

Moreover, sieving allows the removing and separation of

the said attached mortar. It appears that several aggregates

are well cleaned (Fig. 10). However, the freeze (-17.5 �C)

Table 9 Parameters and results for thermal mechanical process

P1 #Ref P2 P5 P6 P7 (min) P9 Dmmd (%) q (g/cm3) q R.A. (g/cm3)

Hot three relevant tests

GR4 10/20 16 No sat. 2 h Room temp. 10 No 10 2.20 2.27

19.1 No sat. 2 h Room temp. 10 Small 18 2.29

19.2 No sat. 2 h Room temp. 10 Big 66 2.37

GR8 32/64 27.4 Pre sat 48 h 4 h Ice 5 ? 25 Big ? small 58 2.35 2.14

Cold tests

GR4 4/10 1 Dry 1h45 4 Cyc./24 h 9 4 days 0 No 1.3 2.27 2.28

2 Dry 1h45 4 Cyc./24 h 9 4 days 2 Mixer 8.5 2.37

3 Dry 1h45 4 Cyc./24 h 9 4 days 10 Abrasion 6.9 2.32

4 Saturated 1h45 4 Cyc./24 h 9 4 days 0 No 3.4 2.34

5 Saturated 1h45 4 Cyc./24 h 9 4 days 2 Mixer 14.7 2.33

6 Saturated 1h45 4 Cyc./24 h 9 4 days 10 Abrasion 16.3 2.36

7 Immerged 1h45 4 Cyc./24 h 9 4 days 0 No 7.4 2.34

8 Immerged 1h45 4 Cyc./24 h 9 4 days 2 Mixer 28.5 2.44

9 Immerged 1h45 4 Cyc./24 h 9 4 days 10 Abrasion 34.9 2.44

Parameters’ signification (P1–P9) are described on Figs. 3, 4

Fig. 9 Hot thermal–mechanical treatment
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also weakens the aggregate and part of the aggregates were

observed, after the mixer treatment, to have been damaged.

Second Experiment: Immersion ? Saturation Under

Vacuum ?5 �C/-18 �C Freeze–Thaw Cycles ? No Post-

treatment

The first heat cycle of 24 h, without post treatment, failed

to separate the aggregate cement paste. The second set of

3-week cycles shows results of particular interest. Simple 1

and 0.16 mm sieving allows the separation of the aggre-

gates and the cement paste. The majority of aggregate is

cleaned (Fig. 10).

Cold Thermal–Mechanical Treatment

The most relevant results were obtained with freeze/thaw

cycles ‘‘4 cycles/24 h 9 4 days’’ (Table 9).

In the case presented, saturated and immersed aggre-

gates present the most pertinent results with a weight loss

of 34.9% and a variation in the effective density of 6.66%

compared with the recycled aggregate. Results are less

efficient than those obtained, previously, due to treatment

duration (4 days vs 3 weeks) and applied temperature (-10

vs -17 �C). The 17 �C temperature was considered as

unrealizable for an industrial plant.

Microwave

An additional microwave treatment combined with a

mechanical process (mixing) increases mass loss and

efficiency (Fig. 11: higher absolute density). These results

can be compared to those obtained with hot thermal–me-

chanical processes.

Discussion

Efficiency Definition

Before choosing an efficient process for the cleaning of

aggregates, efficiency itself needs to be defined. Similarly,

methods used for mortar content determination should

define the term: mortar content.

Firstly, it’s necessary to determine the sieve which is

considered as selective with regards to final separation: the

size considered as the maximum of one of the aggregates

constituting the primary mortar. Results analysis is

dependent on this choice: the higher the sieve size, the

more the mass loss increases and the process could be

described as very efficient. The results obtained with the

mechanical process illustrate the importance of such a

choice (Fig. 5). That’s one of the reasons why the average

mortar content of RCA, reported in the literature, present

high value dispersion [34, 35].

Secondly, a high mass loss can be attributed to mortar

damage and to the separation from primary aggregates.

This can also be attributed to primary aggregate damage, as

confirmed by Yoda et al. [15], in the case of mechanical

process, or by Homand–Etienne and Zhao, for high tem-

perature thermal treatment ([600 �C) or in the case of acid

treatment [28, 36]. Thus, the technical efficiency of pro-

cesses cannot be, solely, analyzed by mass loss criteria.

After treatment, a check of aggregate properties is neces-

sary. A part of the results presented here confirms that mass

loss is not systematically correlated to bulk density or to

24 h water absorption. The same observation is reported by

Akbarnezhad et al. [35], in the case of thermal treatment.

Furthermore, high mass loss does not lead to clean aggre-

gate since the density of treated aggregate is lower than

that of natural aggregate (e.g. Table 8). Without knowledge

Fig. 10 Comparison of the two first cold thermal treatments

Fig. 11 Evolution of the

absolute density and mass loss

versus applied power (treatment

MW)
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of the primary aggregates’ initial properties, technical

efficiency cannot be discussed, objectively. However,

density values of post-treated aggregates (with a maximum

of 2.44 g/cm3), reported by Akbarnezhad et al. [35], can be

compared to the usual values ([2.5 g/cm3) and, so, are in

accordance with our results.

In the same way, it’s difficult to establish a comparison

of our results with contents of mortar values, reported in

literature. In fact, experimental procedures used to deter-

mine content, and their limits, are not always detailed [35].

When primary concrete composition is known, Dao

proposes the following model to estimate mortar content

[8]:

AnatRCA¼
qRCA�qparentC
� �

þ qparentA�qRCA
� �

�AnatparentC

qparentA�qparentC

ð1Þ

Anat RAC: volumetric proportion of natural aggregate in

the RAC; AnatparentC: volumetric proportion of natural

aggregate from composition of parent concrete; qRCA: RCA
density; qparentC: parent concrete density; qparentA: parent
aggregate density.

This simplified approach considers that the relative

proportions of paste and aggregate can evolve between the

primary concrete and the recycled concrete aggregate

without modifying the size of the primary aggregates. That

means that the employed methods do not damage the pri-

mary aggregates.

Without knowledge of primary concrete composition, an

estimation of the density of the attached mortar can be

done by making assumptions about its composition.

However, they induce biased results. Deodonne proposes

different compositions of attached mortar and measures

their densities (qd = 1.98 g/cm3 for mortar, qd = 1.7 g/

cm3 for micro-mortar and qd = 1.93 g/cm3 for cement

paste) [5]. Hansen [37] confirmed these values for natural

aggregate and attached mortar densities (qd = 2.65 g/cm3

for natural aggregate vs 1.75 g/cm3 for attached mortar).

Finally, efficiency cannot be limited to technical effi-

ciency. Energy consumption, noise generation, health risk

and the production of second generation waste have to be

taken into account to distinguish efficient global processes

and to compare processes. Without which, the parameters

which modify the efficiency of a process cannot be ana-

lyzed. However, it is difficult to compare processes.

Distinguishing Processes

Regarding the results, it appears that individual treatment is

not sufficient and that there is not any one treatment which

allows the removing of all the mortar without damaging

primary aggregates. Indeed, bulk density stays lower than

expected for a natural aggregate while water absorption is

higher. These results are in accordance with the literature:

even when the most efficient treatment is applied (global

efficiency), 17% of mortar is still contained in the treated

aggregate [10]. According to previous discussion about

efficiency definition, processes cannot be totally compared

with one another or with those reported in literature.

Combining several processes can improve efficiency by

combining the advantages of each one. Thus, wear by

mechanical processes (MDE wear) is efficient for an

application time of at least 30 min. These results are in

accordance with those mentioned by Yoda [15]. The pro-

cessing duration and, also, high energy consumption is

necessary to achieve a minimal efficiency of abrasion

treatment by shocks (20 min for Los Angeles test). Ther-

mal processes allow the damaging of mortar by hot thermal

stresses and by mineral phase destruction but, as shown in

Fig. 8, a temperature higher than 500 �C (up to 600 �C) is
required to damage enough mortar, specially portlandite,

according to Fig. 12 [38]. Homand–Etienne and Houper,

confirm that a temperature of 600 �C is needed [36].

To conclude, concerning the efficiency of pre-saturation

or rapid cooling in ice after heating, as presented by Bazant

and Kaplan [21] and confirmed by De Juan and Gutierrez

[39], the whole experiment design of the hot thermal–

mechanical process proposed needs to be performed and

analyzed with the aim of identifying the relevant parame-

ters. Similarly, the application of damage by freeze–thaw

cycles on primary mortar, mainly by thermal stresses and

the expansion of ice (Table 8) and with a high saturation

state, improves efficiency as confirmed by the results of

Yang et al. [22]. Low energy micro wave application or

sandblasting, used alone, are inefficient. However, they

could be combined for a first post treatment. Chemical

attack by acid is efficient regarding technical objectives but

cannot be applied to an industrial plant because of the

health and environmental impact. The use of this process

must be limited to check the quantity of mortar content in

the laboratory if primary aggregates do not react to acid, as

studied by Zhao [28].

Combining the advantages of each process, described

above, leads to the thermal–mechanical treatments pro-

posed here, or, by Shima et al. [19] or Nogushi [31]. They

appear to be the most promising processes on condition

that the method is sequenced step by step as proposed in

this study, and can be described as the follow: hot or cold

heat treatment to damage mortar//wear by mechanical

treatment to unstick mortar and to crush it to reduce size

aggregates//micro wave application with low energy,

ultrasound or sandblasting applied simultaneously or,

before sieving, in order to separate constituents provided

that the selected sieve is defined//a quality check by mea-

suring the properties of cleaned aggregates (densities,

absorption, mechanical strengths). At this time, visual
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checks are still the most appropriate method for analyzing

the cleanness of aggregate although observation can be

subjective. In this sense, more recent studies performed

since this study suggest adding a sequenced step of visual

sorting to select cleaned aggregates. The mass percentage

of cleaned aggregates that can be reused compared to

treated recycled aggregate is low (19%). However, the

aggregates obtained are of appropriate quality. Moreover,

24% of treated aggregates are cleaned but broken, 18% of

treated aggregates are composed of mortar and 27% of

treated aggregates are partially cleaned. The rest is com-

posed of fine elements. Eerland and Florea propose also a

combination of processes (pressure plus abrasion), leading

to easily recyclable aggregates although no control on the

properties of the treated aggregates were performed

[16, 17]. Such a global process including the optimization

of the initial crushing is interesting on condition that

properties and qualities of the treated aggregates are

controlled.

Conclusions and Further Study

Thanks to a short preliminary process review, this study

allows the identifying of relevant treatments depending on

the most appropriate separation of mortar and/or of the

most appropriate quantification of the attached mortar of

RCA. These selected methods, or combinations of them,

are then tested in the laboratory in order to determine their

efficiency. Their efficiency is analyzed using mass loss,

density variation measurements and visual comparison.

First, it appears that, in order to distinguish an efficient

process for aggregate treatment, efficiency itself needs to

be defined (mass loss or density measurement vs cleaned

aggregates ratio). In the same way, the constitution of

primary mortar should be defined (the maximum aggregate

size of which it is constituted). Furthermore, the process

efficiency is difficult to determine because of the lack of

knowledge of primary aggregate properties. As a major

objective of this study is to develop methods in the labo-

ratory which are transferable on a wider scale, global

efficiency needs to take into account not only the technical

criteria of cleanness but also the environmental and

industrial criteria.

Experimental results indicate that aggregates are never

completely cleaned and/or can be damaged by the applied

treatments. Thus, no method is 100% satisfactory. How-

ever, combined processes, such as the thermal–mechanical

treatment proposed here, appear to be the most promising

processes on condition that the method is sequenced step

by step.

The next steps of this study will consist in performing

the two complete experimental designs of thermal

mechanical experiments (hot and cold) and the multi-cri-

teria analysis in order to determine, step by step, the rele-

vant value of parameters. In order to improve the definition

of the efficiency and the cleanness of the aggregates, many

checks will be performed, such as density and absorption

measurements, visual checks, mechanical strength, grading

curves, etc. Thus, their non-damaging properties or the

evolution of their properties will be verified. Then, the

environmental impact, especially energy consumption of

the optimized processes, will be determined to ensure

appropriate industrial application.

Acknowledgements The authors would like to thank the members of

the French national recybeton project for providing the RCA samples.

The authors also wish to acknowledge Mr. Danko Mandić for his
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