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Abstract
Recycled concrete aggregates (RCA) can be used in new concrete as a partial replace-
ment of the natural aggregates (NA).

An expanding building industry all over the world combined with an increasing in-
terest and need for green solutions, led to the investigation of using RCA in new
concrete. The use of RCA has been used successfully in two projects in Denmark.
Other countries are further ahead with RCA in new concrete e.g. Holland and Japan.
This thesis will investigate if RCA, in the fraction 4-8 mm of an unknown source, can
be used in new concrete with success. This thesis investigates the practical possibili-
ties and processes of replacing a partial amount of the NA with the RCA (4-8 mm).
In this project the mix designs of the concrete was investigated without admixtures
or increasing the amount of cement.

The RCA was obtained from the concrete waste of a construction site in Rødovre.
Characteristics of the RCA show that the aggregates have a lower density than NA
and higher water absorption. The RCA’s high water absorption is encountered by sat-
urating the aggregates, which ensures the amount of free water for the water/cement-
ratio (w/c).
The proposed mix design methodology demonstrates that the deviation of the com-
pressive strength and the workability of RAC can be met by RCA being saturated,
in this thesis by pre-soaking.
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CHAPTER 1
Introduction

Demolition of old structures and construction of new ones are frequent phenomena
due to change of purpose, rearrangement of a city, expansion of traffic directions and
structural deterioration. Each year about 900 million tons of construction and demo-
lition waste are generated in the European Union, this represents 31% of the total
waste generation. In Denmark the concrete waste produced is approximately 2 million
tons per year, of which approximately half is registered. 95% of the concrete waste
is derived from the demolition to fill, mainly road-fills or base layer (Miljøstyrelsen
2015). Figure 1.1 shows the possibilities of reuse and recycling of concrete.

Figure 1.1: Recycle of concrete.

Remodeling of old concrete constructions have the highest impact on lowering the
CO2 emission for a buildings at end of life. However, recycling of concrete as a base
layer and road-fills does not help to reduce CO2 emissions, as the need for extraction
of natural resources for concrete production remains the same. RCA in new concrete
could therefore up-cycle the concrete waste compared to the use for road-fill, this is
illustrated in Figure 1.2.
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Figure 1.2: Value chain of RCA.

In Denmark there are produced about 9 million tons of concrete annually. All though
raw materials for concrete (in principle) are available in most of the world, which
means concrete could be produced locally by local materials, it is not always the case.
Both technical requirements for the raw materials and the need to use land areas for
other purposes put limits on the amounts that can be recovered into concrete and
may also necessitate transporting materials long-range.
Denmark have access to good raw material deposits for the production of concrete,
but the resource shortage around the big cities are beginning to show. It is therefore
natural to look at the possibilities of recycling concrete waste for the production of
new concrete. By adding RCA in new concrete the need of supply of NA will decrease.
At the same time there is a possibility of getting a higher value for the concrete waste
than for the use as road-fill or base layer. At the same time the need for paying for
waste removal and delivery to receiving plant can be reduced.
The use of RCA for the production of new concrete are common in some other coun-
tries e.g. Japan and Holland, indicating that the use of RCA into new concrete has
an unexploited potential.
Both the recovery of raw materials and the production of concrete requires a fair
amount of energy consumption, it is important that the materials after end of life are
utilized probably. This study therefore looks at the possibilities of RCA.

1.1 Objective
The purpose of this thesis is to investigate the possibilities of using RCA as a replace-
ment of NA in concrete. The RCA investigated are in the fraction 4-8 mm of an
unknown source.
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The focus of the investigation is on the processing procedure of the aggregates. The
processing procedures were examined based on various physical property tests of the
aggregates and different mix design concretes examined for the compressive strength.
The concrete is mix designed without admixtures.

1.2 Structure of Report
This thesis consists of six chapters and five appendices. Chapter 1 gives a motivation
for this thesis with an introduction to concrete waste, reuse and the main objective.
Chapter 2 describes the theory of concrete, recycled concrete aggregates and new
concrete. Chapter 3 presents the material tested in this thesis. Chapter 4 describes
the theory behind the tests and how they were conducted. Chapter 5 outlines the
results and the discussion. Chapter 7, the final chapter, comes with a conclusion to
the main objective presented here in Chapter 1. Appendix A, B and C elaborate
Chapter 4 and 5. Appendix D, E, F and G presents a brief description of field trip
to Holland, tables from standards of assessments, risk assessment and a poster from
the midterm presentation.
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CHAPTER 2
Theory

2.1 Concrete
Concrete is widely used all over the world either as prefabricated elements or in-situ,
mainly due to its high versatility and relatively low cost. Concrete is in the simplest
form composed of water, a binder and aggregates. The binder most commonly used
is cement and the aggregates are a collective term of filler, mostly consisting of sand
and stones. When mixing concrete one of the most important factors is the w/c-ratio
since it is the cement combined with the water that creates the strength. The cement
is called hydraulic when cement sets and hardens by a chemical reaction with water.
A high w/c-ratio results in a concrete with lower strength but high permeability and
a low w/c-ratio results in a concrete with high strength but low permeability. Cement
is the most expensive part of the concrete, which is one of the reasons that aggregates
are added (Geiker and Nielsen 2008).
Aggregates also contribute to the final properties of the concrete e.g. durability and
final strength. The particle size distribution, particle shape, density and water absorp-
tion of the coarse aggregates affects the durability of the concrete. The aggregates
density is necessary to determine the aggregates percentage of the concrete. The
water absorbed in the aggregates is not included in the w/c-ratio and the water ab-
sorption of the aggregates therefore affects the strength of the concrete. NA is either
from sea dredged gravel, gravel pits or crushed granite. Well graded coarse aggregates
of rounded particles will pack better than evenly sized angled aggregates. This is one
reason why sea dredged gravel are usually preferred as they are round.

2.2 Recycling Concrete Aggregates
It is always interesting with new sources of raw materials, especially when they are
close by, which reduces the transportation costs and CO2 emission. When looking at
the possibilities of recycling concrete waste for the production of new concrete it is
therefore interesting to look at the raw material extraction in the different areas of
Denmark. Figure 2.1 illustrates the raw material recovery from the different regions
of Denmark.
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Figure 2.1: Raw material recovery in Denmark (Statistik 2012).

The Capital Region is the region with the lowest amount of raw material recovery
and is in relation to the other four regions facing some challenges of raw material
planning. The geographical distribution of the consumption of raw materials in the
Capital Region are mainly related to expansion of Copenhagen. It is general near
the capital that the majority of the raw materials are consumed and at the same
time not possible to acquire raw materials immediately close by. This means that
raw materials are transported over long distances which contributes to further CO2
emission. Figure 2.2 illustrates the CO2 emission for transportation of raw materials
to Copenhagen from three gravel pits on Zealand by truck (Koncern-Miljø 2012).

Figure 2.2: CO2 emission for truck transportation of raw materials to Copenhagen (Koncern-Miljø
2012).
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Recycling concrete waste for the production of new concrete does not only help the
Capital Region’s challenges with raw material planning and lowering the CO2 emis-
sion from transportation. ”In contrast to most other waste management contexts,
transportation was shown to be important for the global warming impacts related
to C&DW management: distances shorter than 40 km are recommended to ensure
overall savings in case of utilization” (S. e. a. Butera 2015 p. 203).
Recycling of concrete aggregates can help the demolition projects saving money for
waste removal and in connection with external recycling (delivery to receiving plant)
and the construction projects save money on supply and delivery of materials.
The potential for companies in relation to increased recycling of concrete waste lies
in lower prices for raw materials (demolished concrete waste) compared with the use
of imported granite, and higher prices for residual materials (demolished concrete
waste) when it is sold as a material for concrete and asphalt production rather than
road-fill or base layer, as well as final savings in relation to the disposal of concrete
waste.
The potential for recycling concrete waste for the production of new concrete is mainly
in the use of construction concrete and concrete from bridges due their high and
uniform quality in the concrete, for these the trace ability of the materials is satisfying.
Trace ability of the materials increases possibilities of recycling concrete waste as
aggregates, since the aggregates according to the standards require control of the
documentation, selective demolition and certification.
In Denmark there have been very few test project of recycling concrete waste for the
production of new concrete, in these cases has the crushing of the concrete happened
on the construction site or on another site near by.
Another way to address the crushing of the concrete compared to doing it on the
sites is to have concrete recycling plants. DAKOFA and Dansk Beton had arranged a
field trip to Holland, to see how Theo Pouw and Rewinn work with recycling concrete
aggregates, see Appendix D.

2.3 Characterization of Recycled Concrete
Aggregates

RCA can be regarded as a two-phase composite made of NA and the adhering mor-
tar, which consist of sand and fraction of un-hydrated cement, generally referred to
as attached mortar (AM). Which means that aggregates from crushed concrete has
properties from both coarse aggregates and mortar. Figure 2.3 shows a table from
(al. 2013) which summarizes the basic physical properties of RCA from available
literature.
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Figure 2.3: Physical properties of NA and RCA (al. 2013).

The physical properties of RCA, which is described in this section, influences the
mix proportion and properties of recycled aggregate concrete (RAC), this will also
be referred to as new concrete through out the report.

2.3.1 Grading and Particle Shape
The RCA is generally very angular and rough due to the crushing and the attached
mortar to the surface of the NA. Comparing the RCA to NA, it is similar to crushed
granite in the particle shape. Beside the affect on the shape, the different equipment
used for crushing the concrete influences the roughness and grading of RCA, Figure
2.4 shows the correlation between crusher settings and particle size distribution for
natural rock. 15 % of the crusher product will be of a size above the settings of the
crusher. Studies shows that the particle size distribution for RCA are in reasonable
agreement with the prediction of Figure 2.4 (Hansen 1992).

Figure 2.4: Correlation between crusher settings and particle size distribution of crushed product
(Hansen 1992).
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2.3.2 Los Angeles abrasion

The Los Angeles abrasion value measures the wear resistance of aggregates. A high
L.A. abrasion value is obtained by the loss of the material due to a greater wear. The
L.A. abrasion value of RCA are usually higher than for NA. RCA produced from
all, but the poorest quality concrete, pass British standard requirements to the L.A.
abrasion loss percentage (Hansen 1992). In Denmark there is no requirement for the
L.A. abrasion value, as the danish gravel material often have a value (below 25%).

2.3.3 Attached Mortar

The RCA particles typically consist of 25-60% of AM, depending on the aggregate
size (Hansen and Narud 1983). The AM is characterized by micro cracks and big
open pores. Studies show that the volume percentage of AM is higher the smaller
the fractions of the RCA. This is one of the reasons the fractions under 4 mm often
are avoided, due to the AMs affect on the quality of the new concrete (Hansen 1992).
Figure 2.5 illustrates RCA with AM and mortar fractions in new concrete.

Figure 2.5: New concrete with recycled concrete aggregates and attached mortar.

AM is very porous comparing to NA, this affects the density and water absorption
of the RCA, since it has a higher porosity compared to the NA. The AM affects the
physical properties of the RCA so they have resemblance with the physical properties
for lightweight aggregates. Studies highlight that RCA’s are significant more porous
than NA, this is due to AM (McNeil and Kang 2013, Behera 2014). (Pepe 2016)
report the correlation between AM and physical properties open porosity and particle
density, see Figure 2.6, in connection with their proposal of a conceptual formulation
for predicting the compressive strength of RAC by only taking the water absorption
into account.
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(a) Correlation between AM and open poros-
ity.

(b) Correlation between AM and particle den-
sity.

Figure 2.6: (Pepe 2016)

2.3.4 Water absorption
Following the AM and its high porosity, the RCA can absorb a larger amount of water
than NA. The amount and the rate of the water absorption influences the casting of
the concrete. Figure 2.7 illustrates water absorption under different circumstances.

Figure 2.7: Water absorption (Goeb 1985).

In general a high porosity and high water absorption combined with a low density
often results in weaker aggregates which can give a less durable concrete. The water
absorption is the physical property where of RCA and NA differ the most. Due to the
high water absorption it can be suggested to use pre-soaked aggregates when casting
RAC, to maintain an uniform quality during production of the concrete. (Goeb
1985) discuss practical ways of pre-soaking lightweight aggregates e.g. by sprinkling,
immerse the aggregates in water and vacuum to produce a degree of saturation. Figure
2.8 shows how the water absorption as a parabolic relation to the density of RCA
(Hansen 1992).
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Figure 2.8: Water absorption as a function of density of recycled concrete aggregates (Hansen
1992).

2.3.5 Density
The density of RCA is usually lower than the density of NA, as shown in Figure 2.3.
The density of RCA in saturated and surface dry (s.s.d.) condition for RCA (4-8
mm), were found to 2340 kg/m3 and for RCA (8-16 mm)to 2450 kg/m3 (Hansen and
Narud 1983, Anderson 2009). The s.s.d. densities of NA range from 2500 to 2610
kg/m3. This is due to the higher porosity of the AM to the coarse aggregates and
the crushed concrete fractions (Anderson 2009). This is shown by (Pepe 2016), see
Figure 2.9.

Figure 2.9: Proposed correlations for the physical properties of RCAs (Pepe 2016). Results of
RCA (4-8 mm) are illustrated green.
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Any variation in density of RCA during concrete production will increase variations
in mix proportions and therefore concrete properties.

2.3.6 Recycled Aggregate Concrete

2.3.6.1 Workability

Concrete’s workability depends on the consistency and the stability of the concrete
mixture. The workability of freshly mixed concrete is determined of how easily it can
be mixed, placed and compacted.
Consistency describes the ease of flow of the concrete mixture. RAC has a tendency
to a low consistency which might result in difficulties with placement, compaction
and segregation of the coarse aggregates during placement. This is due to the water
content’s direct relation to the consistency of the mixture and the RCA’s high water
absorption.

2.3.6.2 Mechanical Properties

The compressive strentgh of RAC depends on the strength of the original concrete
and is mainly controlled by the w/c-ratio of the original concrete and the new con-
crete. The strentgh of the RAC can be as good as or higher than the original concrete,
depending on the w/c-ratio (Hansen and Narud 1983). Due to the high water absorp-
tion of the RCA, the w/c-ratio can be difficult to maintain as a free constant. This
can lead to larger standard deviation. Large standard deviations make it expensive
in terms of cement consumption to meet requirements to characteristic strength in
the codes and specifications (Hansen 1992).
Drying shrinkage and creep of RAC is approximately 50% higher than shrinkage for
conventional concrete (Hansen 1992, Anderson 2009). Drying shrinkage increases
with the amount of mortar in concrete, since RCA is a two-phase composite, it adds
more mortar to the concrete thus increasing the drying shrinkage. The AM also
influences the modulus of elasticity of the new concrete, where the AM has a relatively
low modulus of elasticity. This leads to lower modulus of elasticity of new concrete
than for conventional concrete.

2.3.6.3 Influence on the Strength of Concrete

The w/c-ratio has a great influence on the strength of the concrete, the strength gets
higher when the w/c-ratio is decreased, this is described in the empirical Bolomey
Formula:

fc = K

(
1

w/c
− 0.5

)
(2.1)
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where fc [MPa] is the strength of the concrete, K [MPa]is a constant, which varies
depending on the cement type, w/c is the w/c-ratio of the concrete and α is a constant
which depend on the cement type and the days of curing.

2.3.7 Contaminants
Contaminants of concrete waste are divided into two categories; contaminants from
demolition debris and contaminants of pollutants in the concrete.
Different levels of pollutants are found depending on the aging level and the material
used. There are a number of potential harmful compounds in concrete waste, such as
several inorganic elements and organic pollutants; polychlorinated biphenyls (PCBs)
and polycyclic aromatic hydrocarbons (PAHs). The PAHs can come from additives in
cement or concrete production e.g. coal fly ash (FA), or even be naturally present in
their raw materials. Furthermore they can arise from tar-containing fractions during
the demolition (e.g. asphalt). The PCBs can occur from contamination from PCBs-
containing products, e.g. sealing materials and paint. The main environmental issue
from pollutants in concrete waste is leaching of harmful inorganic compounds with
potential contamination of the underlying soil and groundwater (S. Butera 2015). S.
Butera has investigated 11 recycling facilities in Denmark for samples of construction
and demolition waste, these were characterized in terms of total content and leaching
of inorganic elements and presence of the persistent organic pollutants PCBs and
PAHs.
Contaminants from demolition debris, can come into new concrete with the RCA.
The contaminants can be soil, joint filler, gypsum, cords, bricks, organic materials,
chemical admixtures, metals, wood, asphalt and glass. The contaminant materials
which are weakened by water immersion affect the concrete’s stability and can reduce
the strength of the concrete. However by incorporating some simple precautions
during the demolition process, the potential for recycling the concrete can be improved
and the value of the debris increased. (Yanagi and Hisaka 1994) found the compressive
strength of RAC is increased by washing the RCA compared to unwashed. The new
concrete becomes stronger but more permeable.

2.4 Relevant Standards of Assessment of RCA
Different norms and standards in Europe have decided on requirements and recom-
mendations for aggregates for concrete in general and for recycled concrete aggregates,
in order to ensure the concrete’s durability. Depending on which strength and where
the concrete is used, there are different requirements to the materials durability. In
this sections some requirements for RCA are mentioned.
According to concrete norm DS/EN1992-1-1, crushed concrete in new concrete must
meet DS/EN206 and be divided in sandfraction (<4mm) and coarsefraction (4mm-
32mm). The RCA have to fulfill the requirements for aggregates in table 2426-3, see
Figure E.1. The coarse aggregate therefore also has to comply to DS/EN12620+A1.
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Figure 2.10: DS/EN206 - Annex E.

Figure 2.10 shows table E.2 from DS/EN206 with the percentage of RCA (with d ≥
4mm) replacement of NA. Figure 2.10 divides the RCA into two types, an extended
description of the constituents of RCA for the two types can be seen in Appendix E. If
the source is known for the RCA (type A), the new concrete can be used in exposure
class to which the original concrete was designed with a maximum replacement of 30
% RCA. Otherwise the new concrete has to be in exposure class X0 or XC1, which is
a dry environment where corrosion can not occur. RAC can be used up to strength
C30/37.
According to DS/EN12620+A1 the RCA need CE certification, table 20 specifies that
only RCA from pure categories can be used, see Figure E.2.
Together DS/EN206 and DS/EN12620+A1 set the limits for the percentage of RCA
that can be used, where DS/EN12620+A1 .



CHAPTER 3
Materials

This section contains a description of the material tested and the preparation process
of the tested materials.

3.1 Crushed Concrete - Isslevgaard

Crushed concrete was collected from Islevgaard allé 5, 2610 Rødovre in aggreement
with Cervo Gruppen. The concrete was collected over three times; the 10th of January,
24th of February and 3rd of May 2017. The material collected in January and May was
after days with dry weather conditions, see Figure 3.1(a) and the material collected
in February was during snow, see Figure 3.1(b). The concrete pile is approximately
8 m high. Each time the concrete was collected by digging at two spots in a few
meter of each other. The 10th of January and the 3rd of March approximately 170
kg were collected per time and in February approximately the double was collected.
The concrete is from the previous buildings on the construction site at Islevgaard
allé. The demolished concrete consist of concrete from the five previous buildings on
the site. Some of the beams compressive strength was traced to 34 MPa from the
building permit. The compressive strengths for the concrete slab, walls, decks etc.
are unknown.

(a) Dry weather conditions. (b) Snow.

Figure 3.1
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3.1.1 Preparation Process
The method used for preparing the sampled concrete prior to testing and casting is
described in Figure 3.2.

Figure 3.2: Preparation process.

First the crushed concrete was sieved manual through 4 mm, 8 mm and 16 mm sieves,
see Figure 3.3(a). Aggregates are typically produced in 4 fractions: 1 sand fraction
(0-4 mm) and 3 stone fractions (4-8 mm), (8-16 mm) and (16-32 mm). In order to
investigate recycled concrete coarse aggregates, the sand fraction was discarded, since
the fractions of NA used for the concrete mixture design was in (4-8 mm) and (8-16
mm), fraction (16-32 mm) was also discarded. The fraction (8-16 mm) have been
further investigated by KNJ.
The RCA (4-8 mm) was divided in to two parts. First part of the RCA (4-8 mm) was
kept untreated. The second part was washed on sieves, see Figure 3.3(b) and dried
in an oven at 50 oC, see Figure 3.3(c). It was kept in the oven until the mass change
was less than 0.1%.

(a) 4 and 8 mm sieves. (b) Washing. (c) Oven.

Figure 3.3



CHAPTER 4
Method

This section starts with an overview of the laboratory tests. Hereafter each test is
introduced with the test’s method theory presented.
The crushed concrete aggregates studied in this report were exposed to seven differ-
ent laboratory tests; six to characterize the aggregates by determining the physical
properties and quality, as introduced in the previous sections, and one to determine
the compressive strength for the different mix designs. An overview of the tests which
were conducted is given in Table 4.1 including abbreviations and standards. The ex-
pressions used for calculations in relation to the tests are from the tests’ respective
standards. The methods and expressions used for calculating the mean and standard
deviation for the results in Chapter 5, can be found in Appendix A. Appendix A also
entails further elaboration of some of the test methods and Appendix B elaborate on
the experimental procedures.

Test name Abbreviation Standard
Particle size distribution PS DS/EN933-1
Los Angeles abration LA DS/EN1097-2
Cement content CC TI-B 9 (85)
Porosity and Density PD LBM testmethod 2
Density and Water absorption DW DS/EN1097-6
Water content WC DS/EN1097-5
Compressive strength CS DS/EN12390-3

Table 4.1: Test performed in this report.

4.1 Particle Size Distribution
The particle size distribution test was conducted for the crushed concrete (0-32 mm)
collected according to DS/EN933-1. In practice an aggregate quantity is a mixture of
different size varieties. Aggregates therefore have a unique particle size distribution.
To determine the particle size distribution a sieve analysis is performed, an aggregate
is indicated by two screen sizes, between which most grains are with basic sieve sets
- a series of 0, 1, 2, 4, 8, 16, and 31.5 mm sieves.
The size of test portions was determined based on the maximum diameter of the
crushed concrete. The maximum diameter was 32 mm and the test portions therefore
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10 kg. Two particle size distribution tests were conducted. The crushed concrete was
prepared by drying in oven at 110 ± 5 oC until constant mass was reached, mass
change less than 0.1%.
The dry material was poured directly into the sieving column and the sieving column
was shaken manually. The material retained by each sieve was weighed on a scale with
three decimal places. The sieving column together with the different fractions can be
seen in Figure 4.1(a). The fraction with d ≤ 1mm was run through Mastersizer 2000
laser diffractor, see Figure 4.1(b).

(a) Sieving column d ≥ 1mm. (b) Laser diffraction d ≤ 1mm.

Figure 4.1

4.2 RCA 4-8mm Characterization
The RCA (4-8 mm) has been characterized through observation during the castings
of the concrete, by microscope and by the laboratory tests in this chapter.

4.2.1 Los Angeles Abrasion
The test of the LA abrasion value was conducted according to DS/EN1097-2. The
test was conducted for the two fraction of 4-8 mm from the particle size distribution
test. The test portion was tested in a Los Angeles abrasion machine, see Figure
4.2(a) with 8 spherical steel balls with a diameter of 46 mm, see Figure 4.2(b). The
LA abrasion loss, LA [%], can be calculated by:

LA = m0 − m1

m0
· 100 (4.1)

where m0 [g] is the mass of the test portion and m1 [g] is the mass retained on 1.4
mm sieve. According to DS/EN1097-2 the sieve should be 1.7 mm, but this was not
available at DTU BYG and a 1.4 mm sieve was used instead.
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(a) Los Angeles abrasion ma-
chine.

(b) 46 mm steel balls.

Figure 4.2

4.2.2 Cement content

Test of the cement content was conducted according to the TI-B 9 (85) method, see
Appendix A.3. The test was conducted for three test portions RCA (4-8 mm) and
three test portions RCA (4-8 mm) crushed in vibratory disc mill for 20 sec., see
Figure 4.3(a). Each portion was weighed on a scale with two decimal places and was
approximately 20 g. The test portions were weighed before and after the extraction
of the cement.

(a) RCA (4-8 mm) crushed in vibratory
disc mill.

(b) RCA (4-8 mm) and crushed RCA (4-
8 mm) in nitric acid.

Figure 4.3



20 4 Method

4.2.3 Porosity and Density (LBM Test Method 2)

The porosity and density test was conducted according to the LBM (Laboratory for
Building Materials) test method 2. Three test portions of the RCA (4-8 mm) were
tested. Each test portion was approximately 100 g. As preparation the aggregates
had been washed and dried to a constant mass. The aggregates were weighted in
dried, cooled conditions including the net container, see Figure 4.4(b), and then kept
in vacuum in an desiccator. Afterwards airless water was lead into the desiccator,
covering 30 mm above the specimens, and left soaking overnight, see Figure 4.4(c).
Next day the test specimens were weighted under 20 oC water, see Figure 4.4(a).
Based on the result the open porosity, Po [m3/m3], and the apparent density, ρd

[kg/m3] can be calculated by:

Po = Vpo

V
(4.2)

ρd = md

V
(4.3)

where Vpo [m3] is the test aggregate’s open pore volume, V [m3] is the aggregate’s
volume, md [kg] is the mass before the test (dry).
In order to calculate (4.2) and (4.3) based on this test, following properties were
necessary to be determined:

• Volume

• Pore volume

• Real density

• Vacuum saturated density

• Water/solid ratio

See Appendix A.2 for elaborated version of the method.
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(a) Scale used to weigh test
specimens under water.

(b) Test specimens in net
container.

(c) Test specimens kept
soaking in desiccator.

Figure 4.4

4.2.4 Density and Water Absorption (Pycnometer)
The density and water absorption of RCA(4-8 mm) were found according to DS/EN1097-
6, by using pycnometers. Three test were conducted, each test portion was approxi-
mately 150 g. The aggregates were washed and then dried in an oven until constant
mass was reached, mass change less than 0.1%, for preparation. The test specimens
were immersed in distilled water in 500 mL pycnometer. They were weighed on a scale
with two decimal places. The pycnometer was then kept in vacuum in an desiccator,
see Figure 4.5(b), after 24 hours the pycnometer was overfilled with distilled and air
free water, closed and dried on the outside before it was weighed, see Figure 4.5(a).

(a) Pycnometer, 500 mL. (b) Pycnometer kept in vacuum in a desiccator.

Figure 4.5
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When measurements were complete the aggregates were removed from the water and
dried to a s.s.d. in order to calculate the s.s.d. density. The aggregates were dried
using dry cloths and then weighed. Based on the results the particle of the aggregates
saturated to constant mass, ρcm [Mg/m3], and the water absorption, WAcm [%], can
be calculated by:

ρcm = M3 · ρw

M1 − M2
(4.4)

WAcm = M1 − M3

M3
· 100 (4.5)

where ρW [Mg/m3] is the density of water at the temperature recorded when M2 was
determined, M1 [g] is the mass of s.s.d. test portion, M2 [g] is the apparent mass
in water of the saturated test portion and M3 [g] is the mass of the oven-dried test
portion.

4.2.5 Water Content
The water content of the RCA (4-8 mm) was investigated according to DS/EN1097-5.
Three samples of 200 g each were weighed on a scale with three decimal places and
dried in a ventilated oven at 105 oC for 24 h and then weighed again. The water
content, w [%], can be calculated by:

w = M1 − M3

M3
· 100 (4.6)

where M1 [g] is the mass of the test portion and M3 [g] is the constant mass of the
dried portion.

4.3 Recycled Aggregate Concrete Cylinders
The process of designing the RAC mix consisted of two phases. A total of 15 of RAC
mixtures were made through out this process. Two of these mixtures were references,
where each mixture was doubled in order for two to cure in 7 days and two in 28
days. The other 13 mixtures contained different mix design and processing of the
RCA 4-8mm, 13 was mixed for curing in 7 days and six in 28 days. For each mixture
tested four concrete cylinders were cast.
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Different concrete mixtures were produced with the aim to understand the influence
of the three following parameters on the compressive strength:

• (Nominal) value of w/c ratio:

– 0.5
– 0.6

• RCAs-to-NAs replacement ratio, relative to the total volume of 4-8 mm aggre-
gates:

– 0 (NA)
– 30% (RAC30)
– 50% (RAC50)

• Initial conditions of the RCA:

– Untreated (U)
– Oven-dried, obtained by washing and then heating the aggregates for 24h

at a temperature of 50 ± 5 oC (DRY)
– Saturated surface dry, obtained by soaking the aggregates in water for 24h:

· Corrected for water obtained by aggregates during soaking (SATC)
· Without correcting for water obtained by aggregates during soak-

ing (SAT)

Figure 4.6 illustrates the different replacement ratio for RCA (4-8 mm). In all mix-
tures fine aggregates are 40% (in volume) of the total amount of aggregates. The
remaining 60% is equally divided into two coarse fractions of (4-8 mm) and (8-16
mm), where the (8-16 mm) are NA.

Figure 4.6: Mix designs investigated.
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The compositions for the different RCAs to NAs replacement concrete mixtures, can
be seen in Table 4.2. All mixtures feature Portland-limestone cement, CEM II/A-LL
52,5 N (LA), according to DS/EN197-1. The cement used is from Aalborg Portland
(BASIS AALBORG Cement) and has following specification:

• CEM II/A-LL describes the cement as a limestone cement containing maximum
20 % limestone.

• 52.5N describes the minimum strength of the concrete to be at 20 MPa after 2
days of curing and 52.5 MPa after 28 days of curing.

• (LA) describes the alkali content to be approximate 0.6 %

The mix ratio for 1 m3 was found from Pepe 2016. The test specimens was mixed
and curing in water according to DS/EN12390-2 and DS/EN12390-3.

Mix designs w/c CEM-II
[kg/m3]

Water
[kg/m3]

Sand
[kg/m3]

NA(4-8)
[kg/m3]

NA(8-16)
[kg/m3]

RCA(4-8)
[kg/m3]

0.5NA 0.5 344 172 742 554 554 -
0.5RCA30 0.5 344 172 742 388 554 166
0.5RCA50 0.5 344 172 742 277 554 277
0.6NA 0.6 287 172 762 554 554 -
0.6RCA30 0.6 287 172 762 388 554 166
0.6RCA50 0.6 287 172 762 277 554 277

Table 4.2: Mix design for 1 m3 concrete Pepe 2016.

4.3.1 Mixing RAC
The first phase included a screening of tests for different mix designs and gathering
of information. Furthermore characteristics of the RCA (4-8 mm) were gathered by
the performed tests mentioned in the section above. The process of investigating the
mix design for RAC is illustrated in Figure 4.7.

Figure 4.7: Process for designing RAC.



4.3 Recycled Aggregate Concrete Cylinders 25

The second phase included redesigns of the mix designs based on gathered information
from the screening from the first mix design tested and the characterization of the
RCA (4-8 mm). The mix quantities were scaled from 1 m3 to 20 l. Table 4.3 shows
the composition for the different replacements of the RCA (4-8 mm).

Mix designs w/c CEM-II
[kg]

Water
[kg]

Sand
[kg]

NA(4-8)
[kg]

NA(8-16)
[kg]

RCA(4-8)
[kg]

0.5NA 0.5 6.88 3.44 14.84 11.08 11.08 -
0.5RCA30 DRY 0.5 6.88 3.44 14.84 7.756 11.08 3.324
0.5RCA30 SAT 0.5 6.88 3.44 14.84 7.756 11.08 3.324
0.5RCA30 SATC 0.5 6.88 3.06 14.84 7.756 11.08 3.324
0.5RCA30 U.SATC 0.5 6.88 3.29 14.84 7.756 11.08 3.324
0.5RCA50 DRY 0.5 6.88 3.44 14.84 5.54 11.08 5.54
0.5RCA50 U 0.5 6.88 3.44 14.84 5.54 11.08 5.54
0.6NA 0.6 5.74 3.44 15.24 11.08 11.08 -
0.6RCA30 DRY 0.6 5.74 3.44 15.24 7.756 11.08 3.324
0.6RCA30 SAT 0.6 5.74 3.44 15.24 7.756 11.08 3.324
0.6RCA30 SATC 0.6 5.74 3.00 15.24 7.756 11.08 3.324
0.6RCA30 U.SATC 0.6 5.74 3.25 15.24 7.756 11.08 3.324
0.6RCA50 DRY 0.6 5.74 3.44 15.24 5.54 11.08 5.54
0.6RCA50 U 0.6 5.74 3.44 15.24 5.54 11.08 5.54
0.6RCA50 SATC 0.6 5.74 3.00 15.24 5.54 11.08 5.54

Table 4.3: Mix design for concrete bathes.

The different processing abbreviations of the RCA (4-8 mm) are listed in Table 4.4.

Processing Abbreviation
Untreated U
Washed and oven dried DRY
Saturated SAT
Saturated and corrected for water adjustment SATC

Table 4.4: Processing of RCA (4-8 mm).

All RAC batches were produced with the same mix proportions as the references.
Ingredients were mixed according to standard DS/EN12390-3 in a standard concrete
mixer, as shown in Figure 4.8.
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Figure 4.8: Standard concrete mixer.

4.3.2 Slump
The slump value was measured according to DS/EN12350-2. However, the slump
value was not adjusted according to DS/EN206, this was done in order to keep the
amount of cement added equivalent to the references. Generally the different batches
of had a low slump value, Fiugre 4.9(b) shows the slump value of the two references
with w/c-ratio of 0.5 and 0.6 and the mix designed concrete with the lowest slump
value.

(a) 0.5NA slump value 6
cm.

(b) 0.5RCA50 slump value
0 cm.

(c) 0.6NA slump value 13
cm.

Figure 4.9

4.3.3 Air Content
The air content of the concrete mixtures was measured according to DS/EN12350-7
with a pressure gauge method.
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Figure 4.10: Pressure gauge.

4.3.4 Compressive Strength
The compressive strength tests were conducted on cylinders according to DS/EN12390-
3. Compressive strength is defined as the ratio between the rupture load in axial
compression and the cross-sectional area of the specimen.
Standard concrete will normally be tested for compression strength with a height/diameter-
ratio of 2, according to DS/EN12390-1, cylinders with a height of 200 mm and a
diameter of 100 mm were used. The H/D-ratio of 2 results in failure by cracking.
For each mixtures four compressive strength tests were conducted on the cylinder
specimens after respectively 7 and 28 days of curing in a water bath at a temperature
of 20 ± 2 oC, according to DS/EN12390-2. Before the specimens were tested, they
were weighed and measured. The compression was applied as load per time: 4.71
kN/s, accorindg to DS/EN12390-3, see Appendix B for calculation.

Figure 4.11: Compression test, Toni Technik.

Fibreboards were used as equalizing layer between the platens of the testing machine
and loadbearing surfaces of the specimen.
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CHAPTER 5
Results and Discussion

The results obtained from the tests and processed by the methods described in Chap-
ter 4 are presented in this chapter. The properties found through the tests are com-
pared to relevant studies. Raw data can be found in Appendix B and additional
results from the tests can be found in Appendix C.

5.1 Particle Size Distribution
The particle size distribution test was conducted according to DS/EN933-1. The
result from the particle size distribution test is the mean based on two test portions
of the crushed concrete. Figure 5.1 shows the distribution curves for the fraction
< 1 mm combined with 1-31.5 mm and the mean. The results from the four test
conducted are individually shown in Appendix C.

Figure 5.1: Particle size distribution. This figure will appear in the thesis of KNJ as well.

The distribution of the second test portion is generally lower than the distribution fr
the first test portion, especially is the fraction (8-16 mm) lower than for the first test
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portion. This shows that the second test portion has a much larger percentage of the
biggest fraction (16-31.5 mm).
The results for the mean are also shown in Table 5.1.

Fraction [mm] Mean cumulative passing [%]
16 - 31.5 100

8 - 16 70.90
4 - 8 49.36
2 - 4 34.68
1 - 2 24.10

0.5 - 1 16.64
0.063 - 0.5 9.15
0 - 0.063 0.96

Table 5.1: The mean cumulative passing percentage for the particle size distribution
curve. This figure will appear in the thesis of KNJ as well.

From the particle size distribution test and from weighing the sieving of the material
collected in January, the percentages of the fractions (4-8 mm) and (8-16 mm) of the
crushed concrete collected are shown in Table 5.2.

Fraction [mm] PS test [%] January collection [%]
16 < 29.22 19,53
8 - 16 21.51 25.31
4 - 8 14.64 19.01
< 4 34.63 29.83

Table 5.2: Percentages of the fractions (4-8 mm) and (8-16 mm).

The material collected in January was not sieved according to DS/EN933-1, the mate-
rial was therefore dense and the some of the fraction (< 4 mm) stuck the aggregates of
the larger fractions. The fractions (4-8 mm) and (8-16 mm) make up 36.15-44.32 % of
the crushed concrete (0-32 mm). The fraction (> 16 mm) can also be used as coarse
aggregates for production of new concrete, which give a percentage of 63.85-65.37 %
of the crushed concrete that can be reused as RCA.
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5.2 RCA 4-8mm characterization

The composition of the RCA (4-8 mm) was investigated through observations during
the processes of the castings and with a microscope. Figure 5.2(a) shows the different
states of the RCA (4-8 mm) and Figure 5.2(b) shows the contaminants floating during
pre-soaking of the RCA (4-8 mm).

(a) Dried, saturated and untreated RCA (4-8 mm). (b) Contaminants
floating.

Figure 5.2: Aggregates and contaminants observed during casting.

The RCA (4-8 mm) is a mix of angular and round coarse aggregates, see Figure 5.3(a)
- 5.3(c). Most of the RCA (4-8 mm) are angular with AM as Figure 5.3(a), the AM is
the lighter coloured surface. The untreated RCA (4-8 mm)’s surface is covered in fine
aggregates, Figure 5.3(c). Figure 5.3(d) shows a mortar fraction it is more porous
than the raw material aggregates and the pores are much bigger and the open pores
very visible, which is the main reason for the increased water absorption for RCA.

There are two types of contaminants observed in the RCA (4-8 mm) fraction. Figure
5.2(b) show the contaminants floating, when the RCA (4-8 mm) was pre-soaking
for casting. The first type of contamination is shown in Figure 5.3(e) it is a dark,
rounder, more porous material than the RCA (4-8 mm) and with bigger open pores,
most likely asphalt. The other type of contamination, see Figure 5.3(f) has a rubbery
feel and is most likely insulation or sealant The asphalt and the insulation/sealants
are weaker materials than the crushed concrete and therefore weaken the strength of
the new concrete.
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(a) Angular aggregate with AM. (b) Round aggregate.

(c) Untreated aggregate. (d) Mortar fraction.

(e) Asphalt. (f) Insulation or sealant.

Figure 5.3: RCA (4-8 mm) and contaminants, scale 1000 µ.

5.2.1 Los Angeles Abrasion
The LA abrasion test was conducted according to DS/EN1097-2. The mean result
for the LA abrasion loss is based on two test portions. Table 5.3 shows the result for
RCA (4-8 mm).

Property RCA (4-8 mm)
LA abrasion loss % 55.62

Table 5.3: LA abrasion loss for RCA (4-8 mm).
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5.2.2 Cement Content

The cement content test was conducted according to TI-B 9 (85). The mean results
for the cement content test are each based on three test portions. Table 5.4 shows
the result for RCA (4-8 mm).

Property RCA (4-8 mm) Crushed RCA (4-8 mm)
Cement content % 19.52 24.46

Table 5.4: Cement content for RCA (4-8 mm).

The cement content of the crushed RCA (4-8 mm) are higher than for RCA (4-8
mm), this was as expected, since the nitric acid having easier access to the cement.
The results are illustrated in Figure 5.4, where the result for the crushed specimen is
equivalent to the results from the studies of (Hansen 1992).

Figure 5.4: Cement content to aggregate size. Results of RCA (4-8 mm) are illustrated with red
and crushed RCA (4-8 mm) with green (Hansen 1992).
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5.2.3 Porosity and Density (LBM Test Method 2)
The porosity and density test was conducted according to the LBM test method 2.
The mean values of the apparent density and the open porosity are shown in Table
5.6. The mean are based on three specimens.

Property RCA (4-8 mm)
Open porosity Po m3/m3 0.1997
Apparent density ρd kg/m3 1980.32

Table 5.5: Open porosity and apparent density for RCA (4-8 mm).

Additional results for the RCA (4-8 mm)’s properties from the density and porosity
test can be found in Appendix C.

5.2.4 Density and Water Absorption (Pycnometer)
The RCA absorb a lot of water and it is very important to control the water content
during a mixing procedure to prevent the aggregates of stealing water that is assigned
to cement. This is prevented by soaking the aggregates before mixing. The water
used for soaking was ignored when calculating the w/c-ratio.

Property RCA (4-8 mm)
Real particle density ρs kg/m3 2375.9
Water absorption WA % 13.45

Table 5.6: Particle density and water absorption for RCA (4-8 mm).

Table 5.7 compares the real particle density from the pycnometer test to the real
density from the LBM Method 2. The results from the two test are very similar with
a percentage of 95.9.

Property RCA (4-8 mm)
Real particle density ρs kg/m3 2375.9
Real density ρf kg/m3 2475.5
Percentage % 95.9

Table 5.7: Real density of RCA (4-8 mm).

Figure 5.5 show the results for the water absorption as function of the density of
recycled aggregates. The water absorption of RCA (4-8 mm) is much higher than the
results illustrated in the figure. The reason for this can be the different ways of recy-
cling concrete aggregates. In Denmark we use recycled concrete aggregates as all the
crushed concrete in the respective fraction, where in Holland they mainly regenerate
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the aggregates from the concrete. The parabolic illustrated in Figure 5.5 is found
by a German Kreijger, P.C., if Germany regenerates stones as Holland compared to
crushed concrete, the water absorption of the aggregates will bi significant lower.

Figure 5.5: Water absorption as a function of the density. Results of RCA (4-8 mm) are illustrated
with red (Hansen 1992).

5.2.5 Water Content

The water content test was conducted according to DS/EN1097-5. The mean result
for the water content test is based on three test portions. Table C.4 shows the result
for RCA (4-8 mm).

Property RCA (4-8 mm)
Water content % 12.5

Table 5.8: Water content for RCA (4-8 mm).
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5.3 Recycled Aggregate Concrete

The following section will consider the workability of the concrete mixtures and two
types of concrete cylinders: the reference cylinders which consist of 100 % NA (these
are illustrated by the red bars) and the RAC cylinders which replace 30 and 50 %
of the NA with RCA (4-8 mm). The results of the references will also appear in the
thesis of KNJ and MEH.

5.3.1 Compressive Strength

The compressive strength test was performed according to DS/EN12390-3. The re-
sults for the compressive strength tests is the mean based on four specimens for each
concrete mix design and the results can be seen in Appendix C and is illustrated
in this section. The standard deviation is illustrated with error bars. The concrete
cylinders ruptured due to cracks in the hardened cement paste. With some of the
specimens the displacement fraction was set higher on the Toni Technik to see how
the failure behaved around the RCA. Some of the RAC cylinders ruptured due to a
slip at the AM.

5.3.1.1 First Phase

During the first phase of this project a screening was conducted. The screening
consisted of reference specimens of 0.5 and 0.6 w/c-ratio curing in 7 and 28 days and
mix designs with replacement of 30 and 50 % RCA (4-8 mm) in dry and saturated
conditions and untreated for w/c-ratio 0.6. The results of the references will also
appear in the thesis’s of KNJ and MEH.

First the mix designs with replacement of 50% dry RCA (4-8 mm) was tested for 7
days curing. It was a bit lower than the reference for the w/c-ratio 0.6 and higher
than the reference for 0.5 w/c-ratio, but with a higher standard deviation. Then the
replacement of RCA was tested for 30 % according to the requirements for unknown
sources DS/EN206. This was done for both dry and saturated conditions. Figure 5.6
and 5.7 both show that the compressive strength for the processed RCA (4-8 mm) is
equal to the references and with standard deviation.
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Figure 5.6: Compressive strength of specimens cured for 7 days with 0.5 w/c-ratio.

For the 0.6 w/c-ratio the mix designs of 50 % untreated RCA (4-8 mm) was also
investigated, the compressive strength was much lower than the other tests.

Figure 5.7: Compressive strength of specimens cured for 7 days with 0.6 w/c-ratio.

Figure 5.8 and 5.9 shows the screening for the specimens curing in 28 days. The
figures show the 50 % relacement dry RCA (4-8 mm) equivalent to the references,
but both with bigger standard deviation.
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Figure 5.8: Compressive strength of specimens cured for 28 days with 0.5 w/c-ratio.

Figure 5.9: Compressive strength of specimens cured for 28 days with 0.6 w/c-ratio.

Phase 2 Based on the results from the mix designs of first phase redesigns of the
mix design were investigated. Due to the low slump value and the deviation of the
results, the focus for the second phase was on the processing procedure of the RCA
(4-8 mm). From the first phase the aggregates was added to the mix either dried
or as s.s.d. where there was corrected for the amount of water in relation to the
water obtained during pre-soaking. To ease the process of production the processes
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of the RCA (4-8 mm) s.s.d. without correction for the water was tested. Due to the
difficulties of getting a s.s.d. state for the RCA (4-8 mm) the mixture got very wet.
As the water used for soaking has been ignored when calculating the w/c-ratio, the
w/c-ratio increased and the strength of the mixture for both 0.5 and 0.6 w/c-ratio
were significantly lower than the rest of the test.

In continuous to ease the processing procedure the s.s.d. where there was corrected
for the amount of water was tested for untreated RCA (4-8 mm). Both for 0.5 and
0.6 w/c-ratio the strength was not much higher than for the s.s.d. without correction.

Figure 5.10: Compressive strength of specimens cured for 7 days with 0.5 w/c-ratio.
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Figure 5.11: Compressive strength of specimens cured for 7 days with 0.6 w/c-ratio.

The 30 % replacement in dry and s.s.d. corrected for the water amount obtained
during pre-soaking for both 0.5 and 0.6 w/c-ratio form the first phase were cast again
for 28 days of curing. All except one (0.5RCA30DRY) corresponded to the references.

Figure 5.12: Compressive strength of specimens cured for 28 days with 0.5 w/c-ratio.
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Figure 5.13: Compressive strength of specimens cured for 28 days with 0.6 w/c-ratio.

Saturating the RCA (4-8 mm) by pre-soaking affects the workability and gives a
higher consistency which makes it easier with the placement and the compaction of
the concrete mixture. Due to the RCA high water absorption, saturating the RCA
(4-8 mm) make it easier to control the water absorption during mixing and therefore
also the free water content, which prevent the RCA of stealing the water that is
assigned for the cement. When taking the water used for pre-soaking into account for
calculating the w/c-ratio, Figure 5.10 and 5.11 shows that deviation gets lot smaller
.

Comparing the compressive strength of the different mix designs to Bolomey formula
only three of the mix designs with RCA (4-8 mm) exceed the calculated strength of
the concrete, these are underlined in Table 5.9. Two others are less than 1 % from
and and 9 of the mix designs are more than 10 % from.
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Mix designs w/c Curring [d] Mean [MPa] fc [MPa] Percentage [%]
0.5NA 0.5 28 34.78 40.6 86.9
0.5NA 0.5 7 27.11 31.2 86.8
0.5RCA30 DRY 0.5 7 31.08 31.2 99.6
0.5RCA30 SATC 0.5 7 28.39 31.2 91
0.5RCA50 DRY 0.5 28 34.53 40.6 85.03
0.5RCA50 DRY 0.5 7 29.87 31.2 95.7
0.5RCA30 DRY 0.5 28 30.51 40.6 75.1
0.5RCA30 SAT 0.5 7 22.64 31.2 72.6
0.5RCA30 SATC 0.5 28 34.46 40.6 84.9
0.5RCA30 U.SATC 0.5 7 24.47 31.2 78.4
0.5RCA50 U 0.5 7 27.58 31.2 88.4
0.6NA 0.6 28 29.99 30.9 97.1
0.6NA 0.6 7 24.53 23.2 105.7
0.6RCA30 DRY 0.6 7 23.38 23.2 100.8
0.6RCA30 SATC 0.6 7 23.15 23.2 99.8
0.6RCA50 DRY 0.6 28 29.97 30.9 97
0.6RCA50 DRY 0.6 7 21.87 23.2 94.3
0.6RCA50 U 0.6 7 17.32 23.2 74.7
0.6RCA50 SATC 0.6 7 21.3 23.2 91.8
0.6RCA30 DRY 0.6 28 32.9 30.9 106.5
0.6RCA30 SAT 0.6 7 18.03 23.2 77.7
0.6RCA30 SATC 0.6 28 37.01 30.9 119.8
0.6RCA30 U.SATC 0.6 7 20.19 23.2 87

Table 5.9: Compressive strength for mix designs compared to Bolomey formula.

Figure 5.14 shows the compressive strength from the study (Pepe 2016), where the
ratio for the concrete mix design was found. The RCA30 are with RCA in fraction
(9.5-19 mm) and are significantly higher than the % replacement of RCA (4-8 mm)
seen in this report. Similarities are however, seen when comparing the RCA (4-8 mm)
to RCA60 from the study (where there are both RCA in fraction (4.75-9.5 mm) and
(9.5-16 mm)).

The results found in the study shows a generally higher compressive strength for the
30 % RCA replacement with 0.5 w/c-ratio for both dry and saturated RCA.
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(a)

(b)

Figure 5.14: Time evolution of compressive strength (Pepe 2016).
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CHAPTER 6
Conclusion

To for see the resource shortage around bigger cities, RCA can be used to meet the
demand of an expanding building industry and lowering the need of extraction of raw
materials and disposal of concrete waste, while decreasing the transportation costs.
This project investigated the replacement of NA with RCA (4-8 mm) for 30 % and
50 % in concrete. Through testing for the compressive strength and workability of
different mix design concretes the processing procedure of the RCA was examined.
For the second phase of the mix designing the concrete mixtures the characteristics
of the RCA (4-8 mm) was investigated.
Characteristics of RCA (4-8 mm) show that the aggregates had a higher open porosity,
lower density and significantly higher water absorption than other studies of RCA.
However, the AM was very similar to other studies, the properties for the open
porosity, density and water absorption can therefore be due to the contaminants of
the asphalt in the crushed concrete.
The high water absorption makes it hard to control the free water for the cement,
by the proposed mix design methodology, it demonstrates that the deviation of the
compressive strength and the workability of RAC can be met, by the RCA being
saturated, in this thesis by pre-soaking.
The results for the compressive strength show that the maximum requirement accord-
ing to DS/EN206 for RCA of an unknown source can be used and even exceed to 50
%.

6.1 Suggestion for Further Research
The investigations performed in this report has provided a lot of interesting results,
however it has also triggered a number of new research fields that future investiga-
tions could seek to explore further.

A basic technical study and documentation of the mechanical properties of new con-
crete with various fraction of coarse aggregates, including determination of e-module,
creep and shrinkage.

An assessment of market demands, opportunities and barriers for recycling of concrete
aggregates in new concrete, as well as an examination of whether it is economical and
environmental more advisable to recycle concrete waste as aggregates to new concrete
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compared with previous recycling of concrete in unbound form through a comprehen-
sive Life Cycle Assessment. In addition there of, there is a need to define more quality
categories similar to what already exist in the field of soil. It is important with def-
initions of clear national application criteria and defined limit values for different
contaminants categories of concrete.
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APPENDIX A
Method Theory

This Appendix contains following additions to the method theory described in Chap-
ter 4:

• Mean and Standard Deviation

• Porosity and Density (LBM Test Method 2)

• Cement Content (TI-B 9 (85))

A.1 Mean and Standard Deviation
The mean and standard deviation are used in the results for test that has been
performed on at least two observations under the same conditions. This section
describes how they were calculated. The mean, µ, (also called average or arithmetic
mean) is calculated by:

µ = 1
n

·
n∑

i=1
xi (A.1)

where n is the number of observations and xi is the value for each observation.
The standard deviation, σ, is calculated by:

σ =
√∑n

i=1(xi − µ)2

n
(A.2)

where µ is the mean, n is the number of observations and xi is the value for each
observation. Extreme results, e.g. a very low compressive strength (with a standard
deviation above 2 is considered high), are still included in the calculations but it will
result in a higher standard deviation for the whole measurement.
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A.2 Porosity and Density (LBM Test Method 2)
The LBM test method 2 used for calculating the open porosity and density.
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A.3 Cement Content (TI-B 9 (85))

The TI-B 9 (85) test method used for calculating the cement content of the aggregates
with acidification of concrete. The test was scaled to test portions of 20 g.
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APPENDIX B
Experimental

Procedure
This Appendix contains following additions to the method described in Chapter 4:

• Particle size distribution

• Los Angeles abrasion

• Cement Content

• Porosity and Density (LBM test method 2)

• Density and Water absorption

• Water Content

• Mixing Procedure

• Compressive Strength

B.1 Particle size distribution
Two particle size distribution tests were performed, each test portion consisted of 10
kg crushed concrete. The test portions were prepared by being weighed and dried
to a constant mass at 105 oC. This took 24 h. The test portions were weighed and
sieved through sieve column, the fraction smaller than 1 mm was run through laser
diffractometer.
Equipment:

• A ventilated oven

• Scale

• Sieve column (0, 1, 2, 4, 8, 16 and 31,5 mm)

• Mastersizer 2000 laser diffractor
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Raw Data

(a) Sieve column 1 (1-31.5 mm). (b) Sieve column 2 (1-31.5 mm).

(c) Laser diffractometer 1 ( < 1 mm). (d) Laser diffractometer 2 ( < 1 mm).

Figure B.1: Test schemes for Particle size distribution.
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B.2 Los Angeles
To test the wear resistance of the RCA (4-8 mm) the LA abrasion tests was conducted
following DS/EN1097-2. Equipment:

• Los Angeles abrasion machine

• 8 steel balls

• 1.4 mm sieve

• Scale

The test portions was the two fractions of RCA (4-8 mm) from the particle size dis-
tribution test. The test portion was tested in a Los Angeles abrasion Machine with
a speed of 30-33 rpm in 16.6 min. There was used 8 steel balls, with a diameter of
46 mm. Afterwards was the test portion sieved on a 1.4 mm sieve and the retained
mass was weighed.

Raw Data

Figure B.2: Test scheme for Los Angeles abrasion.

B.3 Cement content
The test studied the cement content of the RCA (4-8 mm) following first part of TI-B
9 (85).
Equipment:

• Conical flask

• Filter

• Beaker

• Scale

• Boiled, de-mineralised water

• HNO3

• Pipette
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• Fume cupboard

Three test portions were tested for respectively hole RCA (4-8 mm) and crushed RCA
(4-8 mm), crushed vibratory disc mill in 20 sec. The test portions were prepared
being weighed in beaker. The test portions were mixed with warm de-mineralised
water. HNO3 was added a bit at the time and mixed again each time. The HNO3
is continuingly added in small dosage until there is no more air development. The
solution was filtered through a filter into a beaker.
The drained filtered solution was dried to a constant mass at 105 oC. The dried test
portion was then weighed again.

Raw Data

Figure B.3: Test scheme for Cement Content.

B.4 Porosity and Density (LBM Test Method 2)
The test studied RCA (4-8 mm)’s density and porosity following the LBM test method
2 (Laboratoriet for Bygningsmaterialer - Prøvemetode 2).

Equipment:

• A ventilated oven

• Weighing instrument, over and under water

• Thermometer

• Net (with elastic)

• Desiccator

• Vacuum pump

• Cloth

• Boiled, de-mineralised water
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Three test specimens were tested, one from each batch from the construction site.
The test specimens were prepared by being washed and dried to a constant mass at
50 oC. This took 24 h. The specimens were weighed at room temperature (md) and
evacuated in a desiccator for three hours in complete vacuum. After three hours, the
specimens were covered with boiled, de-mineralised water cooled to room temperature
covering 30 mm above the test specimens and they were left soaking still in vacuum.
After one hour, the atmospheric pressure was re-established and the test specimens
were left soaking overnight, approximately 18 h. Next day the specimens were weighed
under water (msw) and with the surfaced dried (mssd).
The test specimens were weighed in water. Water with a temperature of 20 oC has
an corresponding density of 998.2 kg/m3(rhow), which was used for the calculations.

Raw Data

Figure B.4: Test scheme for Porosity and Density (LBM Method 2).

B.5 Density and Water Absorption (Pycnometer)
To test the water absorption and the density of the RCA (4-8 mm) pycnometer tests
were conducted following .
Equipment:

• 500 mL pycnometer

• De-mineralised water

• Scale

• Desiccator

• Vacuum pump

• Beaker
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The test specimens were prepared by being washed and dried to a constant mass at
50 oC. This took 24 h. The specimens were weighed at room temperature (m4) and
put in a pycnometer filled frac34 with de-minieralised water. The open pycnometer
and a beaker with de-mineralised water were evacuated in a desiccator for 18 hours
in complete vacuum. After the 18 hours the pycnometer was overfilled with the water
from the beaker, closed and dried on the outside before it was weighed. Afterwards
the the specimens were removed from the water and dried to s.s.d. conditions in order
to calculate the water absorption.

Raw Data

Figure B.5: Test scheme for pycnometer.

B.6 Water Content
The test studied the RCA (4-8 mm)’ water content following DS/EN1097-5.
Equipment:
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• A ventilated oven

• Containers (tins)

• Scale

Three test specimens were tested. The test specimens were of untreated RCA (4-8
mm). They were weighed and dried to a constant mass at 105 oC. This took 24 h
days and then weighed again.

Raw Data

Figure B.6: Test scheme for water content.

B.7 Mixing concrete cylinders
The casting of the different mix design concretes was conducted according to DS/EN12390-
2 and DS/EN12390-3. Equipment:

• Scale

• Concrete mixer

• Slump cone

• Pressure gauge

• Vibration table

• Molds

• Buckets

• Oil for the molds



64 B Experimental Procedure

B.7.1 CEM II/A.LL 52,5 N
This section contains specifications of Basis Aalbog cement:

Figure B.7: Cement used for all mixtures.

B.7.2 Slump
The slump value was measured with a standard sized cone, with a height of 300 mm
± 2 mm, a base diameter of 200 mm ± 2 mm and a top diameter of 100 mm ± 2 mm.
The cone is filled a third at a time and stomped 25 times with a metal rod before the
next third is filled and finally topped off. The cone is then lifted and the amount of
which the concrete set is measured.

B.7.3 Air Content
The pressure gauge designed to measure air content was filled with concrete and
vibrated at 60 Hz on the vibration table. The lid was secured with hinges on top
and then it was topped of with water through the pipes on the sides, followed by
pumping air in until it was full. Then the green button was push and the air content
was noted.

B.8 Compressive Strength
Equipment:

• TONI Technik

• Fiberboards

• Caliper

• Scale
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B.8.1 Applied Load, TONI Technik

A constant rate of loading was selected, according to EN 12390-3, within the range
of:

0.6 ± 0.2MPa/s (B.1)

Cross-sectional area of test specimen:

π · r2 = A (B.2)

π ·
(

100
2

)2

= 7850mm2 (B.3)

Constant loading rate:

0.6 · 7.85 = 4.71kN/s (B.4)

Raw Data
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Figure B.8: Test scheme for compressive strength for 0.5 w/c-ratio.



B.8 Compressive Strength 67

Figure B.9: Test scheme for compressive strength for 0.6 w/c-ratio.
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APPENDIX C
Results: Elaborated

Version
This appendix contains following additional results from the tests presented in Chap-
ter 5.

• Particle size distribution

• Porosity and Density (LBM test method 2)

• Density and Water absorption

• Compressive strength

C.1 Particle Size Distribution
The results are based on DS/EN933-1. Figure C.5 to C.4 show the results from the
four test conducted. The distribution of the fractions < 1 mm have very similar
tendencies, but the second test portion is a bit lower which means it represents a
lower percentage of the test portion (0-31.5 mm) than the fraction < 1 mm of the
first test portion. The distribution of the fraction 1-31.5 mm variate from the fraction
of 4 mm and up. These figures will appear in the thesis of KNJ as well.
As it can be seen on Figure C.5 and C.3 the measurements from the laser diffractome-
ter exceeds 1 mm, the measurements have therefore been cropped to only include
sizes up to 1 mm. When cropped the two different measurements, for both portion
one and two, fit quite nice together. The particle size distribution curves can be
considered complete from 0.01 µm - 31.5 mm.
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Figure C.1: Laser diffractometer 1 ( < 1 mm).

Figure C.2: Sieve column 1 (1-31.5 mm).
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Figure C.3: Laser diffractometer 2 ( < 1 mm).

Figure C.4: Sieve column 2 (1-31.5 mm).

C.2 Density and Porosity

The test resuslts are based on the LBM test method 2. The equations are shown in
Appendix A.
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Property RCA (4-8 mm)
Volume V mm3 55025.71
Pore volume Vpo mm3 14248.98
Open porosity Po m3/m3 0,25817
Apparent density ρd kg/m3 1834.81
Real density ρf kg/m3 2475.51
Vacuum saturated density ρssd kg/m3 2093.52
Water/solid ratio ussd kg/kg 0.14117

Table C.1: Results from density and porosity test. The mean is based on results from
three test specimens.

C.3 Compressive Strength

This section contains the test scheme for the different mix design concretes and the
figures for the compressive strength for the RCA (8-16mm) investigated by KNJ.

Mix designs w/c Curring [d] Slump [mm] Air content [%] Mean [MPa] σ
0.5NA 0.5 28 60 1.4 33.65 5.26
0.5NA 0.5 7 40 1.5 27.11 2,03
0.5RCA30 DRY 0.5 7 10 2 31.08 2.33
0.5RCA30 SATC 0.5 7 20 1.5 28.39 0.92
0.5RCA50 DRY 0.5 28 20 1.1 34.53 4.62
0.5RCA50 DRY 0.5 7 0 2.1 29.87 2.72
0.6NA 0.6 28 130 1.2 29.99 0.88
0.6NA 0.6 7 30 1.7 24.53 2.87
0.6RCA30 DRY 0.6 7 10 1.4 23.38 4.48
0.6RCA30 SATC 0.6 7 30 1.7 23.15 0.8
0.6RCA50 DRY 0.6 28 20 2.1 29.97 2.98
0.6RCA50 DRY 0.6 7 10 1.8 21.87 1.89
0.6RCA50 U 0.6 7 20 1.8 17.32 2.25
0.6RCA50 SATC 0.6 7 20 1.5 21.3 1.48

Table C.2: Compressive strength for mix designs investigated for the screening.
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Mix designs w/c Curring [d] Slump [mm] Air content [%] Mean [MPa] σ
0.5NA 0.5 28 60 1.5 36.91 3.91
0.5RCA30 DRY 0.5 28 30 1.4 30.51 4.18
0.5RCA30 SAT 0.5 7 20 1.8 22.64 0.61
0.5RCA30 SATC 0.5 28 40 1.3 34.46 3.22
0.5RCA30 U.SATC 0.5 7 80 1.4 24.47 4.23
0.5RCA50 U 0.5 7 40 0.9 27.58 2.24
0.6RCA30 DRY 0.6 28 40 1.3 32.9 3.61
0.6RCA30 SAT 0.6 7 10 1.7 18.03 1.79
0.6RCA30 SATC 0.6 28 60 0.9 37.01 3.98
0.6RCA30 U.SATC 0.6 7 10 1.3 20.19 0.5

Table C.3: Compressive strength for mix designs investigated after screening.

C.3.1 Bolomey Formula

Bolomey formula was calculated with the constants for Basis Aalbog cement for re-
spectively 7 and 28 days of curing.

w/c Days of curing fc [MPa]
0.5 7 31.2
0.5 28 40.6
0.6 7 23.2
0.6 28 30.9

Table C.4: Bolomey formula.
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Figure C.5: Constants for Bolomeys formulas.



APPENDIX D
Field Trip to Holland

DAKOFA and Dansk Beton had together with Theo Pouw Group in Holland, orga-
nized a study trip to Holland from the 9th of May to the 11th of May. The field trip
was a part of an initiative that DAKOFA and Dansk Beton have launched together
in order to develop the basis conditions and Danish solutions for recycling concrete
aggregates for production of new concrete with inspiration from the Dutch solutions.
(DAKOFA 2017) gives a brief overview of some of the dividend they took home from
the trip, including concrete national CE goals create stable framework, focus on CO2
reduction gives points for project proposals and certification of demolition.

During the trip we visited two recycling concrete plants, the first one of Theo Pouw
in Utrecht, see Figure D.2. Beside the plant they also do certified demolition which
ensure control over the technical quality. This knowledge is used, together with
receiving control, to decide further processing and treatment to ultimately achieve
the best grades of recycled materials. Out of the concrete that they receive 70 % are
used for road-fill and base layer and the other 30 % are used for recycling as RCA. The
RCA from this plant consist of regenerating the coarse aggregates from the original
concrete, see Figure D.1(e). The new concrete products mainly go to utility for roads.
To ensure the quality of the aggregates they are tested 10 times per hour.

The second second recycling concrete plant, Rewinn just outside of Amsterdam, is a
collaboration between Theo Pouw and Sagrex (Heidelberg cement). This plant was
significantly smaller than the one in Utrecht and only focuses on concrete from and
too Amsterdam. Here was the RCA more similar to the crushed concrete aggregates
we see here in Denmark. Figure D.2(e) is the RCA fraction 8-24 mm after crushing,
which looks like the aggregates we collected from Rødovre. Figure D.2(d) shows the
aggregates after they were washed.

In order to capture some of the contaminants that has not been sorted from earlier
in the process, they have two men to keep an eye on the aggregates. One just before
the aggregates are washed, Figure D.2(b), and one after they were washed, Figure
D.2(c).
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(a) (b)

(c) (d)

(e)

Figure D.1: Theo Pouw Utrecht, concrete production processing by an extractive cleaner, station-
ary crusher and washing-crushing plant.
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(a) (b)

(c) (d)

(e)

Figure D.2: Rewinn Amsterdam, concrete waste is crushed before it is processed in the granular
washer.
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APPENDIX E
Standards of
Assessments

This Appendix contains additional tables to the relevant standards of assessment of
RCA described in Chapter 2.

Figure E.1: EN 206-1 Table 2426-3.

The proportions of constituent materials in coarse recycled aggregate must be declared
with the relevant categories specified in Figure E.2 with descriptions from Figure E.3.
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Figure E.2: DS/EN 12620 Anneks E Table 20.
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Figure E.3: Description for DS/EN 12620 Anneks E Table 20.



82



APPENDIX F
Risk Assessments

This Appendix contains the necessary risk assessment for the laboratory.
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APPENDIX G
Midtterm Presentation

This Appendix contains a poster from the midterm presentation.

Genanvendelse  af  Betonaggregater
Introduktion

Formål

Hypothese

Materialer og metode

Resultater

Konklusion og videre undersøgelser 

I 2013 blev der registreret 680.664 tons betonaffald i Danmark og ifølge Miljøstyrelsen udgør 
beton ca. 25% af bygge- og anlægsaffald. Dermed er beton den største fraktion indenfor bygge- 
og anlægsaffald. 

I dag er den officielle genanvendelsesprocent for beton omkring 95%. Oftest sorteres og ned-
knuses betonen og genanvendes som stabilgrus i veje og fundering. Genbrugen af beton som 
bærelag er ikke med til at sænke CO2  udledningen, da behovet for udvinding af naturlige råstof-
fer forbliver det samme. 

Ved genanvendelse af betonaggregater som tilslag til ny beton, er der mulighed for en højere 
værdi for den genandenvdelige beton end for nedknust beton som stabilgrus. Ved genanven-
delse af nedknust beton som tilslag spares samtidig på stenfraktioner fra udvinding af naturlige 
råstoffer. 

Formålet med denne rapport er at undersøge brugen af genanvendte betonaggregater i 
størrelsen 4-8mm i ny beton. Der laves forskellige materialeundersøgelser af aggregaterne 
og samtidig undersøges trykstyrken for forskellige biarbejdelse og blandingsforhold. 

For passiv miljøklasse op til styrkeklasse C30/37 er beton med genanvendte betonaggregater 
som stentilslag lige så velegnet til f.eks. ikke bærende vægge, pladsbelægning m.m., som bet-
on med stentilslag af naturlige råstoffer. 

Aggregaterne undersøgt er fra nedknust beton fra Islevgård Allé 5, betonens styrke var 34 
MPa i hht. byggetilladelsen. 
Den nedknuste beton er sigtet, vasket og tørret ved 55 celcius. Det nedknuste beton tilslag, 
sammenlignet med naturlige aggregater, er mere porøst og har vedhængende cement. 

I projektet undersøges flere forhold omkring betonaggregaternes egenskaber og styrke. De 
forhold, der har vist sig interessante i forhold til det videre arbejde, samt forhold der beskriver 
bearbejdelighed, er præsenteret i følgende afsnit.

Louise Green Pedersen
s112895@student.dtu.dk

Danmark Tekniske Universitet 

Ud fra disse resultater kan det indtil videre konkluderes, at genbrugs aggregater i 4-8mm, 
på baggrund af tryktesten, sagtens kan erstatte 30% af de naturlige stentilslag. Det ses at 
den vedhæftede cement på aggregaterne og vandmætning har stor indflydelse på styrken 
og bearbejdeligheden. 
Tendensen i forsøgene understøtter den forudtagede teori for porøsiteten og sammenhæn-
gen mellem vandmætheden og styrken. 

For det videre arbejde med 4-8mm genbrugsaggregat, vil følgende være i fokus: 
 - Forarbejdning af genbrugsaggregater
 - Vandmæthed
 - 30% RCA 

Der vil yderligere blive undersøgt porøsitet, densitet, cementindhold, vandindhold og 
sigtekurve. 

Vasket og tørret Vasket Ubehandlet

Vand

Cement

Sand

Sten

Konventionel 
beton

Genanvendt 
beton, 
DS-411

Genanvendt 
beton, DS-

2426 EN-206

Nedknust beton

DS-411: Nedknust beton må maks. 
udgøre 20% af stenfraktion og 10% af 
sandfraktionen.

DS-2426 EN-206: Nedknust beton må 
maks. udgøre 100% af stenfraktion og 
30% af sandfraktionen.

Figur 2 - Aggregater 4-8, fra højer mod venstre, vasket og tørret ved 55 grader celcius, vasket 
og ubehandlet. 
Der anvendes forskellige metoder for de forskellige forsøg for materialeundersøgelserne og 
trykstyrke. 

Følgende materialeundersøgelser foretages: 
 - Porøsitet, exivator
 - Porøsitet, pychnometer
 - Sigtekurve
 - Cementindhold
 - Vandindhold

Trykstyrketest er udført i hht. DS/EN 196-1. 
Trykstyrken er undersøgt for følgende blandingsforhold med udskiftning af genanvendte  
betonaggregater 4-8mm: 

  Blandig     v/c   Recycled Concrete      Note  
           Aggregates (RCA)
 
 0,5RCA50     0,5     50 %
 0,5RCA30     0,5     30 %
 0,5RCA30-W    0,5     30 %      vandmættet 24h
 0,6RCA50     0,6     50 %
 0,6RCA50-W    0,6     50 %      vandmættet 24h
 0,6RCA50-U    0,6     50 %   ubehandlet (minus vask og tørring) 
 0,6RCA30     0,6     30 %
 0,6RCA30-W    0,6     30%      vandmættet 24h

Figur 3 - Trykstyrke 0,5 v/c, 4-8mm betonaggregater fra Islevgård Alle 5. 

Figur 4 - Trykstyrke 0,6 v/c, 4-8mm betonaggregater fra Islevgård Alle 5. 

Figur 1 - Genanvendelse af beton, blandingsforhold for genanvendelse af beton ihht. standarder.

Tabel 1 - Blandinger. 

Det ses på både figur 3 og 5, at trykstyrken for de forbehandle betonaggregater ligger på ca. 
samme niveau som for referencerne. Det fremgår desuden tydeligt, at de ubehandle beton-
aggregater er meget svagere. 
Sprædningen for trykstyrken falder for de vandmættede nedknuste beton aggregater.

Det ses fra figur 5 at betonen med genanvendte aggregater generelt har et lavere sætmål 
end referencerne. Dette giver et godt billede af hvor tør betonen har været at arbejde med. 

Figur 5 - Sætmål.
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