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INFLUENCE OF RECYCLED AGGREGATE QUALITY
ON THE MECHANICAL PROPERTIES OF CONCRETE

The use of recycled construction and demolition waste - especially recycled concrete - as an aggregate for new concrete mixes, leads to

saving of natural resources and helps to reduce the pressure on landfilling sites. Mostly the quality of recycled concrete is lower compared

to standard concrete prepared with the same mix design. The reason for the drop in quality is mainly related to the quality of the recycled

aggregate. The high water absorption of recycled aggregate has a negative impact of concrete mix workability and influences the water-cement

ratio. This paper presents the effect of recycled aggregate quality on the physical and mechanical properties of concrete. Series of concrete

with various replacement ratios of natural aggregate by recycled aggregate were prepared for this study. The obtained results confirm the

potential use of developed recycling concrete made with local recycled aggregate in some applications in building construction. This can lead

to environmental savings, especially reduction of primary resources use, embodied energy and embodied emissions.
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1. Introduction

World concrete production has been twelve times increased
in the second half of the last century [1]. Nowadays, concrete is
after water the second most used material in the world and the
production of concrete totally depends on the natural resources.
The rapid development in the construction industries leads to
the replacement of old existing buildings with new buildings.
Consequently, the amount of demolished concrete structures
is very high and is gradually increasing. This creates needs
and potential for replacement of natural aggregate by recycled
aggregated in the new concrete.

Making use of recycled aggregates helps to reduce primary
raw materials depletion, pressure on landfilling sites and amount
of construction and demolition waste, which reaches up to 31% of
all waste in the European Union [2]. After World War II, recycled
demolition rubble was used instead of natural aggregate to rebuild
roads and houses because there were a lot of demolished buildings
in Europe, mainly in Germany [3]. Using of recycled aggregate
for the purpose of primary materials savings started in 1980
mainly in countries without natural resources of aggregate. So, the
research focused on the use of recycled aggregate (RA) derived
from construction and demolition waste (CDW), in recycled
concrete started [4].

Lower quality of recycled aggregates compared to natural
aggregates negatively influences the mechanical properties of
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recycled concrete [5]. Four types of RA are defined according
to the European Standard EN 206-1 [6] in relationship to
their composition. Recycled concrete aggregate mainly from
crushed concrete (Type I according to EN 206-1) is often used
in production of concrete [7]. RA Type I can also include
small amounts (up to 10% in total) of other materials, such as
crushed bricks, plasters, ceramic and asphalt particles. Content
of these particles depends on a recycling process and origin of
waste material [7]. All listed aspects lead to poorer performing
properties of RA thaen natural aggregate. On the other hand, it
was found that inferior values are not connected with quality of
original concrete [8]. Maximum replacement ratio, the percentage
of substitution of natural aggregate by RA, was specified by the
German Committee for Structural concrete (DAfStb) in 1998 in
Germany. Allowed values are based on a 4-years long national
research and are published as a supplementary document to DIN
4226-100 [9].

One of the poor properties of RA is the high water absorption
capacity [10, 11 and 12], as a result of the attached mortar
content and, consequently, higher porosity of aggregate [13
and 14]. Fine fractions of RA contain more cement mortar and
impurities such as clay than coarse fractions, which leads to
higher absorption and inappropriateness to use it for structural
concretes [7, 15 and 16]. High water absorption affects water-
cement ratio [4 and 17], workability of concrete mix [13] and
physical properties such as water absorption and carbonation [7].
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The other physical and mechanical properties of aggregate, which
are negatively influenced by presence of adhered mortar, are
density [8], resistance to degradation and wear [18].

Workability of fresh concrete, which is affected by water
absorption capacity and porosity of used aggregate, has impact
properties of fresh and hardened concrete such as density,
air content and strength [9]. There are certain ways to get
better workability of concrete mix either pre-saturating recycled
aggregate before adding it to mix [19] or added water-reducing
admixtures [4 and 20]. Compressive strength of RA depends
on replacement rate, quality and composition of RA [21] and
also on effective water-cement ratio [22]. So, the paper presents
and discusses experimental results of mechanical properties of
recycled concrete. Tested concretes contained different ratios of
recycled content and different types of recycled aggregate. All
samples were tested under uniaxial compressive stress.

2. Materials and methodology
2.1 Materials

Natural aggregates were extracted from stone quarry in the
Czech Republic. Both samples of coarse recycled aggregate came
from the same CDW treatment plant in the Czech Republic.
Laboratory crushed recycled aggregates from concrete cubes
were prepared from several concrete mixes whose properties are
described in Table 1.

* Sand (S): grain size 0/4 mm

* Natural aggregate (NA): grain size 4/8mm and 8/16 mm,
from crushed mix gravel

* Laboratory prepared recycled aggregate (LRA): grain size

0/16 mm, from crushing concrete approximately 100 days

old, the composition of mixtures is described in Table 1.

* Recycled aggregate from recycling plant (RA1): grain size

4/16 mm, containing 76 % crushed concrete, 18% of masonry,

5% of asphalt and other materials, were defined as type 4 -

mixed recycled concrete according to standard [6].

¢ Recycled aggregate from recycling plant (RA2): grain
size 4/16 mm, containing 96% of crushed concrete, 1% of
masonry, 1% of asphalt and other, were defined as type 1 -
mixed recycled concrete according to standard [6].

One natural aggregate, two samples (RA1 & RA2) of coarse
recycled aggregate from recycling plant and three samples (LRA1,
LRA2 & LRAD3) of laboratory prepared recycled aggregate were
tested and used as aggregates for a new concrete.

Figure 1 shows the images and compositions of RA. The
geometrical and physical properties of all types of aggregates were
determined and shown in Table 2.

Mechanical properties and composition of original concrete cubes

used for preparing laboratory made recycled aggregate Table 1
C 30/37 C60/75 C20/25
Class of concrete
(LRA1) (LRA2) (LRA3)
Composition of mixes (kg/m?)
Natural sand 0/4 mm 774 820 935
Natural aggregate 4/8 mm 345 350 400
Natural aggregate 8/16 mm 641 750 855
Cement 345 475 275
Water 181 180 165
Water-reducing admixtures - 4.8
Water-cement ratio 0.52 0.38 0.60
Compressive strength (MPa) 42.3 70.8 28.5
Tensile strength (MPa) 4.6 6.8 42
Modulus of elasticity (GPa)  27.2 36.2 29.7
g)jll“csrlge‘)(fk};/‘:f;“ed 2285 2580 2630
Density of aggregate (kg/m®) 2 446 2439 2439
:Z;Z; ;'ZSE’%“;&"H of 3.86 371 347

Fig. 1 Used recycled aggregates
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Physical properties of all used types of aggregate Table 2
Type of aggregate Grading Oven-dry Water
particle absorption
density
(mm) (kg/m?) (%)
Natural sand (S) 0/4 mm 0-4 2603 1.30
Natural aggregate (NA) 4-8 2675 1.12
4/16 mm 8-16 2654 0.79
Laboratory recycled 4-8 2284 7.51
aggregate (LRA) 4/16mm  §.16 2 408 3.68
Recvdled e (RAL) 4-3 2 181 10.38
coyeiecd aggresdie 816 2254 753
Reorcled e (RA2) 4-8 2147 9.18
ecycled aggregate
YEeC aRsiee 8.16 2220 701

2.2 Concrete mix proportion

The two different ways were adopted in concrete mixtures
preparations. For each test series was designed own reference
mixture with only natural aggregate for relevant comparison
within each test series. The first way was adopted for laboratory
prepared aggregate. The amount of water was modified according
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to water absorption capacity of the RA. In these mixtures fractions
0-16 mm of laboratory prepared recycled aggregate (LRA) were
used. The fine fraction was included in the recycled concrete
mixture because of high content of cement. Prepared mixtures
are listed in Table 3. The second way was adopted for RA from
the recycling plant. The amounts of water for these mixtures
were calculated according to water absorption capacity of each
aggregate to keep the effective water cement ratio constant for
all mixtures. Due to the high content of clay, particles of clay
bricks and dust in fine fraction of RA from CDW treatment
plant, the fraction 0-4 mm was removed. Because of using only
the coarse fraction 4-16 mm of aggregate from recycling plant, the
percentage of substitution was maximal 63 % of the total amount
of used aggregates, but it was 100% replacementof all coarse
aggregate. Prepared concrete mixes are shown in Table 4. All
the concrete mixes were designed for different replacements of
natural aggregate (NA) by recycled aggregate (RA).

2.3 Testing

Density and water absorption capacity of aggregates were
tested by pycnometer method according to EN 1097-6 [23].
Tested concrete specimens were subjected to 28-days wet curing.
Tests of compressive strength were carried out on 150 mm cubes.

Mix proportion of concrete mixtures with laboratory prepared recycled aggregate (kg/m?) Table 3
No. R;f:fﬁﬁ?;;: t Sand 4/T;$m 8/ II:?nm 0/%?2111 cem W we Wity
NA 0 774 346 641 0 345 180 0.52 0.52
LRA 1-40 40 438 221 411 688 345 200 0.58 0.50
LRA 1- 50 50 356 188 347 868 345 200 0.58 0.48
LRA 1-70 70 205 114 211 1234 345 200 0.58 0.43
LRA 2- 50 50 356 188 347 868 345 200 0.58 0.48
LRA 2-70 70 205 114 211 1234 345 200 0.58 0.43
LRA 3- 40 40 438 221 411 688 345 200 0.58 0.50
LRA 3- 50 50 356 188 347 868 345 200 0.58 0.48
LRA 3-70 70 205 114 211 1234 345 200 0.58 0.43
Mix proportion of concrete mixtures with aggregate from recycling plant (kg/m?) Table 4
No. R;epr]::;g;:t Sand | NA4/Smm | NA/16mm | 1‘2"; N cem W wjc wie,,
NA 0 767 458 726 0 320 160 0.50 0.50
RA 1- 50 50 750 0 243 790 320 227 0.71 0.50
RA 1- 63 63 748 0 0 991 320 235 0.73 0.50
RA 2-31 31 769 192 400 487 320 176 0.55 0.50
RA 2- 50 50 764 0 229 787 320 187 0.58 0.50
RA 2-63 63 766 0 0 967 320 191 0.60 0.50
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For flexural strength tests beams of dimensions 100x100x400 mm
were used.

The compressive strength is the peak stress of the test
specimens under uniaxial compression. It is the fundamental and
important mechanical property of concrete which helps to sort
concrete mixes to concrete strength classes. Five 150 mm cubes
were prepared for each of tested concrete mixture.

The flexural strength test of the examined concrete was
conducted on beams of size 100x100x400 mm?. Three concrete
beams were casted for each concrete mix and cured for 28 days
under usual laboratory conditions. The flexural strength was
tested by four-point bending test.

3. Results and discussion
3.1 Compressive strength

The average test-results for concrete prepared from laboratory
made recycled aggregate are shown in Fig. 2. This graph shows
compressive strength of concrete with natural aggregate (NA),
reference variant, and three types of recycled concrete prepared
from laboratory made recycled aggregate (LRA1, LRA2 &
LRA3) with different replacement ratios. The graph shows
correlation between replacement ratio and compressive strength.
The compressive strength may depend on the composition of
the original concrete mixture, but it would need more testing for
relevant confirmation. LRA2 includes higher amount of cement
than LRA1. Compressive strength of recycled concrete from
LRA?2 increases and recycled concrete from LRA1 decreases
with replacement ratio of RA. But, on the other hand, recycled
concrete from LRA3 decreases less than LRA1 regardless the
original concrete mixture included the lowest amount of cement.
Different results can indicate the problem with using fine fraction
with high amount of milled cement. It is not possible to determine
how much cement included in fine fraction exactly reacts with
water. As a consequence, the amount of unreacted cement in LRA
was able to cause higher compressive strength of mixtures included
LRA than compressive strength of concrete with only NA.

Furthermore, correlation between different replacement ratios
of recycled aggregate was not proved in this part of investigation.
Reference concrete shows lower compressive strength than
recycled concretes, which may be due to content of cement in the
fine fraction of recycled aggregates.

Correlation between replacement ratio and compressive
strength of recycled concrete with recycled aggregate from
recycling plant is shown in Fig. 3. This graph convincingly proved
approximately linear dependence between mechanical properties
of recycled concrete and amount of recycled aggregate in concrete
mixture. The effective water cement ratio was kept constant for
all mixtures, and there was no cement added to the recycled
aggregate.
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Fig. 2 Correlation between replacement ratio and compressive strength
of recycled concrete with laboratory recycled aggregate

Fig. 3 Correlation between replacement ratio and compressive strength
of recycled concrete with recycled aggregate from recycling plant

Generally, the compressive strength of recycled concrete
decreased with the increased replacement ratio RA. The highest
decline of compressive strength (more than 45 %) was found for
concrete samples with 63 % replacement ratio for both recycled
aggregate samples from recycling plant (RA 1 and RA 2).

Different impact on mechanical properties of two types of
recycled aggregate is caused by their different quality. Recycled
aggregate from laboratory included only natural aggregate with
adhered mortar. Howerer, recycled aggregate from recycling
plant was contaminated with diverse substances, which negatively
influenced mechanical properties of concrete.

3.3 Flexural strength

The relation between flexural strength of concrete and
replacement ratio was the same as for compressive strength
for both types of RA. With the increase of replacement ratio
recycled aggregate (RA) the flexural strength of recycled concrete
decreases. The highest decline of flexural strength was up to 13 %
for concrete samples with 63 % replacement ratio for recycled
aggregate (RA 2).
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4. Conclusions

The following conclusions can be drawn from this study. In
the case of laboratory prepared RA the influence of properties
of original concrete on the mechanical properties of recycled
concrete was observed but due to a small number of tests it cannot
be considered as a relevant confirmation. In the case of the use of
RA from recycling plant, the increasing percentage of RA from
recycling plant in recycled concrete have negative impact on
the mechanical properties of final recycled concrete. The main
degradation of properties was observed for compressive strength
where 100 % replacement of coarse fraction by recycled aggregate
resulted in more than 45% decline of compressive strength.
Important next step of the research is reliability of the reinforced
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corrosion of steel reinforcement [24] and long term durability of
recycled concrete in construction applications. Presented results
confirm the decease of the mechanical properties of recycled
concrete in relation to the quality of recycled aggregate. When the
quality of recycled aggregate is known, the properties can meet
the requirements of standards [6 and 25].
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