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Abstract: Economic and environmental factors call for increased resource productivity. Partial or full
replacement of Portland cement by wastes and by-products, and natural aggregates by construction
and demolition wastes, are two prominent routes of achieving circular economy in construction
and related industries. Municipal solid waste incineration (MSWI) bottom ashes have been found
to be suitable to be used as a supplementary cementitious material (SCM) after various treatments.
This paper reports a brief literature review on optimum use of recycled aggregates in concrete
and an experimental study using replacement of natural aggregate by demolished concrete having
MSWI bottom ash as partial replacement of Portland cement, and compares its properties to that of
completely natural aggregate concrete. Additional water was added as a compensation for the water
absorption by the recycled aggregate during the first 30 min of water contact during concrete mixing.
Also the fine fraction of crushed concrete (<250 µm) was removed to reduce the ill-effects of using
recycled aggregate. The replacement of aggregates was limited to 23% by weight of natural aggregate.
The results prove environmentally safe and comparable performance of concrete including recycled
aggregate with bottom ash to that of natural aggregate concrete.

Keywords: municipal solid waste incineration bottom ash; recycled concrete aggregate; recycled
aggregate concrete; supplementary cementitious material; circular economy

1. Introduction

Municipal solid waste incineration bottom ash is a residue generated as a result
of incineration of waste that is not feasible or economical to be recycled. In Europe,
around 17.6 million tonnes of MSWI bottom ashes are generated per year [1]. In Denmark,
Netherlands, France and Germany, the utilisation is around 98%, 67%, 72% and 65%
respectively. In Belgium, 15% of bottom ash generated is utilised in Belgium itself, mainly
as aggregate in road construction, 35% is utilised outside Flanders, in the Netherlands and
Germany, and the remaining 50% is landfilled after stabilisation [2–4]. However, it also
has potential to be used in applications with higher value such as cement replacement.
Obstacles for its use are presence of elemental aluminium, heavy metals, salts etc. and
various treatments have been proven to be beneficial to make it suitable as a supplementary
cementitious material [5–7].

The various aspects of effective utilisation of MSWI bottom ash for building materials
were previously reviewed and published in [6]. Furthermore, an elaborate study was
conducted to investigate utilisation of treated MSWI bottom ash as supplementary cemen-
titious material. Pre-treatment methods to reduce ill-effects of MSWI bottom ash while
used in concrete were devised and an optimised concrete mix containing processed MSWI
ashes as 20% of the binder has been designed and its performance in terms of mechanical,
durability and environmental properties was studied and is reported [8,9].
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In order to establish circular economy, it is also important to utilise the concrete after its
service life. The annual demand for aggregates is currently around 50 and 2.7 billion tonnes
worldwide and in Europe respectively [10,11]. Around 450 million tonnes of C&D wastes
are generated annually in EU and only 28% is recycled [12]. Use of recycled aggregates,
reduces mining of natural aggregates and its related environmental problems, and is an
answer partly to the shortage of aggregates. So, to prove that also concrete containing
MSWI bottom ash as a supplementary cementitious material can find a second life as
recycled aggregates at the end of its service life, concrete samples containing MSWI bottom
ash as SCM were crushed and used as recycled aggregate. The mechanical and durability
properties of the recycled aggregate concrete (RAC) were compared to that of natural
aggregate concrete (NAC) and are reported in this paper.

2. Use of Recycled Concrete Aggregates as Replacement for Natural Aggregate

Literature encompasses various studies on use of recycled aggregates (RA) such as
recycled concrete aggregate (RCA), recycled masonry aggregate (RMA) and mixed recycled
aggregate (MRA) as replacement for natural aggregate (NA). However, RCA is focussed
on here. The properties of concrete with recycled aggregate are affected by various factors.
Factors relating to aggregates include water absorption of the aggregate, saturation level of
aggregate at the time of mixing, grading and size of aggregate, constituents of the aggregate
and source and crushing process of the aggregate [13,14]. Factors related to mix design
and mixing of concrete include water-cement ratio, presence of mineral additions, use of
chemical admixtures, curing age, recycled aggregate content and mixing procedure [15,16].

Water absorption of RCA is an indicator of its porosity and will influence the strength
of the RAC. Aggregates with high water absorption partially absorb the mixing water and
reduce workability and effective water-cement ratio, thereby affecting the fresh (mainly
workability) and hardened concrete properties (mainly shrinkage) [17]. RCAs have high
water absorption compared to NA [18], and the resulting decrease of free water in the mix
up to a certain level could increase the strength, however, an excessive decrease in free
water can deteriorate the strength of concrete due to lower hydration of cement particles
and poor workability of the mix compared to conventional concrete.

The volume of voids among coarse aggregate particles is filled up by fine aggregates
and cement paste, which affects the density, the amount of cement mortar and performance
of concrete. Instead of replacing simply a part of natural aggregate by RA, the aggregates
need to be graded according to size fraction. This gives rise to a better packing of the
matrix resulting in better mechanical and durability properties [19]. A study showed that
increasing the maximum size of aggregates increases the strength of resulting concrete.
However, this limits the use of aggregates to large members and mass concreting [20].

The constituents of RA have high impact on its properties. RA sometimes contains
wood, asphalt, plastic, glass etc. The bond between these materials and cement paste
is very low and that affects the mechanical and durability properties of the resulting
concrete [21]. Residual mortar content in RA, and its condition also has an important
effect on its properties [22,23]. Higher content of residual mortar in aggregates increases
porosity, water absorption, and may affect associated properties. Strength and other
hardened concrete properties decrease. Residual mortar content also has an effect on the
shape parameters. It gives more angular shape and rough texture to the recycled concrete
aggregate, and this significantly affects particle packing. Increase in angularity leads to
increase in void content, and thus leads to higher paste demand [24].

The type of aggregate in the original concrete is also found to have an effect. Concrete
with RA originating from concrete with pebbles used as coarse aggregate was found to
have higher compressive strength than that with crushed rock as aggregates [25].

Properties of parent concrete determine the properties of the recycled aggregate to a
great extent. RA generated from high strength concrete has high crushing strength, low
porosity, low water absorption etc. [26,27]. In a study damage sensitivity of aggregates
to recycling processes was assessed [28]. Three levels of crushing processes were con-
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ducted. Level 1 included primary crushing with jaw crusher and impact crusher and then
separation into fine and coarse fraction. Level 2 and Level 3 consisted of an additional
mechanical grinding step. While double crushing of the source concrete (Level 1) consider-
ably reduced the density of the cracks in the coarse aggregate by eliminating the particles
with microdefects and irregular voids, processing up to Level 3 introduced negligible new
cracks. Only a very minor amount of cracking could be detected in adhered mortar or at the
interfacial transition zone. Consequently, the recycled concrete aggregates obtained at each
stage of the recycling process did not show any loss of integrity. Beyond this, extending of
the recycling process up to Level 3 efficiently increased the physical performance of the
concrete aggregate by reducing the adhering mortar [28].

Water to cement ratio of concrete is a major parameter influencing strength and
workability. Actual water-cement ratio should be fixed taking into consideration the
water absorption of aggregates. Use of pre-saturated aggregates affects the structure of
the ITZ, which can be improved by use of mineral additions. Partially replacing fine
aggregates by mineral additions was also found to improve the strength of RAC. Addition
of superplasticizer can compensate for loss of workability and also facilitates reduction of
water-cement ratio to improve the strength. Increase in content of RA usually decreases the
strength of concrete depending on its quality. General agreement is that replacement of less
than 30% does not alter the strength considerably [29].

3. Strategies to Improve Properties of Recycled Aggregate Concrete

Many problems associated with recycled aggregates are caused by cracked and ad-
hered mortar on the surface of old aggregates. It is the presence of this mortar that leads
to the increase in water absorption of the RCA and hence an increased water demand for
the concrete made with RCA to maintain the workability. It leads to reduced strength and
durability of the recycled aggregates and of the resulting concrete made with recycled
aggregate. There are various options to reduce the ill-effects. These methods can be broadly
classified into removal of the cement paste around the aggregates, strengthening the mortar
around aggregate, and others related to mix design and mixing of concrete [30].

Removal of mortar can be done by mechanical grinding and sieving, acid treat-
ment [13,31–33], heat treatment [30,33] or microwaving. Treatment of RCA in a Los Angeles
abrasion machine for 300 revolutions with 12 charges and then sieving on 4.75 mm sieve
decreased water absorption of aggregates by 32.3% [33]. Heating concrete to around 300 ◦C
makes the mortar brittle and easier to remove by mechanical treatment [30]. Heating to
high temperature and then suddenly quenching in water decreases the amount of mortar
adhered to the aggregate and allows it to be removed easily by sieving or mechanical
grinding [33,34]. Microwave heating makes concrete brittle which results in lower frac-
ture energy. This makes it easier for the mortar fraction to be removed by mechanical
grinding [35].

Strengthening of mortar can be done by carbonation, calcite deposition, mixing with
pozzolan, cement slurry or polymer emulsion. Carbonation of Ca(OH)2 which produces
calcium carbonate leads to reduction in porosity and thus improvement in quality of recy-
cled aggregate. However, carbonation for long time at high concentration of CO2 leads to
carbonation of C-S-H which increases the porosity of cement paste. Therefore, the carbona-
tion treatment should be conducted at optimum CO2 concentration [36–38]. Immersion of
RAs in lime water before carbonation can introduce more carbonatable calcium, and it was
proven effective in improving tensile strength of the resulting concrete [39]. Immersion of
recycled aggregates in lime water even without carbonation was shown to improve the
properties [40]. Another recent innovation investigated using recycled fine powder slurry
along with carbonation to treat RCAs and it was found beneficial in reducing the poros-
ity [41]. Various strains of bacteria, especially of the bacillus group, precipitate calcium
carbonate, and can be used to reduce porosity. Sporosarcina pasteurii (Bacillus pasteurii) [42]
and Bacillus sphaericus [43] have been successfully studied for this purpose. Accelerated
calcite precipitation by submerging RCA in water and dissolving CO2 in the water at high
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pressure was also studied [44]. Cement slurry [45], alkali activated binders [46] and various
polymers have been tested to seal the pores and hence to reduce the water absorption of
recycled aggregate. Polyvinyl alcohol (PVA) [47,48], silane or siloxane based polymers [49],
sodium silicate [45], paraffin etc. were used effectively at optimum concentrations [30].
Spraying pozzolan slurry on recycled aggregate strengthens the cracks in the aggregate by
reaction of the pozzolans with Ca(OH)2 in the waste concrete forming C-S-H [30].

A special mixing technique called two stage mixing technique (TSMA) was studied as
well [50]. In TSMA first the recycled aggregates are mixed with cement paste which forms
a coating on the surface of the aggregate and fills up cracks and voids, before the actual
concrete mixing takes place [50]. This mixing procedure was also found to decrease the
creep of resulting concrete [51]. Replacing part of the fine aggregate by mineral addition can
be used as a strategy to increase the compressive strength of recycled aggregate concrete [14].
Addition of basalt fibre in the range of 0.1–0.5% was found to increase flexural and splitting
tensile strength of RAC with marginal increase in compressive strength [32]. Equivalent
mortar volume method is yet another method in which quantity and quality of cement
paste and aggregate in the RA is accounted for, and both the coarse aggregate and fresh
paste content of the mix are adjusted accordingly to achieve the same total mortar volume as
a companion mix with the same specified properties but made entirely with coarse natural
aggregates of similar properties to the coarse natural aggregate contained in RCA [52].

To avoid problems due to high water absorption of RA, the pre-saturation method
or the water compensation method can be used. It was reported that not more than 90%
of the total water absorption of the aggregate is absorbed during the first two hours after
mixing, so not all of the measured water absorption of the aggregates needs to be added
as compensation [24]. In the pre-saturation method, RAs are saturated prior to mixing,
and in the water compensation method, additional water required for absorption by RAs
is supplied during mixing of concrete. A study confirmed that concrete produced by the
pre-saturation method had slightly inferior fresh and hardened properties compared to
that produced by the water compensation method. The authors attributed this observation
to the absence of nailing effect in pre-saturated aggregates, which is the penetration of
cement paste in superficial pores in aggregates [53]. Various other studies reported higher
strength for concrete made with dry RAs [54,55]. A microstructural study of RAC using
microtomography reported that using RCA in dried state during mixing resulted in RCA
absorbing water and releasing air bubbles inside the new concrete matrix as long as the
concrete remained in the fresh state. Consequently, a macropore formed surrounding
the RCA boundaries [56]. No systematic difference in compressive strength and carbon-
ation resistance between concrete produced with dry and pre-saturated aggregates was
observed [17].

These factors need to be incorporated into the quality control of concrete at various
stages and they are summarised in Figure 1. Maximum utilisation of RCA can be made
possible by preserving and improving its quality right from the demolition up to the mixing
of concrete.
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Figure 1. Steps in the quality control of recycled aggregate concrete.

4. Aim of the Study

Although the improvement and application of RCA for use in new concrete has been
extensively studied, as shown in the literature overview given above, the introduction of
novel SCMs in the parent concrete could affect the properties of the RCA and new RAC.
The aim of this study was to show that the application of MSWI bottom ashes as SCM
in concrete, will not affect its suitability to have a second life as RCA after demolition of
the concrete structure. Therefore, RCA were made from parent concrete containing MSWI
bottom ashes as a fraction of the binder. New RAC made with those RCA was tested for
its mechanical properties (strength, modulus of elasticity, creep, shrinkage), durability (air
permeability, carbonation resistance), and possible negative effects on the environment by
leaching of hazardous compounds.
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5. Materials and Methods

The experimental study described in this paper is part of a broader study on effective
utilisation of MSWI bottom ashes in cement and concrete. Previous parts of the study
on pre-treatment of MSWI bottom ashes can be found in our paper by Joseph et al. [5]
and results on mechanical, durability and environmental properties of the bottom ash
concrete can be found in our article by Alderete et al. [8]. Presence of hazardous elements
in the bottom ash is a primary concern for its use in building materials. The bottom ashes
used in the study were first processed at the incineration site to extract valuable metals
and to render them non-hazardous. The processing steps consisted of washing, sieving,
crushing, magnetic and eddy current separation etc. Additionally the ashes were milled
and remaining metals were separated. The fraction of bottom ash between size 2 and 6 mm
was selected (called 2/6NB), and its chemical composition along with that of the cement
CEM I 52.5R used in the parent concrete, determined by XRF, can be found in Table 1.

Table 1. Chemical composition of cement and bottom ash used in the parent concrete and of the
cement used in the RAC. Estimated relative error is ±10%.

Oxides CEM I 52.5N (%) CEM I 52.5R (%) 2/6NB (%)

CaO 67.80 68.80 18.40
SiO2 18.10 18.30 43.90

Al2O3 4.34 3.52 10.20
Fe2O3 2.60 2.97 9.87
SO3 4.06 4.05 2.26

MgO 1.41 1.02 2.49
P2O5 - 0.14 1.43

Cl 0.07 0.03 0.47
Na2O - - 6.92
K2O 0.78 0.89 1.23
ZnO 0.04 0.01 0.85
TiO2 0.24 0.12 0.98
CuO 0.02 0.01 0.27
BaO 0.02 0.01 0.14
PbO 0.01 0.00 0.11
MnO 0.04 0.15

Various mixes were cast as trial to obtain a mix design with optimum replacement
of cement by milled 2/6NB targeting similar strength as that of a mix with only CEM I
52.5N as binder (the chemical composition of this cement is also shown in Table 1). In these
trial mixes, the water to binder ratio ranged from 0.35 to 0.45 and the cement replacement
rate ranged from 10 to 20%. Additionally, CEM I 52.5R was used in the mixes with bottom
ashes, instead of CEM I 52.5N in the Portland cement mix, to compensate for delay in
strength gain when cement replacement is done. Four of these trial mixes were selected to
produce RCA and their composition is shown in Table 2. The compressive strength at 2, 7
and 28 days is shown in Figure 2.

The recycled aggregate was manufactured in the lab by crushing equal amounts of
concrete remnants left from compressive strength testing of the four trial mixes A, B, C and
D, in a laboratory jaw crusher, Matest A092, and sieving out the fraction with size <250 µm
since the fines affect the quality of aggregate the most. The crusher had 16 jaws with
minimum and maximum opening width of 5 and 15 mm respectively. A mix of crushed
particles from the four concretes of the trial mixes was used as recycled aggregate. In
this study, a comparison is made between a reference natural aggregate concrete NAC
(identical to Mix 1 in Alderete et al. [8]) and a recycled aggregate concrete, designated as
RAC. Taking the composition of the NAC and the obtained particle size distribution of the
recycled aggregate as a starting point, the recycled concrete mix design has been made by
replacing part of the natural aggregates 0/4 and 4/16 as such that the overall particle size
distribution remained nearly the same. The particle size distributions of the aggregates
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used in the study are shown in Figure 3. Extra water was provided to the mix to account
for the water absorption of the recycled aggregates during the first 30 min. Total water
absorption of recycled aggregates was determined after soaking for 24 h. However, to
assess the mentioned extra water for pre-wetting of the recycled aggregates, rather the
water absorption during the first 30 min was considered, to avoid the negative effects of
the pre-saturation method as discussed in Section 3. This corresponds to the approximate
time required for mixing, placing and compacting of concrete. The mix compositions of
NAC and RAC are given in Table 3. Overall, 23% (by weight) of the natural aggregates
have been replaced, and 27% in reference to the 0/4 and 4/16 fractions of NAC. To obtain
similar workability, the amount of superplasticiser was slightly increased, as suggested in
the literature (see Section 2).

Table 2. Mix composition of parent concrete.

Mix A Mix B Mix C Mix D

w/b 0.35 0.35 0.4 0.4

% cement replacement 10 15 10 15

Gravel 4/16, kg/m3 1056 1055 1029 1028

Sand 0/4 kg/m3 573 572 556 558

Sand 0/1 kg/m3 287 286 279 279

CEM I 52.5R kg/m3 333 314.5 333 314.5

2/6NB kg/m3 37 55.5 37 55.5

Water kg/m3 129.5 129.5 148 148

Plasticiser—Sika
Viscocrete 1035 kg/m3 8.4 8.4 3.7 3.7

Figure 2. Strength of parent concrete with processed MSWI bottom ash used as cement replacement.
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Figure 3. Sieve analysis of aggregates used in NAC and RAC.

Table 3. Composition of mixes used in the study (kg/m3).

NAC RAC

Sand 0/1 271 271

Sand 0/4 541 378.8

Rolled gravel 4/16 997 698

RA 401.2

CEM I 52.5 N 360 360

Water 173 174 + 18 for pre-wetting

Superplasticiser 7 8

The mixing procedure of NAC was as follows: first cement, fine and coarse aggregates
were dry-mixed for a minute; then the water was added and the mixing continued for
2 more minutes, finally the plasticiser was added and mixed for 1 extra minute. For RAC,
the following procedure was followed. First the aggregates with pre-wetting water were
mixed for 1 min. Then binder (CEM I 52.5N) and remaining water was added, and the
mixing continued for 2 more minutes; finally the plasticiser was added and mixed for
1 extra minute. All the concrete samples were demoulded 1 day after casting and cured in
a climate room at a temperature of (20 ± 2) ◦C and a relative humidity (RH) higher than
95% until 28 or 90 days of age, after which they were cut and subjected to preconditioning
and testing.

Compressive strength tests were carried out on cubes with side length of 150 mm
according to the standard NBN B 15-220 (1990) [57]. Three samples per mix were tested at
2, 7, 28, and 91 days of age. The test for modulus of elasticity of concrete was performed
on cylinders of 150 mm diameter and 300 mm height after 28 days of curing according
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to Belgian standard NBN B 15-203 (1990) [58]. During the test, the concrete sample was
subjected to a pressure of one third of compressive strength for three times, and then up
to failure. While loading, the load and the deformations of the measurement bases of
the specimen were recorded electronically. The value of the modulus of elasticity was
calculated as the slope of the ascending branch of the last loading-unloading cycle.

Creep testing was conducted according to standard NBN 15-228 [59] on four specimens
of size 150 × 150 × 500 mm, two for total creep and two for basic creep. The specimens
were cured until 28 days of age in a wet chamber. Then two specimens for basic creep
were covered with aluminium tape, and mechanical deformeter points (type demec) were
fixed on all four. The other two specimens were tested uncovered. Specimens were
loaded in compression to 30% of their compressive strength; the load was maintained
constant with pressure vessels and the strain was measured regularly during 14 days using
the mechanical deformeter strain gauges of type demec with a base length of 200 mm.
Shrinkage of concrete was measured according to standard NBN 15-216 [60] on four
specimens of size 150 × 150 × 600 mm after a curing period of 24 h in a wet chamber.
After curing, two specimens for basic shrinkage were covered with aluminium tape and
mechanical deformeter points (type demec) were fixed on all four sides, both covered and
uncovered, similar to the creep specimens. Then strain was measured regularly using
the deformeter.

Samples for air permeability tests were cut from slabs of size 400 mm × 400 mm × 100 mm.
Four cylinders of 150 mm diameter were cored out of the slab and the middle part was cut
out. For carbonation, cylinders of diameter 80 mm and 48 mm height were cut out from
cubes of side 100 mm. After the curing period, the samples for air permeability, capillary
imbibition rate and carbonation were cut and immersed in water for 72 h, followed by
drying at 50 ◦C till the mass change measured at 24 h intervals was less than 0.1%. The
lateral surfaces of samples for carbonation were covered with epoxy resin. After drying the
specimens were kept covered in polythene bags for 4 weeks for the moisture to redistribute
in the specimens and to have a homogenous relative humidity in the pores.

Air permeability of the specimens was measured by Torrent permeability tester which
is a non-destructive method to measure air permeability of concrete according to Swiss
standard SIA 262/1:2013. After 4 weeks of homogenisation, the surface moisture content
of the samples was measured using a screed moisture meter PCE PMI-4 that measures
moisture content by calcium carbide method [61]. The air permeability apparatus was
calibrated and the permeability was measured right away. Both pre-conditioning and
measurement were carried out in a temperature and humidity-controlled room at 20 ◦C
and 60% RH.

Specimens for carbonation testing were exposed to 1% CO2 in a conditioned chamber
at 20 ◦C and a RH of 60%. Further, the carbonation depth was measured using phe-
nolphthalein indicator. After different exposure times, specimens were taken out of the
carbonation chamber and were split into two halves longitudinally and sprayed with
1% phenolphthalein solution. The carbonated region remains uncoloured and the uncar-
bonated region turns purple. Carbonation depth is measured at 8 points and its average
is reported.

To further prove that the recycled concrete is safe for use, leaching was tested with the
two-step shake test according to CMA/2/II/A9.4 [62] and the leachate was characterised
using inductively coupled plasma mass spectrometry (ICP-MS). Both NAC and RAC
concrete samples after 90 days were crushed first using a compression testing machine.
Then the pieces were collected and crushed further with a hammer, and the fraction <4 mm
was collected by sieving. In the first step, the sample is shaken at a liquid to solid ratio
(L/S) of 2 L/kg for 6 h, and in the second step at 8 L/kg for 18 h. The cumulative L/S is
10 L/kg. The pH value and the composition of leachate was determined after leaching.
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6. Results and Discussion

The 28 d compressive strength of concrete used for making recycled aggregate ranged
from 67 to 82 MPa as shown in Figure 2. The minimum strength class of this parent concrete
was C35/45. The average water absorption of the recycled aggregates at 24 h was obtained
to be 6.1% (by weight). This order of magnitude is similar to what is typically reported
for various kinds of recycled aggregates. The water absorption of natural aggregates
typically lies below 1%, and that of recycled aggregate ranges between 2–20% depending
on residual mortar content, cracking etc. [14]. The compressive strength of concrete in
which natural aggregates were replaced for about 23% with RA is shown in Figure 4. The
strength of RAC improved slightly with respect to NAC. The increase of strength at 28 days
is around 16% and 9% at 90 days. Medium compressive strength concrete made with
25% of recycled coarse aggregates is reported to achieve the same mechanical properties
as that of conventional concrete employing the same quantity of cement and the equal
effective w/c ratio [16]. Here, the strength increase can be attributed to a combination of
the following factors. The compressive strength of parent concrete used for production of
the RCA ranged from 67 to 82 MPa, similar to or somewhat higher than that of NAC. Also,
the fine part of RA which is less than 250 µm in size was removed by sieving. The grading
of concrete particle sizes was optimised according to Fuller’s curve. Some water absorption
by the recycled aggregates would still occur after 30 min, and hence the w/c effective of
the RAC would still be lower than of NAC. This could also be an important reason for the
higher strength. A major drawback of water absorption of the recycled aggregate is the
reduced workability of concrete. Workability is also affected by the roughness and angular
shape of recycled aggregates. This could lead to higher amount of compaction pores that
could reduce the strength [63]. To mitigate this effect, additional water was added and also
the workability was adjusted by using superplasticizer. The slump value of NAC and RAC
was 188 and 175 mm respectively which belongs to the same slump class. The reduced
effective water to binder ratio combined with similar slump will have resulted in better
compressive strength of RAC.

Figure 4. Compressive strength of NAC and RAC at 2, 7, 28 and 90 days.

The modulus of elasticity value was significantly reduced by addition of recycled
aggregate as shown in Figure 5. The reduction is around 17% which is similar as reported
in literature. In literature, the modulus of elasticity is reported to be greatly reduced by the
use of recycled aggregate; it can reach 45% of the modulus of elasticity of corresponding
conventional concrete. This percentage reduction varies based on the percentage substitu-
tion. The 45% reduction was reported at 100% substitution, and a more moderate reduction
of 15% was mentioned at 30% substitution [64].
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Figure 5. Modulus of elasticity of NAC and RAC.

Total creep and basic creep of NAC and RAC are shown in Figure 6. It can be seen
that both total and basic creep are higher for RAC. This could be attributed to the lower
modulus of elasticity of the RAC. The difference in creep between RAC (with RCA) and
NAC (reference) is more pronounced for the basic creep than for the total creep, meaning
that the drying creep is more favourable. Total creep is highly affected by the permeability
of concrete. Higher permeability results in faster loss of moisture, and this results in faster
rise of strain. The value of air permeability of concrete NAC and RAC determined after
28 days of curing and pre-conditioning is shown in Figure 7. Both these values fall under
the classification of moderate permeability (0.1–1 × 10−16). However, RAC has a lower
value of air permeability compared to NAC, that results in a smaller difference between
total creep and basic creep. The shrinkage values of both NAC and RAC are similar as can
be seen in Figure 8. Shrinkage is highly affected by the binder, and similar shrinkage values
could be attributed to the same binder and water to binder ratio used in both the mixes.

Figure 6. Creep coefficient of NAC and RAC.
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Figure 7. Torrent air permeability values of NAC and RAC after 28 days of curing.

Figure 8. Shrinkage strain of NAC and RAC.

The evolution of carbonation depth with time is shown in Figure 9a, and the carbona-
tion coefficient in Figure 9b. It can be seen that recycled concrete has lower carbonation
depth than conventional concrete, and the carbonation coefficient decreases by around 45%.
Carbonation depth is mainly affected by air permeability and buffer capacity. Residual
mortar content in the RCA which is not carbonated adds to the buffer capacity of RA
concrete. Lower carbonation depth of RAC would be a combined effect of both higher
buffer capacity and lower permeability. In addition to all the above aspects, the better
quality of RAC can partly be attributed to use of recycled aggregate from known parent
concrete with a strength class superior to that of the recycled aggregate concrete at moderate
replacement levels.

The results of the two-step shake test conducted on crushed concrete, and the limits
prescribed by VLAREMA (Decree of the Flemish Government establishing the Flemish
regulation on the sustainable management of material cycles and waste) are shown in
Table 4. VLAREMA limits indicate values for use of bottom ash in unshaped elements
(e.g., road subbase). However, in this application, bottom ash is used in conjunction with
concrete which dilutes the content of heavy metals, and also, the cement hydration process
encapsulates much of the leachable elements which results in negligible amount of leached
heavy metals. Only Cr was detected in concrete mixes, but the concentrations are well
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within the limits for use in even unbound applications and the leaching from the RAC is
comparable to that from the NAC.

Figure 9. (a) Evolution of carbonation depth with time and (b) carbonation coefficient of NAC
and RAC.

Table 4. Heavy metal content and pH in eluates from leaching test and VLAREMA limits.

NAC
(mg/kg)

RAC
(mg/kg)

VLAREMA Limits
(mg/kg)

pH 12.5 12.51 -

As 0.00 0.00 0.8

Cd 0.00 0.00 0.03

Cr 0.17 0.20 0.5

Cu 0.00 0.00 0.5

Pb 0.00 0.00 1.3

Ni 0.00 0.00 0.75

Zn 0.00 0.00 2.8

Hg 0.00 0.00

Cl 52.0 47.62 430

SO4 20.3 26.09 540

7. Conclusions and Perspectives

Optimum use of recycled aggregate in concrete can be made possible by taking
various steps that can facilitate its preservation and use. The presence of adhered mortar
on the surface of crushed concrete aggregate generally increases water absorption and
degrades the quality of the recycled aggregate and consequently the fresh and hardened
properties of concrete made from it. Recycled aggregate is generally considered inferior to
natural aggregate in terms of technical properties. However, it can be used in moderate
replacement ratios when proper measures are taken, reducing the environmental footprint
of the final product without affecting the properties. Here, the experimental study showed
that the replacement of 23% of NA by RCA from concrete with MSWI bottom ashes as
SCM, produced concrete with comparable properties. The application of MSWI bottom
ashes as SCM in the parent concrete, did not affect its suitability to have a second life as
RCA. A decrease in properties was mostly noticed in terms of modulus of elasticity of the
concrete. Compressive strength and pore structure improved due to presence of RA. Here,
the recycled aggregate being from a parent concrete of superior strength class improved
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many of the properties of concrete. Further to that, removal of the fine fraction <250 µm
in size and addition of water for compensation of water absorption will have added to
improvement of workability and other properties. Proper guidelines regarding demolition
techniques that preserve the quality of aggregates and techniques to improve the quality
of each kind of recycled aggregate can thus increase its utilisation. Life cycle analysis
should be conducted specific to the usage of the RA to better estimate the environmental
benefits, since availability and impact of both natural aggregate and recycled aggregate
varies locally. Production and treatment procedures could add to the environmental load
for recycled aggregate [65,66]. The fines generated from sieving the aggregates could be
used as a raw meal additive for manufacture of Portland cement production, which is
already demonstrated in a previous study (up to ~15%) [67], thus leaving no waste behind
ensuring circular economy.
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