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Abstract

Autogenous shrinkage is a shrinkage phenomena in concrete, caused by self-dessication
and occurs mainly in high strength concrete. The phenomena has been extensively
studied over the last couples of decades. Solutions to the problem is mainly the use of
super absorbent polymeers or wet aggregates functioning as an internal curing agent.
LECA is a material that has been tested extensively for the use as an internal curing
agent and performs well in mitigating autogenous shrinkage. This project investigates
whether it is possible to use crushed concrete waste as an internal curing agent. The
motivation for this is that in contrast to the production of LECA the reuse of concrete
is a less energy demanding process. The current use of concrete waste in Denmark is
using it as hard rock under roads, this project seeks to find if more value can be added
to the material.

Crushed concrete waste was acquired from RGS 90. Origin of the concrete waste
is not traced and therefore unknown to the author. The fraction of the waste product
passing the 2 mm sieve and retained on the 0.5 mm sieve was used for testing and
for mixing in the concrete. The particle density, particle size distribution and loss
on ignition was measured. The measured particle density on ρwaste product = 2335 ±
11kg/m3 results in an estimated sand-mortar ratio on α ∈ {0.32− 0.41} based on table-
values. Furthermore placing the aggregate as normal weight aggregate. Considering
the particle size distribution, the waste product contained larger particles than the
sand it replaced. However the elongated form of the waste product particles made
the particle size distribution challenging to determine precisely and the form of the
particles might affect the workability negatively. Pieces of wood was noticed in the waste
product, however loss on ignition was measured to LOI = 3.0± 0.2 % which lies within
the requirements in the american standard. The strength was seen to be unaffected
by the addition of wet waste product to the mortar. Soaking the waste product in
coloured water did not affect the colour of the mortar when opened 14. days after
casting. Desorption curve on the waste product was determined and found to be less
optimal than LECA, and it did not release enough water in regard to the demand in the
American standard. Absorption proved difficult to determine and one method yielded
A24h,WP,pan = 7.79±0.05 % while another method yielded A24h,WP,pycno = 1.68±0.18 %.
Finally, shrinkage measurements using a dilatometer did not show any effect of adding
the waste product on reducing shrinkage.

Overall no evidence has been found in this project that the concrete waste from this
batch is suitable for use as internal water reservoir in high strength concrete. Further
research could test other batches, maybe beneficially from known sources, if possible.
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Resumé (Danish)

Autogent svind er et fænomen forårsaget af selvudtørring i beton og er primært et prob-
lem i højstyrkebeton. Der har været foretaget mange studier af fænomenet over de
sidste par årtier. Løsningerne er primært brugen af super absorberende polymerer og
våde aggregater der fungerer som interne vandreservoirer i betonen. LECA er et mate-
riale der har været grundigt testet og som har gode egenskaber til at forhindre autogent
svind. Dette projekt undersøger om det er muligt at anvende nedknust affaldsbeton som
interne vandreservoirs i højstyrkebeton til at undgå autogent svind. Motivationen er at
i modsætning produktionen af LECA er produktionen af nedknust betonaffald mindre
energikrævende. Den nuværende brug af beton affald i Danmark er som fyld under veje.
Dette projekt ønsker at undersøge om det er muligt at øge værdien af beton affald ved
at finde anvendelsesmetoder der tilføjer mere værdi til materialet.

Nedknust beton affald blev afhentet på RGS 90. RGS 90 sporer ikke oprindelse af
betonaffaldet og den er derfor ukendt. Den fraktion af affaldsproduktet der arbejdes
med i dette projekt er den der passerer 2 mm sigten men bliver holdt tilbage på 0.5 mm
sigten. Partikel densitet, kornkurvefordeling og glødetab blev målt. Partikel densiteten
på ρwaste product = 2335 ± 11kg/m3 resulterer i et estimat af sand-mørtel forholdet på
α ∈ {0.32−0.41} baseret på tabelværdier fra litteraturen. Yderligere placerer densiteten
affaldsproduktet i kategorien normalvægts aggregater. Kornkurvefordelingen blev testet
både på sand og affaldsproduktet og viste at affaldsproduktet bestod af større partikler
end det erstattede sand. Målingen blev dog besværliggjort af affaldsproduktets aflange
form. Den aflange form kan påvirke bearbejdeligheden af den flydende beton nega-
tivt. Affaldsproduktet indeholdt mindre stykker træ. Glødetabet på LOI = 3.0± 0.2 %
ligger dog indenfor kravene i den amerikanske standard. Styrken var upåvirket af tilfø-
jelsen af affaldsproduktet. Der blev ikke iagtaget nogen farveændring af mørtelprøver
åbnet 14. dage efter støbning, når der blev iblandet affaldsprodukt vandmættet med
farvet vand. Desorptionskurven for affaldsproduktet blev bestemt og var mindre op-
timal end desorptions kurven for LECA, den levede desuden ikke op til kravene i den
amerikanske standard. Målingen af absorption skabte udfordringer. En metode målte
absorptionen til A24h,WP,pan = 7.79 ± 0.05 %, mens en anden metode målte absorptio-
nen til A24h,WP,pycno = 1.68 ± 0.18 %. Direkte måling af autogent svind ved brug af et
dilatometer viste ikke nogen effekt af at iblande affaldsproduktet.

Generelt fandt projektet ingen bevis for at betonaffald fra den undersøgte batch er
anvendelig til at undgå autogent svind i højstyrkebeton. Videre studier kan fokuserer
på at undersøge andre batches, med fordel af kendt oprindelse, hvis muligt.
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Structure of report

This report consists of four main sections.

Introduction In this section the background and aim of the project is presented. Rel-
evant literature and theory is outlined as well.

Materials and Methods In this section the materials and the test methods used in
this project is described. Formulas used for processing the data is also included in
this section.

Results and Discussion In this section results are presented and discussed imme-
diately. Results are presented as graphs, tables or numbers. If more than two
measurements have been made results are given as the mean value ± one standard
deviation X = µ± σ.

Conclusion Outlines the conclusions in this project

Raw measurement data are available in appendix.

Comma is used as thousand delimiter and period is used as decimal delimiter, in accor-
dance with the British system.

The waste product will be abbreviated as WP through the report.
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1 Introduction

1.1 History of concrete
Concrete has been used extensively since its redevelopment1 in the 19th century by pri-
marily L. J. Vicat (1786–1861), Joseph Aspdin (1779–1855) and Isaac Charles Johnson
(1811–1911) (Herholdt et al., 1985). Through the 20th century concrete became the
most used material for construction (Mehta and Monteiro, 2014). Its versatile use in-
cludes houses, flats, harbours, skyscrapers and bridges. According to U.S. Geological
Survey (2016) 4,100 millions metric tonnes of cement was produced world wide in 2015.
High performance concrete (HPC), characterized by high strength and being more dense
than ordinary concrete, were first developed in the 1980s (Jensen and Hansen, 2001).
Where normal strength concrete typically consists of cement, water and aggregates.
High performance concrete also consists of different admixtures, like super-plasticizers,
in order to get mixtures with low w/c-ratios that are still workable.

1.2 Autogenous shrinkage
The hydration of cement is water consuming, see Table 1.1. Lowering the water-cement

Table 1.1: Hydration of cement, (Mehta and Monteiro, 2014)

Reaction of..

C3S 2C3S + 6H −−→ C3S2H3 + 3CH
C2S 2C2S + 4H −−→ C3S2H3 + CH
C3A Gypsum not present: C3A + 6H −−→ C3AH6

Gypsum present: Step 1 C3A + 3CSH2 + 26H −−→ C3A · 3CS ·H32

Gypsum present: Step 2 C3A + 3CSH2 + 26H −−→ C3A · 3CS ·H32

C4AF Similar reaction to C3A

ratio introduces therefore more challenges than only loss of workability. Lowered enough,
1At least materials very similar to modern day concrete has been around for thousands of years. The

Romans are famous for using concrete for their aqueducts and especially for Pantheon and Colosseum.

1



2 SECTION 1. INTRODUCTION

typically below a water cement ratio of 0.4 (Kovler and Jensen, 2005), problems with self-
dessication becomes an issue. It is self-dessication that leads to autogenous shrinkage.
In order to understand the concept it helps to imagine a pore in the pore system of the
newly cast concrete. To start with the pore is filled with water, however more and more
water is being used by the hydrating cement. So some time later in the process the
water in the pore is almost used up. The remaining water in the pore begin to form a
meniscus. Due to surface tension this forming of menisci in the pore system introduces
compressive pressure in the concrete material. The shrinkage caused by this compressive
pressure is called autogenous shrinkage. According to Jensen and Hansen (2001) this
can lead to micro-cracks that might both affect strength and durability.

Several studies find that autogenous shrinkage can be mitigated, and even completely
prevented, by using internal curing ((Bentur et al., 2001), (Lura et al., 2014), (Suzuki
et al., 2009)). Kovler and Jensen (2005) presents three ways of performning internal
curing in concrete. One option of internal curing is by using internal sealing with
water-soluble chemicals, where the sealing hinders the loss of water during hardening.
In high-strength concrete where autogenous shrinkage is a problem because of self-
dessication, sealing does not solve the problem. The two alternative options is to use
either wet aggregates or super-absorbent polymers (SAP) as internal curing agents.
When it comes to wet aggregates Kovler and Jensen (2005) only mentions light-weight
aggregates (LWA) however a recent study by Zou et al. (2015) found that it is possible
to use normal-weight aggregates (NWA) as well. Since this study focuses on the use of
pre-soaked aggregates as internal curing agents, the benefits of using super-absorbent
polymers will be left for the reader own investigation. The principle of internal curing
is sketched in Figure 1.1. Prior to mixing the concrete, the internal curing agent is

(a) (b) (c)

Figure 1.1: Principle of internal curing using wet lightweight aggregates. a) t = 0 freshly
mixed concrete, black dots indicate internal curing agent; b) t = ∆t Water is consumed
during hardening; c) t = ∆t + ∆t2 When the relative humidity gets low enough, the
internal curing agent release their water content

pre-soaked in water. A percentage of the sand-fraction is replaced with the internal
curing agent and all the ingredients is mixed together. Early in the process, when the
humidity in the concrete is still high, the internal curing agent holds the curing water
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back. When the humidity in the concrete decreases the curing agent will begin to release
the curing water. Thereby delivering the curing water at a time when it is needed to
mitigate self-dessication, but so late in the process that it does not affect the strength.
In principle it resembles external curing, which does not work here since the water will
not penetrate deep enough when only applied on the surface.

1.3 Aim of this project
The fundamental question this study seeks to answer is this:

Can concrete waste function as an internal water reservoir in high strength concrete?

In order to answer this the basic properties for internal curing needs to be investi-
gated for waste concrete. These investigations will be compared to results from other
studies on other materials and with ASTM C1761/C1761M:2015. An American stan-
dard is used since no European or Danish standard on internal curing is known to the
author.

1.4 Concrete waste
According to Miljøstyrelsen (2015) 680,664 tonnes pure2 concrete waste was registered
in Denmark in 2013. According to the same source this number is probably half the real
number since not all concrete waste is registered. 97 % of the registered concrete waste
was reused in 2013. Currently the waste concrete is primarily reused as the hard core
under roads. Even though 97 % is a fairly high percentage of reuse, it is worth considering
the value of the product it replaces. Miljøstyrelsen (2015) notes that the use of concrete
waste over gravel for road construction leads to a higher carbon footprint. Considering
gravel is an readily available resource, it might be desirable to find alternative reuse
methods for concrete waste, so it can be reused more effectively. The motivation for
investigating alternative ways of reusing concrete waste, stems therefore not from a
urgent need to solve a waste-problem. More so from an interest in finding alternative
reuse methods that might add more value to the material and so may assist society in
solving bigger problems.

Research on the reuse of concrete waste for other purposes has mainly focused on
the reuse of aggregates. Safiuddin et al. (2013) reviews the research on reuse of concrete
aggregates. Generally reused aggregates performs slightly worse than virgin aggregates
on nearly all measured parameters, however the authors conclude the reusing of ag-
gregates have a significant economic and environmental potential. In Denmark reuse
of aggregates is not common practice, however according to Miljøstyrelsen (2015) it is
common practice in Switzerland, Germany, The Netherlands, Belgium and Japan.

Miljøstyrelsen (2015) includes a few examples of direct reuse of concrete structures,
like the Gemini residence on Islands Brygge in Copenhagen where old concrete silos

2Other waste fractions also contains concrete waste e.g. contaminated with bricks, tiles and ceramics



4 SECTION 1. INTRODUCTION

have been converted into apartments. Miljøstyrelsen (2015) do also consider the reuse
of concrete elements in new construction projects, but have no examples of such practice.
Miljøstyrelsen (2015) notes that the way we design buildings today, will probably not
leave the materials usable in 50-100 years time. So in order to do a more direct reuse of
concrete elements, there will be a demand for thinking about it in the design process.

Direct reusing of concrete structures or elements will not leave material for internally
curing agents as investigated in this project. However reusing aggregates or using the
concrete as filler under the roads might actually be possible combined with using part
of the materials for internally curing. In reusing aggregates and filler the aggregates
is most interesting since this is often the strongest part. However for internal curing
the interesting part is the mortar since this is probably more porous and absorbs more
water than the aggregates.

1.5 Prior research on internal curing agents
There has been a lot of research on the use of internal curing in order to mitigate
autogenous shrinkage. In this regard Ghourchian et al. (2013) investigates the properties
of expanded clay (LECA) and zeolite. Expanded clay as internal water reservoir agent
has been investigated intensively with (Bentur et al., 2001), (Ghourchian et al., 2013)
and (Castro et al., 2011) among others. Castro et al. (2011) investigates expanded clay
as well as expanded shale. Lura et al. (2014) investigates the properties of lightweight
aggregate produced from biomass-derived waste; Kovler et al. (2004) investigates pumice
from volcanic areas in Greece and Iceland. An overview of the literature is available in
Table 1.2.

1.6 Working with internal curing
The principle of working with an internal curing agent is to soak it in water for a certain
amount of time, remove excess water and mix it into the concrete mixture. The method
is relatively simple, however two challenges arises. 1) How to remove excess water? The
ideal solution is to reach surface dry condition before mixing. Since if there is free water
on the surface of the internal curing agent this will change the water-cement ratio of the
mixture. So either surface dry condition needs to be established or the amount of excess
water needs to be determined. 2) How much of the internal curing agent is enough?
Bentz and Snyder (1999) answers this question by giving the following equation.

VWP = Vwater
S · p

(1.1)

Where:
VICA: Volume fraction of sand that should be replaced by the internal curing agent
Vwater: Volume of water consumed due to chemical shrinkage, see equation 1.2

S: Saturation of the internal curing agent (0–1)
p: Porosity of the internal curing agent (0–1)



1.6. WORKING WITH INTERNAL CURING 5

Table 1.2: Short overview of litterature on internal curing agents

Reused aggregate
Maruyama and Sato (2005) has made preliminary investigations showing the
material has potential. However no other studies on reused aggregates has been
found.

Expanded clay
Expanded clay, also well known under the commercial name LECA, has been
intensively studied for use as internal water reservoirs. The material is generally
found to have good absorption and desorption properties for use as internal water
reservoir (Ghourchian et al., 2013). A24h = 8.9%wt(Bentur et al., 2001). A24h =
11.00%wt (Ghourchian et al., 2013). Castro et al. (2011) measures absorption in
the range of A24h = 15%wt to A24h = 31%wt. Desorption curve is steep, and
most of the water is desorped above 97 % RH(Ghourchian et al., 2013). LECA
is generally considered being a good internal curing agent.

Pumice
Kovler et al. (2004) investigates pumice from Yali in Greece and Hekla in Iceland.
The absorption is determined to lie within 13–27 % from Yali and 32–71 % from
Hekla. Generally Kovler et al. (2004) find that pumice has great potential for
internal curing.

Expanded shale
Castro et al. (2011) measured 24 absortion values between 10 and 19 %. The
same study finds the desorption curve to be satisfiable.

Zeolite
Ghourchian et al. (2013) finds this unsuited for internal curing since the absorbed
water is bounded in small pores (Ghourchian et al., 2013). The desorption curve
is flat at high relative humidities, where the material retains the absorbed water.
The absorption is A24h = 15.60%wt and is higher than LECA(Ghourchian et al.,
2013).

NWPA - Normal Weight Porous Aggregate (Clay and mud)
Zou et al. (2015) notes that a problem with using light weight aggregates for
internal curing, is that they will have a tendency to flow upward in the wet
concrete — especially during vibration. Zou et al. (2015) used a mix of red
mud and knar clay to produce a NWPA. The created NWPA had an absorption
A24h = 23.6%wt. Zou et al. (2015) concluded that the NWPA performed less
efficient than LECA, but was still able to function as an internal curing agent.

Biomass-derived waste
Lura et al. (2014) investigates the possibility of using biomass-derived waste as
an internal curing agent. Lura et al. (2014) finds water absorption to be 14.6 and
17.7 % when performed under vacuum. The material have an optimal desorption
curve for internal curing, losing most of its water above 97 %. Measurements of
autogenous shrinkage shows a clear effect in the study.

Ceramic waste
Suzuki et al. (2009) finds porous ceramic waste to work well as an internal curing
agent. The study finds an absorption value on 9.3 %
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Instead of using the saturation and porosity, the absorption has been used in this project
instead, so that S · p = A. The volume of water consumed due to chemical shrinkage
can according to Bentz and Snyder (1999) be calculated by

Vwater = Cf · CS · αmax
ρ

(1.2)

Where:
Cf : Cement content in kg cement

m3 concrete

CS: Chemical shrinkage during hydration, Bentz and Snyder (1999) states that it is
typically 0.06 kg, and this value has been used here.

αmax: Maximum degree of hydration, estimated by w/c
0.40

ρ: Density of mixing water



2 Materials and methods

2.1 The waste product

RGS 90 A/S is a Danish waste handling company who receives construction waste
and treat it for reuse. Crushed concrete waste was collected from RGS 90 A/S on
15. January, 2016. The concrete waste sampled was crushed at RGS 90, their normal
procedure for preparing it for use as filler under roads. Pictures taken on the day of
sampling is available in Figure 2.1. The origin of the concrete waste is not traced,
however the waste is sorted into three fraction: Pure concrete waste, Asphalt concrete,
and concrete waste contaminated with bricks and tiles. The material used in this project

(a) Concrete waste as received at RGS 90 (b) Fresh concrete waste at RGS 90

(c) Concrete waste after crushing

Figure 2.1: Pictures from sampling of concrete waste at RGS 90 (15. january 2016)

7



8 SECTION 2. MATERIALS AND METHODS

consist of crushed mortar and aggregates sampled from the fraction containing only pure
concrete. Hereafter called the waste product and abbreviated WP.

2.2 Overview of lab tests
Table 2.1 gives an overview of the tests carried out in this project. In the following
sections the methods will be explained in more detail.

Table 2.1: Overview of test carried out

Test Standards or method
Particle density DS/EN ISO/TS 17892-3:2004
Particle size distribution Laser diffractometry com-

bined with sieves
Loss on ignition DS/EN 196-2:2005
Compressive Strength Rect. prisms (4× 4× 16 xm)
Colour propagation test Rect. prisms (4× 4× 16 xm)
Desorption DS/EN ISO 12571:2013
Absorption Pan and pycnometer
Autogenous shrinkage ASTM C1698-09:2014

2.3 Preparation process
The method used for preparing the sampled concrete waste prior to testing and casting
is described in Figure 2.2.

The process goes as follows: (i) the waste product was sieved manual through a 4
mm sieve, (ii) then the sieved product (< 4mm) was washed with distilled water on a
0.5 mm sieve. (iii) The product retained on the sieve (0.5–4 mm) was collected in a
glass container, weighted and put in an oven at 105 ◦C. (iv) It was kept in the oven until
the mass change over a period of 24 h was less than 0.1 % of the wetted mass. (v) The
product was placed in a sieve tower with sieves 0.5, 1.0 and 2.0 mm (vi) The product
retained on the 0.5 mm sieve and the 1.0 mm sieve was collected and used for further
testing..

2.4 Casting of mortar samples
Two types of samples was casted. For autogenous shrinkage samples was casted in
corrugated plastic tubes. The rest of the mortar samples was casted in cubic forms
measuring 50× 50× 50 mm.
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Sieve on 4 mm sieve by hand

Wash sieved product (< 4 mm) on 0.5 mm sieve

Oven dry at 105 ◦C until ∆m24 h < 0.1 %-wetted mass

Sieve through sieve tower of:
2.0 mm
1.0 mm
0.5 mm
bottom

Used for further testing

Figure 2.2: Preparation process

Table 2.2 contains information on the mixing recipes used in this project. The
reference recipe was made partly by using experience from concrete proportioning, partly
by inspiration from literature, but most importantly by trying different mixtures in the
lab. More details on the procedure is available in appendix C. Logbook from casting is
available in appendix D with the resulting recipes for each sample. Table 2.3 contains

Table 2.2: Reference mixing recipes (1 % air content assumed)

1 m3 concrete

Cement [kg] Water [kg] Sand [kg] Super Plasticiser [kg] w/c

Cubic samples 698 235 1439 7.0 0.34
Autog. samples 805 27 1237 4.8 0.34

Scaled down to the respectively moulds

Cement [g] Water [g] Sand [g] Super Plasticiser [g] w/c

Cubic samples 349 118 719 3.5 0.34
Autog. samples 403 139 618 2.4 0.34

information on the samples used in this project

Challenges encountered during casting

Several issues were encountered and dealt with during casting. The first casting was used
to create a workable mortar recipe. Mainly by adjusting sand and superplasticizer. Too
much superplasticizer has a tendency to increase segregation as can be seen on the photo
in Figure 2.3. At the second casting the workability of the reference recipe developed
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Table 2.3: Overview of cast samples

Sample Used for WP % sand replacement w/c

VII 28 days compressive strength 0 % 0.34
VIII 28 days compressive strength 22 % 0.34
IX 28 days compressive strength 32 % 0.34
X 28 days compressive strength 42 % 0.34
XI Colour propagation test 22 % 0.34
XII Colour propagation test 22 % 0.35
XIII Colour propagation test 32 % 0.35
XIV Colour propagation test 42 % 0.35
XV Autogenous shrinkage 0 % 0.34
XV Autogenous shrinkage 0 % 0.34
XV Autogenous shrinkage 43 % 0.34
XV Autogenous shrinkage 43 % 0.34

Figure 2.3: Picture of mortar sample surfaces on two different mixtures. The samples
are viewed from the side. The contrast has been enhanced in the picture so the effect is
more visible.



2.4. CASTING OF MORTAR SAMPLES 11

was different. The most plausible reason must be either change in water content of the
sand or because of weighing errors or a combination of the two. For every consecutive
casting the sand was dried out in an oven until a couple of hours before casting. Before
casting it was left to cool to room temperature under cover.

Furthermore reaching surface dry condition of the waste product is important if
the excess water is unknown. During the first casting of samples with waste product
the workability changes significantly, indicating that more water was added to the mix
than intended. In this project surface dry condition was achieved by heating the waste
product on a pan. When the surface dry condition was reached the heat was turned off
and the material was stored in a sealed glass container while cooling down.

Particle density

Particle density was determined in accordance with DS/EN ISO/TS 17892-3:2004. Ap-
proximately 2 g of oven dry sample was placed in a pycnometer. The weight of the
dry sample, pycnometer and plug, M2 was measured to an accuracy of ±0.0001g. The
temperature of distilled water without entrapped air, was measured, T3, to an accuracy
of ±0.25 ◦C. The pycnometer was filled with the distilled water. The pycnometer was
dried on the outside by using a paper cloth. The weight of sample, pycnometer, plug
and water, M3 was measured to an accuracy of ±0.0001g.

Calibrated pycnometers were used, and the following data was known when the
test was conducted: The weight of pycnometer and plug, M0, with an accuracy of
±0.0001g; the mass of pycnometer, plug and water, M1, with an accuracy of ±0.0001g;
the temperature at calibration T1 to an accuracy of ±0.25 ◦C;

The density of water, ρw;1 at the calibration temperature and the density of water
at testing ρw;3 was determined using table values. The particle density was determined
by Equation 2.1

ρs = M4
M1−M0
ρw;1

− M3−M2
ρw;3

(2.1)

Where:
M0: Mass of pycnometer + plug (empty, at calibration)
M1: Mass of pycnometer + plug + water (at calibration)
M2: Mass of pycnometer + plug + sample
M3: Mass of pycnometer + plug + sample + water
ρw;1: Water density at calibration
ρw;3: Water density at test

By comparing the particle density with table values for the density of mortar and sand,
the ratio of sand and mortar in the sample was estimated by Equation 2.2

α ≡ msand
mmortar

= ρs − ρmortar
ρsand − ρmortar

(2.2)
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Where:
α: sand-mortar ratio

msand: Mass of sand (unknown)
mmortar: Mass of mortar (unknown)

ρs: Particle density (measured)
ρsand: Density of sand (table value)

ρmortar: Density of mortar (table value)

2.5 Particle size distribution
Particle size distribution on sand was performed by sieving through a 2 mm sieve. The
material passing through and the material retained was weighted. The material smaller
than 2 mm was mixed with sodium pyrophosphate and ran through laser diffractometry.

Particle size distribution for the waste product was performed by sieving through a
1 mm sieve. The material passing through and the material retained was weighted. The
material passing through was used for dry laser diffractometry.

2.6 Loss on Ignition (LOI)
3 crucibles was heated in an oven at 550 ◦C for 30 minutes. After cooling down for
20 minutes in a desiccator the weight of the empty crucibles, mcruc. and the weight
of the crucibles with the dry material was measured, mcruc.+WP. The crucibles were
placed in the oven again for 2 hours. After cooling down for 20 minutes the weight,
mcruc.+WP_Ignited, was measured. The crucibles was handled using a plier.

LOI% = mcruc.+WP_Ignited −mcruc.
mcruc.+WP −mcruc.

· 100% (2.3)

2.7 Colour propagation test
1.5 bottle red fruit colour dye was mixed with 1.5 l of distilled water, stirred. The waste
product was left for 24 hours to soak in the coloured water. Surface dry condition was
achieved by heating the waste product on a pan. The waste product was cast into cubic
mortar samples. After 14 days the samples was opened by cutting a 0.5 cm groove all
the way around the middle of the sample, and thereafter they were knocked open using
a chisel. This was done in order not to affect the colouring.

2.8 Uniaxial compressive strength
Uniaxial compressive tests was carried out on 50 mm cubic samples. Loaded with 1
kN/s in a UCS test machine. The samples were supported on the complete surface area



2.9. DESORPTION 13

in top and bottom. In accordance with the machine specification 4 kN was subtracted
from the measured load.

2.9 Desorption
Desorption was determined by following the desiccator method described in DS/EN ISO
12571:2013. The waste product was left to soak in distilled water for 24 h ± 0.5 h. The
water was removed by placing the waste product on a 0.5 mm sieve. In order to obtain
surface dry conditions the surface of the particles was dried using a fine paper cloth. 5
desiccators was prepared containing solutions of: NaBr (59 %RH); KCl (85 %RH); KNO3
(94.5 %RH); K2SO4 (97.9 %RH); and H2O (100 %RH) respectively. Approximately 15
× 10 g of the waste product was placed in 15 glass cups with lid. Weight was measured
and the cups was placed in the desiccators, 3 in each. The lid were removed from the
cups and the pressure in the desiccators were lowered to just above the vapour pressure.
The weight of the samples was measured each 24 h ± 0.5 h until the mass change over
24 hours was less than 0.1 % of the total mass over 3 consecutive measurements. When
the experiment ended the samples were dried in an oven at 105 ◦C until constant mass
and the dry weight was measured.

2.10 Absorption
Two methods was used to determine absorption of the waste product.

The pan method

The waste product was dried in an oven at 105 ◦C until constant mass. The waste
product was soaked in distilled water for 24 hours. After 24 hours the waste product
was heated on a pan exposed to frequent stirring. When surface dry condition was
reached the heater was turned off. Three samples were weighted and then dried in an
oven at 105 ◦C until constant mass. The absorption was calculated by

A = mSD −mdry
mdry

(2.4)

In order to ensure the surface dry condition was archieved a metal cone mould and a
tamper was used as described in DS/EN 1097-6:2013

The pycnometer method

The waste product was dried in an oven at 105 ◦C until constant mass. Approximately
150 g of waste product was added to three pycnometers. The dry weight was measured,
and the pycnometers were filled halfway with airless water. The pycnometers were tilted
45 ◦and rolled back and forth in order to release air bubbles among the waste product.
The pycnometers was then filled all the way with water, repeating the rolling back and
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forth. The glass stopper was put in place and the outside of the pycnometers were
dried with a paper towel on the outside. And the mass was weighted. This process was
repeated at different time steps. Absorption was calculated by

A = mpycno,t −mpycno,t0
mdry

(2.5)

2.11 Autogenous shrinkage using a dilatometer
Autogenous shrinkage was measured using the method described in ASTM C1698-
09:2014. Two reference samples and two samples with the waste product was casted
in a corrugated plastic mould, see Figure 2.4. The plastic moulds were closed with end
plugs, upon which the measurement were performed. In order to ensure precision the
moulds were marked so that they always was measured facing the same way.

Figure 2.4: Autogenous shrinkage measurement setup. Front: two corrugated plastic
moulds, back: The dilatometer. All measurements were performed relative to a 415 mm
invar rod.

The length was measured relative to a 415 mm reference bar and the first mea-
surement was performed 4 hours after casting. The autogenous strain in µm/m was
calculated by using this formula from ASTM C1698-09:2014.

εautogenous = Rt −Rt0
Lref + 2Rt0 − 2Lplug

· 106µm
m (2.6)

Where:
Lref: Length of the reference bar
Rt0: Display measurement at time of final setting
Rt: Display measurement at time = t.

Lplug: Average length of plugs



3 Results and discussion

3.1 Survey of current customs

Eight danish concrete producing companies were asked about their use of high strength
concrete and what they do to mitigate autogenous shrinkage. The letter is available
in appendix A. Of the eight companies asked only four produced high strength con-
crete. One company mainly produced what is called ultra high performance concrete
(UHPC) which because of its dense nature and low porosity does not have problems
with autogenous shrinkage. Among the three other companies the solution were surface
curing, cutting grooves in the concrete, casting smaller elements, using proper amount
of reinforcement bars and fibres and accepting the shrinkage. None of the companies
used internal curing agents or SAP. All the companies were asked about their defini-
tion of high strength concrete, most of the answers was concrete with higher strength
than 50–60 MPa, one company regards 35–40 MPa as high strength and two companies
answered that high strength concrete was concrete stronger than 100 MPa containing
steel fibres. This underlines that no common definition is used when talking about high
strength concrete.

3.2 Particle density and sand-mortar ratio

The particle density of the waste product was found to be ρwaste product = 2335 ±
11kg/m3. Making the waste product a normal weight aggregate, as discussed in (Zou
et al., 2015) this is helpful to avoid segregation based on too large differences in density.
Using Equation 2.2 and table values from (Hansen et al., 2008) for the density of sand
and mortar respectively, the sand-mortar ratio is estimated to lie within the interval
α ∈ {0.32 − 0.41}. Meaning more than half the waste product consists of mortar. It
is preferable that this ratio is as low as possible since sand is not an effective agent
for creating internal water reservoirs, having a low absorption on 2.7 % (Ghourchian
et al., 2013).

15



16 SECTION 3. RESULTS AND DISCUSSION

3.3 Particle size distribution

Particle size distribution was performed on sand and on the waste product. Prior to laser
diffractometry on the waste product, the waste product and sand was sieved through
a sieve on 2 mm in net size — the maximum size for laser diffractometry and also the
maximum size used in this project. This treatment were not enough for the waste prod-
uct and the laser diffractometry failed because of too large particle sizes. The material
was then sieved through a 1 mm sieve, the material held back and the material that
passed the sieve was weighted. The waste product less than 1 mm was then used for
laser diffractometry. Results was obtained, however the machine still experienced prob-
lems due to too large particle size. The reason for this was found to be the form of
the waste product as can be seen in Figure 3.1 The elongated waste product particles

Figure 3.1: Photograph of the waste product.

could easily pass through a sieve on the short side, this makes the particle distribution
harder to determine. Figure 3.2 contains the probability density function and cummu-
lative density function for the sand and waste product size distribution. The curves as
measured from laser diffractometry is shown in dashed line, where solid line indicates
the curves that have been modified with data measured on the sieves. For the sand this
has been done by adding the amount held back on the 2 mm sieve with maximum size of
4 mm. This has been added uniformly, since no data on the distribution in this interval
was obtainable. For the waste product laser diffractometry still measured particles in
the range of 1 to 2 mm although the waste product had been sieved through a 1 mm
sieve. Almost 61 % of the waste product material was held back on the 1 mm sieve,
this was uniformily added to the curve using the same arguments as for sand. Despite
the elongated form affecting the results, the graph shows that the sand is more fine that
the waste product. Since the waste product is replacing parts of the sand it would be
desirable not to affect the particle size distribution to greatly. The elongated form of the
particles are also an interesting result, since it is known that elongated aggregates have a
tendency to decrease the workability of the fresh concrete (Mehta and Monteiro, 2014).
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Figure 3.2: Particle size distribution, probability density functions (PDF) and cummu-
lative density function (CDF). The dashed line curves are based on the data from laser
diffractometry alone, while the solid line represents data that has been modified with
the weight measurement on sieves (2–4 mm for sand and 1–2 mm for the waste product.)
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The workability is already a challenge when dealing with high strength concrete, so
adding extra elongated particles is not desirable.

3.4 Loss on ignition (LOI)

During preparation of the waste product other materials was noticed. Mostly wood and
plastics. Loss on Ignition was performed in order to quantify the amount of organic
matter in the waste product. The loss on ignition was determined to be

LOI = 3.0± 0.2 % (3.1)

this is lower than the 5 % standard requirement in ASTM C1761/C1761M:2015. So the
contamination with organic material should be less of a problem.

3.5 Uniaxial Compressive strength

Compressive strength was measured on reference mortar and mortar with 12 %, 22 %
and 32 %WP replacement respectively. The results are available in Figure 3.3 with error
bars showing one standard deviation. A statistical Smith-Satterthwaite test has been
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Figure 3.3: Compressive strength measured on 5 × 5 × 5 cm cubic mortar samples at
age 28 days.

carried out in order to check whether the measured strengths are significant different.
The samples are with 95 % confidence not significantly different from eachother. See
Table 3.1 for an overview of the statistical check and Appendix B. This is expectable
since the addition of internal water reservoirs are not supposed to change the strength.
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Table 3.1: Smith-Satterthwaite test value, t′ for strength test specimens. If |t′| > 4.303
the samples are with 95 % confidence not equal eachother.

REF 12 22 32
REF — t′ = −1.4 t′ = −3.0 t′ = −0.6
12 — — t′ = −0.8 t′ = 0.9
22 — — — t′ = 2.2
32 — — — —

3.6 Colour propagation test
The waste product was soaked in red coloured water and mortar samples were casted.
Pictures of the mortar samples when opened after 14 days is available in Figure 3.4. No

Figure 3.4: Cross sections of 14 days old mortar samples with different amount of added
waste product soaked in colour water. The percentage indicates the amount of waste
product added.

colour propagation is visible. Looking carefully red particles can be seen, however no
colouring of the area around. This could mean that either no water has been released
from the waste product particles or that the colour has remained in the waste product
particles.

3.7 Desorption
Figure 3.5 and Figure 3.7 contains the desorption curves for the waste product, the
equilibrium profile and as a function of time, respectively. Equilibrium profiles for
LECA and Zeolite from (Ghourchian et al., 2013) has been included in Figure 3.5 for
comparison. Ghourchian et al. (2013) concludes that LECA has a desorption curve that
is suited for internal curing, while zeolite, in contrast, does not. The waste product
investigated in this project lies somewhere in between. It does not release all its water
at the highest relative humidities (>95 %) however it does release at least half of its
water. How it fits in between the two materials from litterature might even be more
clearly understood in Figure 3.6. ASTM C1761/C1761M:2015 requires that lightweight
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Figure 3.5: Desorption of the waste product (0.5 mm – 2.0 mm). Plotted as a function
of RH% after equillibrium is established.
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Figure 3.6: Normalized desorption of the waste product (0.5 mm – 2.0 mm). Plotted as
a function of RH% after equillibrium is established.
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aggregate for internal curing should release at least 85 % of the absorbed water when
soaked for 72 hours and stored at 23 ± 1 ◦C in a relative humidity af 94 %. Figure 3.7
contains the desorption curve as a function of time. Following the curve for 94.5 % it
is evident that the material does not come close to the standard requirement and only
releases around 65 %. The desorption curve does not seem suited for internal curing.
It should be noted though that this desorption curve is based on material soaked for
24 hours and not 72 hours as in the standard. However looking at the results from the
pycnometer measurements of absorption in Figure 3.8, the material does not seem to
soak more after 24 hours. Another remark to make is that the samples in 100 %RH
seems to increase in weight, this is due to condensation on the sample containers.
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Figure 3.7: Normalized desorption of the waste product (0.5 mm – 2.0 mm). Plotted as
a function of time

3.8 Absorption

Absorption determined by the pan method was determined to be A24h,WP,pan = 7.79±
0.05 % after soaking in distilled water for 24 hours. In contrast the absorption determined
using the pycnometer method was A24h,WP,pycno = 1.68 ± 0.18 %. Figure 3.8 contains
a plot of the absorption measured using the pycnometer method over time. It is clear
that most absorption happens during the first 5 hours. After 24 hours the absorption
does not increase anymore.

The disagreement between the two methods is peculiar and might arise from different
limitations of the methods.

In the pan method the waste product was soaked in water for 24 hours and was then
stirred on a pan until surface dry condition was archieved. The Archilles heel of this
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Figure 3.8: Absorption measured with the pycnometer method

method is in the way that surface dry condition is archieved and checked. When the
material was tested for surface dry condition, using the metal cone mould, and it turned
out positive, the heating was stopped. There is however a lag between when the heater
is turned off and when the vapouration stops. Furthermore the pan does not heat the
waste product uniformly, thereby demanding frequent stirring. Both effects makes the
method more depended on the skill and choices of the experimenter, and it seems to
make a rougher estimate of the absorption than say the pycnometer method.

The pycnometer method The pycnometer method does seem to be a more precise
method than the pan method and less dependent on the experimenter. If prober care is
taken to remove air bubbles, the method is quite simple to perform. The pycnometer
method was carried out twice. First time around air bubbles was not removed, and
the experiment was stopped after 48 hours when the experimenter noticed air bubbles
in the waste product, see Figure 3.9. The second time care was taken to remove air
bubbles, by rolling the pycnometers back and forth in a 45 ◦angle and it is the results
from this experiment that is presented here. There was another difference between the
two experiments. When the pycnometers was emptied after the first experiment, the
waste product was quite easy to remove and did not seem to adhere to itself. After
the second experiment, when the pycnometers were emptied after 72 hours the waste
product seemed to adhere to itself and had to be removed by using a brush. It was
not a strong adhesion, but it seems that some unreacted cement is reacting with the
water. The effect of this adhesion could be that water is less freely to roam among
the waste product particles. Resulting in a lower measured absorption. Due to time
restraints a third experiment has not been carried out, however one could imagine that
the effect of adhesion might be overcome by laying the pycnometers on there side (using
a suitable stopper) and rolling them back and forth perhabs every hour or half hour.
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Taking these considerations into effect both methods seems to have the possibility of

(a) (b) (c)

Figure 3.9: Absorption experiment using the pycnometer method. a) Three pycnometers
with waste product and water, photo taken shortly after test start. b) View down one
pycnometer without the stopper. Notice the lighter materials floating in the top and
the muddy looking water. c) Air bubbles in pycnometer that has been left for 24 hours
without stirring.

being off the true value. The estimate made by the pycnometer method is probably
too low while the pan method might be a little high or not. It is hard to tell, but one
plausible estimate would be to say that the true absorption value lies a place in between
the ones measured by these two methods. Comparing with results from litterature on
LECA A24h,LECA,litterature = 16.5± 7.6 ((Ghourchian et al., 2013), (Bentur et al., 2001),
(Castro et al., 2011)) this is a low amount of absorption. And in order to mitigate
autogenous shrinkage a higher value would be desirable. A lower absorption means that
more material have to be used in order to mitigate autogenous shrinkage. Castro et al.
(2011) comments that the absorption tends to decrease with fineness when particles are
crushed. Using larger particle might be a solution if that is true for this material as
well. This should be done with consideration of the fineness of the material replaced.

3.9 Autogenous shrinkage measured using a dilatometer

The autogenous shrinkage was measured using a dilatometer on samples with 22 % sand
replaced by the waste product and compared to reference samples. Figure 3.10 shows
the length change relative to length 4 hours after casting. The length of sample REF1
and WP2 decreases with time as would be expected of concrete. However for some
unknown reason REF2 and WP1 increased in length during the first 24 and 48 hours
respectively. Had the samples been compressed in the early stages due to improper
handling, that might explain the increase between the first measurement and the 24
hours measurement. However it hardly explain the increase seen between 24 hours and
48 hours for WP1. Beside the samples were casted in the order REF1, REF2, WP1
and WP2 and was handled in that way. REF1 and REF2 were handled after 3 hours,
where they were still to soft. Therefore 4 hours was chosen. It is therefore peculiar
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that WP1 should have been affected when REF1 has not. The only internal effect that
could explain an expansion known to the author is temperature. However the samples
were to small for high temperatures developing, beside that would be common for all
four samples. Some unknown external factor must be the cause. Instead of using the
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Figure 3.10: Length change of concrete samples, relative to length 4 hours after casting

4 hour measurement as the baseline Figure 3.11 uses the 48 hours measurement as the
base. Both samples with waste product stays above the reference samples until the end
of the experiment. However this seems to be mostly due to less shrinkage during the
first 2–7 days. After this the rate of change seems to be approximately the same. At
the end of the experiment after 27 days there is no difference between the samples. So
based on these direct measurements the waste product does not seem to be effective as
an internal curing agent. One remark though is that when the recipes for casting were
designed the absorption value used was the one from the pan method, maybe replacing
a larger portion of the sand could show an effect in future work.

3.10 Further research
Further research on the use of concrete waste as an internal curing agent could focus on
confirming or contradicting the findings in this study using other batches of concrete.
Instead of using concrete waste of unknown origin, using concrete waste from construc-
tion where the original strength is known could be beneficial. Projects might focus on
desorption and absorption measurement on a variety of concrete waste materials.
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Figure 3.11: Length change of concrete samples, relative to length 48 hours after casting





4 Conclusion

Particle density was found to be ρwaste product = 2335 ± 11kg/m3 resulting in an esti-
mated sand-mortar ratio on α ∈ {0.32 − 0.41} and classifying the material as normal
weight aggregate. Particle size distribution proved difficult to determine because of the
elongated form of the waste product, however it did show that the waste product was
more coarse than the sand. The elongated form of the waste product particles might
decrease workability. Loss on ignition was found to be 3.0 ± 0.2 % which lies within
the ASTM C1761/C1761M:2015 requirement on 5 %. The strength did not change sig-
nificantly with the addition of the waste product. Adding coloured water to the waste
product showed no effect on the colour of the mortar when opened 14 days after casting.

The desorption curve of the waste product was not optimal for working as in-
ternal water reservoir and it did not seem to live up to the requirements in ASTM
C1761/C1761M:2015. Disagreement was seen between the two methods used to deter-
mine the absorption value resulting in A24h,WP,pan = 7.79± 0.05 % and A24h,WP,pycno =
1.68 ± 0.18 % respectively, with the true value probably lying a place in between. Di-
rect measurements of autogenous shrinkage did not show any effect of adding the waste
product. However due to the low absorption, further research might find an effect by
adding more waste product.

Overall there is not found any clear indications in this project that crushed concrete
can be used as internal water reservoirs in high strength concrete in order to mitigate au-
togenous shrinkage. Further research could focus on other batches of the waste product
and the effect of replacing more sand.
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Appendix A

Letter to companies

Hi,

To whom this may concern.

I am a master student at the Technical University of Denmark and I am currently
working on my master thesis. The project concerns reuse of crushed concrete waste
as internal water reservoir in high strength concrete. Using the waste concrete as an
internal curing agent in order to avoid/mitigate autogenous shrinkage caused by the low
water-cement ratio.

I know that your time is valuable, however I hope that you want to answer 3–4 question
regarding how you work with high strength concrete.

1. What do you define as high strength concrete?

2. How often do you produce high strength concrete compared to normal strength?

3. What do you do to mitigate autogenous shrinkage when you cast high strength
concrete? (Internal curing with wet aggregate? Super Absorbant Polymeers? Do you
and the customer accept the shrinkage?)

3.1 If you do use internal curing: Please describe your working process shortly. (I am
especially interested in which material you use, how it is crushed and how you soak it
in water)

If you wish, I would like to thank your company in the aknowledgements section of the
report? Beside of this the answers will be handled anonymous. The answers will be
used to get an overview of what is current working custom.

Thank you in advance

Kind regards
Leander Jørgensen
Phone no.: XX XX XX XX

Student at the Technical University of Denmark
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Appendix B

Remarks on statistical analysis

Test of two mean values have been done in accordance with (Johnson, 2011). The test is
carried out using a Smith-Satterthwaite test for comparing small samples with unequal
standard deviations. The following assumptions have been made in order to do so:

• X,Y are random samples from two populations

• X and Y are independent

• Both populations are normal

The equation used to determine the test-value

t′ = (X − Y )− µ√
S2

1
n1

+ S2
2
n2

(B.1)

Where:
X,Y : The mean of two random variable

S: is the standard deviations
n: Sample size

In order to use a t table, the degrees of freedom can be estimated by

DOFest. =
⌊ (

S2
1
n1

+ S2
2
n2

)2

(S2
1/n1)2

n1−1 + (S2
2/n2)2

n2−1

⌋
(B.2)

t-test values are found in tables in (Johnson, 2011).
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Casting procedure
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Mixing procedure

1. Cement in the mixing bowl

2. Add water: Time = zero

Low speed

Mix for 30 sec.

3. Add SP, sand and/or waste concrete during the next 30 sec

4. Turn mixer on high speed – mix for additionally 30 sec

5. STOP for 90 sec

6. During the next 30 sec: scrape the mortar down from the rim of the bowl

7. Mix for additionally 60 sec at high speed.

Time = 240 sec    =>     Vibration table

--------------------------------------------------------------------------------------------

Vibration table

1. Fill the form halway

2. Start the vibration – speed 45

 Count to 30 – stop

3. Fill the form all way

4. Start vibration – speed 45

Count to 30, while scraping overtopping mortar

5. Cover sample with plastic

6. Belongs to …… - paper
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Mixing procedure (Dilatometer)

1. Cement in the mixing bowl

2. Add water: Time = zero

Low speed

Mix for 30 sec.

3. Add SP, sand and/or waste concrete during the next 30 sec

4. Turn mixer on high speed – mix for additionally 30 sec

5. STOP for 90 sec

6. During the next 30 sec: scrape the mortar down from the rim of the bowl

7. Mix for additionally 60 sec at high speed.

Time = 240 sec    =>     Vibration table

--------------------------------------------------------------------------------------------

Vibration table

1. Measure the length of each plug, place first plug in one end

2. Fill the form ¼ and tamp 25 times with the tamping rod.

3. Start the vibration – speed 55

 Count to 60 – stop

4. Fill the form 1/2 way, repeat tamping 25 times

5. Start vibration – speed 55

Count to 60

6. Repeat for ¾

7. Fill form but leave space for the end plug, use tamper 25 times

8. Start vibration – speed 55

Count to 60

8. Close the form with the last plug, handle the sample carefully

6. Belongs to …… - paper
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file:///home/leander/Dropbox/Danmark Tekniske Universitet/Master thesis/Lab tests/Particle density/160201_ko

Dato  

Navn
Projekt

Prøvemateriale

Metode: Resultat
Efter Laboratoriehåndbogen, dgf-bulletin 15 (dgf15) Beregning
Efter DS/CEN ISO/TS 17892-3 Input

Bestemmelse af kornrumvægt
Sand

1 2 3

Fra kalibrering af pyknometer

Pyknometer nummer 8 2 1
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Der kan evt. foretages kalibrering ved flere temperaturer, eller udføres en teoretisk 
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Laser diffractometry

Laser Diffractometry on concrete
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Result Analysis Report

Vol. Weighted Mean D[4,3]:

%

m²/g

um

Surface Weighted Mean D[3,2]:
0.00999 917.228

d(0.9):

Accessory Name:

Span :
1.169

um
Specific Surface Area:

0.61

Operator notes:

Uniformity:
%Vol

Obscuration:
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Average of 3 measurements from 160504Leander

d(0.1): um
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Laser Diffractometry on sand



Result Analysis Report

Vol. Weighted Mean D[4,3]:

%

m²/g
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Surface Weighted Mean D[3,2]:
0.08 450.245

d(0.9):

Accessory Name:

Span :
2.557
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Specific Surface Area:

14.73

Operator notes:

Uniformity:
%Vol

Obscuration:
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um123.651 d(0.5):

Volume

  Particle Size Distribution

 0.01  0.1  1  10  100  1000  3000 
Particle Size (µm)

0 
 10 
 20 
 30 
 40 
 50 
 60 
 70 
 80 
 90 

 100 

Vo
lu

m
e 

(%
)

Sand - Average, Wednesday, May 04, 2016 10:14:21 AM

Hydro 2000SM (A)

Result units:

um

Concentration:
0.1938

Weighted Residual:
0.594 %

Size (µm)
0.010

0.011

0.013

0.015

0.017

0.020

0.023

0.026

0.030

0.035

0.040

0.046

0.052

0.060

0.069

0.079

0.091

0.105

Volume In %

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Size (µm)
0.105

0.120

0.138

0.158

0.182

0.209

0.240

0.275

0.316

0.363

0.417

0.479

0.550

0.631

0.724

0.832

0.955

1.096

Volume In %

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.03

0.05

0.05

0.05

0.05

Size (µm)
1.096

1.259

1.445

1.660

1.905

2.188

2.512

2.884

3.311

3.802

4.365

5.012

5.754

6.607

7.586

8.710

10.000

11.482

Volume In %

0.05

0.05

0.06

0.08

0.09

0.11

0.13

0.14

0.16

0.17

0.18

0.19

0.20

0.20

0.20

0.19

0.19

Size (µm)
11.482

13.183

15.136

17.378

19.953

22.909

26.303

30.200

34.674

39.811
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Appendix G

Loss on ignition (LOI) -
measurements
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Sheet1

Page 1

LOI 1 2 3 AVG SD
Weight: container 14.3191 10.0787 13.7200
Container + concrete BEFORE 18.0343 14.321 18.4401
Container + concrete AFTER 17.9304 14.1832 18.2994

LOI [g] 0.1039 0.1378 0.1407
LOI [-] 0.0280 0.0325 0.0298 0.03 0.00
LOI [%] 2.7966 3.2482 2.9809 3.01 0.23

All measurements in gram
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measurements
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Sheet1

Page 1

Sample Type KN* kN mm Mpa
VII A REF 157 161 0.8 62.8
VII B REF 156 160 0.8 62.4
VII C REF 129 133 0.6 51.6
VIII A 12 pr. 198 202 0.7 79.2
VIII B 12 pr. 147 151 0.7 58.8
VIII C 12 pr. 170 174 0.7 68
IX A 22 pr 193 197 0.7 77.2
IX B 22 pr 168 172 0.7 67.2
IX C 22 pr 194 198 0.7 77.6
X A 32 pr 141 145 0.8 56.4
X B 32 pr 151 155 0.6 60.4
X C 32 pr 176 180 0.7 70.4
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