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Executive Summary

This deliverable overviews a set of activities carried out in 18 months of the
ICEBERG project dealing with the development of new pre-industrial prototypes
from the waste of demolition building or industrial sources. The aim in the WP3
was to develop, optimize and test at the pre-industrial stage protypes with raw
material from the WP2.

These prototypes are:

1) Cement- and Concrete-based products (Eco-Hybrid Cement, Structural
concrete elements, Ultra-lightweight non-structural wall, green wood chip
concrete panels and demountable pre-cast carbonated blocks),

2) Ceramic based product (circular ceramic-based tiles),

3) Wooden product (circular wood fiber insulation panels),

4) Gypsum-based product (circular plasterboards)

5) PU-based product (PU aerogels and circular PU insulation panels)

This report describes the results of research and workshops held within the
framework of WP3. The collected information will be used to the define GO or NO
GO strategies that will be carried out in the tasks of WP4.
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During the first 18 months of the ICEBERG project, an interaction between Work
package 2 and 3 was established in order to provide formulations and pre-
industrial prototypes of new circular green building products. This document
presents an update of these activities according to the state of progress.

For many years, a number of material substitutions have been made in Portland
cement concretes in order to manipulate their fresh and hardened properties.
These materials, which are generally called Supplementary cementitious
materials (SCM), have been used frequently and successfully in various
applications thanks to some physical and chemical properties. For example, fly
ash, a by-product of coal combustion in power plants, has a positive effect on the
workability of concrete mixtures due to its spherical grain structure. Blast furnace
slag, which is a by-product in the steel industry, increases the mechanical
performance of the mixture by contributing to the formation of extra C-S-H gel in
the matrix by showing pozzolanic activity when included in Portland cement
systems. In addition, it is known that blast furnace slag is frequently used in mass
concrete applications such as dams by substituting certain proportions of cement
by reducing the heat of hydration. The SCM substitutions of Portland cement
concretes are not only limited to improving the fresh properties, mechanical
properties, and durability properties of the mixes, but also various environmental
purposes have been pursued in the use of these materials. In this context, the
gradual increase in construction and demolition applications due to increasing
urbanization has caused a large amount of waste material to be released into the
environment. Currently, the European construction sector produces 820 million
tons of construction and demolition waste (CDW) every year, which is around
46% of the total amount of total waste generated according to Eurostat (Eurostat,
2017). Considering the damage caused by these construction and demolition
wastes to the environment, studies on recycling by researchers have accelerated
in recent years. Significant work has been initiated on the recycling of brick, tile,
glass and concrete wastes, which are produced as a result of construction and
demolition waste, by substituting Portland cement systems at certain rates.

Research has been conducted by Abdelghani Naceri (2009) to show the impact
of waste brick as a partial replacement of cement in mortar. Clinker was replaced
by waste brick in different proportions (0%, 5%, 10%,15% and 20%) by weight of
the cement. The result showed that the grinding time of cement was unchanged
for 5% brick replacement and decreased 5%for 10% brick replacement and
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decreased 10% for 15% and 20% brick replacement. The results demonstrated
that the specific gravity values tended to decrease by 0.9%, 3.1%, 4.4% and 5%
compared to the reference sample at the 5%, 10%, 15% and 20% waste brick
replacement rate, respectively. Also, it was observed that the increase of the
quantity or percentage of the waste brick incorporated in the cement increases
the amount of water needed to have a normal consistency of the cement paste.
It was noticed that setting times decrease proportionally with the increase in the
quantity of waste brick. According to the shrinkage performance of the waste brick
replacement, it was concluded that increasing waste brick content leads to an
increase in the shrinkage values. It was observed that the increase in the waste
brick replacement rate in the mixtures decreased the 7 and 28 day mechanical
performances of the samples. However, in 90-day mechanical performances,
higher strength and resistance values were observed in mixtures where the brick
replacement rate was up to 10% due to the variation of the content of SiO2 and
Al203 and the ratio CaO/SiOx.

In a study conducted by Sanjay Raj et al., (2018), the fresh and hardened
properties of concrete mixes in which crushed rock powder was used as
aggregate and waste brick was substituted for cement at rates of 0%, 5%, 10%,
15% and 20% were investigated. The 7, 14 and 28 days compressive strength
results of the reference sample and the mixtures produced with waste brick.

Table 2-1 Compressive strength of brick substituted Portland cement concrete
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Compressive | M40 5% 10% 15% 20%
Strengths normal waste waste waste waste
(Mpa) concrete brick brick brick brick
7 days 26.84 26.62 27.21 20.18 20.51
14 days 28.58 31.18 38.03 24.07 23.29
28 days 48.4 41.85 49.18 33.99 35.33

According to the results, the compressive strengths of the mixtures in which the
brick waste is replaced by 5% and 10% were higher than the reference sample
at all ages. However, a significant decrease in compressive strength was
observed in the mixtures where the brick ratio was used as 15% and 20%. When
the split tensile strengths are examined, it was found that the cylinder samples
performed better than 10% waste brick substitution rate, and higher substitution
rates had a negative effect on the splitting tensile strengths. The authors
emphasized that this was due to the high rate of water absorption of the brick
waste in the ambient cured samples.

Calcium sulfoaluminate (CSA) cement has attracted the attention of researchers
in recent years as a substitute for conventional Portland cement systems. CSA
cement was first developed in China in the 1970s and is produced by heating
together limestone, gypsum and bauxite. Researchers found that the mechanical
performance was improved and the autogenous shrinkage was considerably
reduced in concretes using CSA cement. In this context, Yoo et al., (2019)
showed that CSA cement provides a significant reduction in the expansive strain
values of ultra-high performance concretes. In another study, Song et al., (2021)
found that the autogenous shrinkage in ultra-high performance concretes
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developed with 15% CSA cement was 123% lower than the reference sample. In
a study by Shen et al., (2020), it was concluded that the addition of 5% CSA-CaO
significantly improves the compressive and flexural strengths at early ages.

Materials and Methodology

Eco-Hybrid Cement is produced through the combination of CSA cement and
Blended Cement with minimum 30 wt% of diverse Recycled Building Materials
(RBM; brick, concrete, glass and gypsum). It has a 35% lower CO: footprint and
it is 25% more cost effective when compared to the current patented solutions.

For the blended cement, CDW based materials were collected by BESE from an
urban transformation area located in Ankara and earthquake zones in Turkey.
Hacettepe University made chemical and physical analysis of these materials
(concrete waste (CW), glass waste (GW) and masonry units which include red
clay brick (RCB), hollow brick (HB) and roof tile (RT)). After analysis it was
understood that amorphous and high alumina-silica content materials can be
used as additives for blended cement.

Concrete waste, glass waste and brick waste were used as RBM in blended
cement.

Original Crushing Grinding
Form Stage Stage

- 5
s

(c)

Figure 2-1 Photographs and SEM Images of CDW-based materials:, (a) Hollow Brick, (b) Concrete Waste,
(c) Glass Waste
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Table 2-2 XRF analysis of CDW-based materials

Chemical analysis
(Coz)mpos'“on Si0s  Al:Os Fe:0s CaO MgO K:0 NaO SOs TiO: LOI
Brick waste 42.85 13.86 1649 11.09 574 125 208 091 277 23

Concrete 34.82 409 363 27.07 465 069 062 05 027 235
waste

Glass waste 7025 0.88 043 9.37 383 0.19 1391 0.08 0.11 0.6
Gypsum 343 109 051 30.33 143 0.19 0.01 41.87 - 20.83

Cimsa Cem | 42.5 R portland cement was used in blended cement trials. As EN
197-1 standard, it consists of Portland cement clinker and limestone. It is suitable
for general use. It is appropriate to use it in the circumstances where the early
mould must be taken.

Table 2-3 XRF analysis of Cem | 42.5 cement

Chemical analysis

Composition (%)  SiO2 AlOs Fe:0s CaO MgO K:0 Na:O SOs TiO2 LOI

Cem[425R

19.37 5.12 2.79 63.51 258 0.87 0.28 3.05 - 2.65
cement

Eight blended cement mortar trials were done with different combinations of these
materials. In these studies, commercial gypsum was used instead of waste

gypsum.

Table 2-4Blended cement trial mixes rates

Blended Cement Mix Ratios (min %30 EBM)

Materials (%) Mix1 Mix2 Mix3 Mix4 Mix5 Mix6 Mix7  Mix8
Cem 1425 70% 70% 70% 70% 70% 70% 70% 66%
Cement

Brick waste 30% - - - 15% 15% 10% 19.5%
Glass waste - 30% - 15% 15% - 10% -
Concrete waste - - 30% 15% - 15% 10% 12.5%
Gypsum - - - - - - - 2%

The first three mixtures (mix1, mix2, mix3) were designed to examine how the
CDW-based materials work separately. The next four mixtures (mix4, mix5, mix6,
mix7) were also designed in equal amounts to examine how the CDW-based
materials works together. Mix 8 was designed according to stated RBM ratios in
the proposal (19.5% of glass or brick, 12.5% of concrete and 2% of gypsum).
XRF, Blaine measurement and density measurement analysis were carried out
for all mixtures. XRD analyses were carried out for mix1, mix2, mix3 and mix8.

With XRD analysis the presence and amounts of minerals in cement samples
was determined as well as identify phases. With XRF analysis, the chemical
composition of cement samples was determined. The fineness of cement was
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measured as specific surface. Specific surface is expressed as the total surface

area in square meters of all the cement particles in one kilogram of cement. The

higher the specific surface is, the finer cement will be. The fineness of cement

was measured with BIl ai neSpecificgravity (geasityine abi | i t vy
the mass of the void-free volume of a material. To determine the specific gravity

of cements, a Le Chatelier balloon and a precision balance are required. The

speci fic gravity (J) value is the mass divi
help of a pychometer.

Table 2-5 XRF analysis of Blended cements

Chemical analysis
Composition (%) SiO, AlOs Fe;03 CaO MgO KO NaO SOz TiO, LOI

Mix1 2718 7.61 6.02 4646 346 098 086 258 083 273
Mix2 345 3.72 242 4679 29 0.68 4.2 203 024 22
Mix3 2438 464 3.08 5183 313 084 045 213 0.27 9

Mix4 29055 424 279 49.78 3.04 077 232 21 0.26 5.65
Mix5 3111 572 416 4755 317 089 246 214 051 274
Mix6 26.09 6.19 501 4943 328 097 063 222 053 6.11
Mix7 29.19 5.36 38 49.17 319 088 183 215 043 4.68
Mix8 2649 646 494 4849 339 093 071 212 0.62 575

Table 2-6 Blaine and density of Blended cements and Cem | 42.5 R cement

Control
Mixes Mix1  Mix2 Mix3 Mix4 Mix5 Mix6 Mix7  Mix8 (Cem |
42.5)
Blaine
emig) 335 2480 3410 3070 3230 3200 3010 3290 3400
Density 565 256 260 271 279 256 262 256 3.15
(g/cm?)

Counts

A0 0 O A Y
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Bl Anthophyllite-Gedrite 14,0 %
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Figure 2-2 XRD analysis of Mix1, Mix2 Blended cements
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Figure 2-3 XRD analysis of Mix 3 and Mix 8 Blended cements

Calcium Sulfo-Aluminate (CSA) cements have been optimized over the last
decades as a substitute of Ordinary Portland Cement (OPC) due to the
mechanical improvements regarding the rapid hardening and the reduction in
CO:2 emissions (burnt at lower temperature than OPC). It was conducted 25
different trial experiments with different raw material sources (limestone, clay,
gypsum and bauxite) for CSA cement formulation in lab scale. The required
yeelimite phase for CSA cement production was obtained in lab scale.
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Figure 2-4 XRD analysis of lab scale produced CSA cement

In lab scale production, the amount of CSA cement was inadequate for eco-
hybrid cement formulation. CSA clinker powder for eco-hybrid cement trials was
purchased and chemical and physical analysis was performed on it.

counns {1 A R O
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Figure 2-5 XRD analysis of CSA clinker powder
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Table 2-7 XRF analysis of CSA clinker powder.

Chemical analysis

Composition (%) SiO, AlLO; Fe;03 CaO MgO KO NaO SO; TiO, LOI

CSA cement 7.77 3572 2.69 4231 1.18 0.23 0.07 7.85 1.86 0.33

Table 2-8 Blaine and density of Blended cements and CSA clinker powder

CSA
Material clinker
powder
Blaine (cm2/g) 5000
Density (g/cm3) 3.12

Eco-hybrid cement trials were done with combination of CSA and Blended
cement incorporating high amount of RBM 19.5% of brick, 12.5% of concrete and
2% of gypsum (Mix 9). For this study 5% of Cem | 42.5 cement was replaced with
CSA cement to obtain Eco-hybrid cement. Mix 8 and Mix 9 were sent to
Hacettepe University and Tepe Betopan for obtaining concrete elements.

Table 2-9 Eco-hybrid cement trial mixtures

Eco-hybrid cement (CSA+ Blended
Cement (min %30 EBM)

Materials Mix8  Mix9
Cem | 42,5 cement 66% 61%
CSA cement - 5%
Brick waste 19.5% 19.5%
Glass waste - -
Concrete waste 125% 12.5%
Gypsum 2% 2%

All blended cement mixtures and Eco-hybrid cement mixture were tested
according to EN standards. Mortar compressive strengths, setting time, flow
measured for all mixtures, soundness of cement (volume expansions) were
measured for mixture 8 and mixture 9 (Eco-hybrid cement trials).

For the measurement of cement compressive strength, mixtures were prepared
by mixing with a mortar mixer consisting of 450+2g cement, 1350+5g standard
sand and 225+1g water according to EN 196-1 standard. Prepared mortars were
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carefully placed in three-compartment mortar molds with dimensions of
4x4x16cm. The three prismatic samples prepared are stored in a moisture-
saturated curing room or in lime-saturated water at 20+1°C until the test date.
Each prismatic sample was first divided into 2 separate parts by performing a
bending test in the test press. Thus, 6 pressure samples were obtained from 3
prism samples. A metal breaking head of 4x4 cm was placed on the lower and
upper surfaces of each half sample and subjected to a pressure test in the test
press. The half prism between the crushing heads behaves like a cube sample
of 4x4x4cm. The compressive strength of the sample was obtained by dividing
the cross-sectional area by the fracture force P. After this test was performed on
all 6 samples, the arithmetic average of the results was taken and the
compressive strength of the cement for the desired age (2, 7, 28 days) was
obtained. With the results of the compressive strength, the suitability of whether
the cement provides the desired strength class was checked.

Figure 2-6 4x4x16 cm Cement Mortar Mold
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Figure 2-7 Cement Mortar Compressive Strength Test

The amount of water required for the cement paste to be of normal consistency
is determined with the help of the vicat tool. The Vicat tool consists of a flat table
and a gooseneck holding the cylinder shaft adjusted to the axis of the table. The
total mass of the movable shaft should be 300+1 grams. In order to determine
the normal consistency, two mortars are obtained by adding 5% water according
to the mortar sample prepared in the spreading test and the cement used. The
probe (needle) attached to the vicat device for the experiment is lowered to the
base plate and adjusted to read zero on the scale indicator. The bottom plate
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glass and the inner surface of the sample ring are lubricated with mineral oil.
Freshly mixed cement paste is placed in the ring without compaction and
vibration. Excesses are removed with the help of spatula. The tip of the probe is
lowered and released until it touches the upper surface of the cement paste in
the middle of the prepared vicat ring. The probe enters the cement paste with its
own weight. If the water used with normal consistency is sufficient, the probe
descends to the glass plate until it remains 5-7 mm in half a minute. This process
is repeated with different amounts of water to determine the amount of water
required for cement. Reading is carried out in two ways. For the probe that is still
sinking, the value read after 4 minutes is the sinking depth, assuming its release
is zero. The probe, whose sinking is completed before 4 minutes, should be read
30 seconds after it stops. The value giving the distance between the bottom face
of the probe and the base plate is read and this value is recorded together with
the water content of the paste, expressed as a percentage by the mass of
cement. The probe is cleaned after each immersion. The test was carried out with
pastes containing varying amounts of water, between the probe and the base
plate. This is repeated until the distance is 6:1mm. The water amount of the cake
that has reached the standard consistency is recorded with an accuracy of 0.5%,
as the amount of water required for the standard consistency.

Figure 2-8 Vicat Tool

For the setting time test, the needle attached to the vicat device is lowered onto
the base plate and the needle vicat device is set to zero on the scale indicator.
Then the needle is lifted up and taken to the standing position. The Vicat mold is
filled with cement paste of standard consistency and leveled. The Vicat needle is
lowered slowly until it comes into contact with the paste. Then the arm is released
and the cake is inserted into it. After the needle is inserted into the cake (or 30s
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later), the values are taken. This value, which gives the distance between the tip
of the needle and the base plate, is recorded together with the time elapsed from
the zero moment. The process of inserting the needle into the same sample is
repeated with a distance of at least 10 mm between the points where the needle
is inserted into the cake or from the edge of the mold, and at appropriate time
intervals of 10 minutes. The vicat needle should be cleaned after each immersion.
The time elapsed from the starting time, which is accepted as zero, until the
distance between the needle and the base plate is 4£1mm, is rounded to the
nearest 5 minutes, recorded as the initial setting time. The used solid mold on the
base plate is inverted to determine final setting time. Thus, the determination of
the final setting time is made on the surface of the paste that initially comes into
contact with the base plate. Values are taken as in the experiment of determining
the initial setting time. The time intervals between immersion operations can be
increased, for example up to 30 minutes. The vicat needle should be cleaned
immediately after each immersion. The time when the needle sinks in for the first
0.05 mm and the time considered zero are rounded off to the nearest 15 minutes
and recorded as the final setting time. (EN 196-3).

Figure 2-9 Cement Mortar Setting time test

A Cement Flow Table is used for spreading (fluidity) tests of mortar, lime and
cement samples (EN 1015-3). It is aimed to determine the fresh consistency and
flow value of the mortar containing mineral binder and dense aggregate or light
aggregate immediately after mixing. The wet sample, which is placed on the flow
table of standard shape and size, with the help of a mold of standard shape and
size, is subjected to vibration by turning the arm of the device. The arm lifts the
spreading table upwards and lowers it by releasing it from a certain height. The
flow value of the fresh mortar sample is determined by measuring the mean
diameter of the flow of mortar sample.
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Figure 2-10 Cement Flow table test

If there is a large amount of free lime (CaO) or magnesium oxide (MgO) in the
cement content, it causes the cement paste to expand. The reactions of CaO and
MgO in the cement with water occur months after the cement paste or concrete
hardens. As a result of the hydration of these oxides, expansion occurs in the
hardened cement paste, and internal stresses and cracks may occur in concrete
structures. This expansion is determined with the help of Le Chatelier device.
Cement paste of normal consistency is prepared for the experiment. (the
remaining mortar from the consistency analysis test can be used) The test is
performed on two samples from the same cement paste mixture at the same time.

The oiled Le Chatelier mold is placed on the lightly oiled glass plate and filled
with cement paste without compressing or vibrating, the level of the upper surface
is adjusted by hand or using a straight edge spatula, if desired. In order to prevent
the slit of the mold from opening during filling, it is lightly squeezed with fingers
or the ends are tied or attached with a suitable rubber band. The top of the mold
is covered with a lightly oiled glass plate, additional mass is added if necessary
and the whole device is immediately placed in the humidity cabinet. It is stored
here for 24+0.5 hours at 20£1°C and at a relative humidity of not less than 98%.
After a period of 24+0.5 hours, the distance (A) between the indicator tips is
measured to the nearest 0.5mm. Then, the mold is heated to boiling temperature
in 305 minutes and the water bath is kept at boiling temperature for 3 hours £5
minutes. At the end of the boiling time, the distance (B) between the indicator tips
can be measured to the nearest 0.5mm. The mold is expected to cool down to
20£2°C. The distance (C) between the indicator tips is measured to the nearest
0.5mm. The (A) and (C) measurements are recorded for each sample and the
(C-A) difference is calculated. It is calculated by rounding the average of the two
values of (C-A) to the nearest 0.5 mm. This expansion value should be less than
10mm (EN 196-3).
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Figure 2-11 Soundness of cement Le chatlier's Test Apparatus

As stated above, blended cement tests were carried out. All mixtures were
compared with reference CEM | 42.5 R cement. For this preliminary study, the
target blended cement is mix 8. It was prepared by using waste at the rates
specified in the project proposal (about 19.5% of glass or brick, 12.5% of concrete
and 2% of gypsum).

When compared to CEM | 42.5 initial and final setting times are extended. The
water amount is slightly increased. Flow results remained stable.

2 days,7 days, 28 days compressive strengths of all mixtures are as follows in
Table 2-11 Mortar Compressive Strength of Blended cements and CEM | 42.5 R
cement. Accordingly, when the compressive strengths of all mixtures are
examined, lower compressive strength was obtained than the CEM | 425 R
cement. Low results are normal, because as the ratio of waste additives in
cement increases, cement strength decreases. As a next step, further grinding
and calcination steps will be performed to improve the reactive of the CDW-based
materials.

Table 2-10 Setting Time and Flow of Blended cements and CEM | 42.5 R cement

Setting time : : . : . . . : Control
and flow Mix1l Mix2 Mix3 Mix4 Mix5 Mix6 Mix7 Mix8 (CEM | 42.5)

Initial setting  1g4y 185 160 175 195 185 190 200 175
time(min)

Final setting 504 599 260 200 305 295 300 240 220
time (min)

Water

amount for 306 31 306 314 31 316 314 302 20.4
setting(%)
Flow(cm) 15 15 15 15 15 15 15 15 15

31



D3.3 Intermediate integrated report about the new circular

' |Cebefg building prototypes

Circular Economy of
Building Materials

Table 2-11 Mortar Compressive Strength of Blended cements and CEM | 42.5 R
cement

Mortar Compressive Strength (MPa)

Time  Mix1 Mix2 Mix3 Mix4 Mix5 Mix6 Mix7 Mix8 (c(éi/lnfrle.a
2days 216 152 185 155 18 16.6 166 195 30.5
7days 315 23 294 252 26 267 27.8 27.83 41.7
28days 40 291 367 312 323 339 336 33.2 51.2

After having blended cement results, for eco-hybrid cement mixture 8 was
blended with CSA cement. Eco-hybrid cement (mix 9) is obtained.

Table 2-12 Setting Time and Flow of CSA clinker powder, Eco-hybrid cement and CEM | 42.5 R cement

CSA Eco-hybrid Control

settingtime  iyer  Cement (CEM |
and flow

powder (mix9) 42.5)
Initial setting
time(min) 275 115 175
Final setting 330 200 220
time (min)
Water
amount for 28 334 29.4
setting (%)
Flow(cm) 20 12 15

Table 2-13 Mortar Compressive Strentgh of CSA clinker powder, Eco-hybrid cement and CEM |1 42.5 R
cement

Mortar Compressive Strength (MPa)

. Eco-hybrid
, CSA clinker Control
Time powder C(;Txeg';t (CEM | 42.5)
2 days 67.8 175 30.5
7 days 86.2 27.5 41.7
28 days 90.5 33.3 51.2

Table 2-14 Soundness of CSA clinker powder, Eco-hybrid cement and CEM |1 42.5 R cement

Soundness CSA clinker  Eco-hybrid Control
(Expansion) powder Cement (CEM 1 42.5)
mm (mix9)
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When comparing Eco-hybrid cement with CEM | cement, initial and final setting
times decreased, water amount for setting increased, flow decreased and
expansion increased. When the results are examined, it can be concluded that
CEM | 42.5 R cement with stated ratios CDW, equivalent CEM | 32.5 N cement
can be obtained.

For further studies;

- CSA clinker and cement will be produced in Cimsa plant and will be used
in eco-hybrid cement production.

- Different waste and CSA cement ratios will be examined.

- With different mixture tirals expansion and compressive strength values
will be optimized.
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In the development of green concrete, it is of great importance that the
components that make up the structural material are suitable for recycling and
can be recycled repeatedly. It is known that brick and tile-based masonry, roof
elements, concrete and glass are recyclable and it is possible to produce building
elements again under suitable conditions (Hansen, 1992). The use of concrete,
which constitutes a very large part of construction and demolition waste (CDW),
both as a cement substitute and as aggregate in recycling is a matter that should
be considered for the production of sustainable green building materials. As it is
known, aggregates constitute 60-75% by volume and 80-85% by weight of
Portland cement concrete mixes (Mehta and Monteiro, 1993). In this context, a
proper analysis of the properties of recycling aggregates to be obtained from
waste concrete and their use as an aggregate source in the production of green
concrete will be a paradigm shift in the construction sector.

Recycling operations for CDW aggregates have been set up in many countries.
In general, waste concrete elements are crushed mechanically into small pieces
(<40 mm) for the production of recycled concrete aggregates (RCA). After the
crushing processes, different sized fractions are screened using a sieving device.
RCAs with better-quality and proper crushing processes exhibit better properties.
More crushing decreases the amount of adhered mortar in the coarser
aggregates, which influences positively to the characteristics of RCA (Nagataki
et al. 2004). However, the amount of crushing in this way also brings higher costs.
Some researchers have reported that the amount of adhered mortar increases
with the decrease of grain size (Etxeberria et al. 2007a; Katz 2003; Zaharieva et
al. 2003). For this reason, it is very important to provide the most suitable
crushing-obtaining processes for waste concrete by making an optimization in
terms of cost and quality.

Since the aggregate occupies a large volume in the concrete, its density affects
many properties of the concrete. The density of RCA is lower than that of natural
aggregate (NA) due to the existence of porous and adhered mortar on the RCA
surface. It was already reported that an increase in adhered mortar amount on
the aggregate leads to a lesser density of the RCA (De Juan and Gutiérrez 2009).
In addition to the density properties of RCAs, the amount of adhered mortar
greatly affects the water absorption of RCA. RCA aggregates have much higher
water absorption capacity than NA due to the high water absorption capacity of
adhered mortar. RCA aggregates have much higher water absorption capacity
than NA due to the high water absorption capacity of adhered mortar. De Juan
(2004) found that while natural aggregates have a water absorption between 0
and 4%, the water absorption of RCA is between 0.8 and 13%. Additionally, water
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absorption increases as the grain size decreases as a result of the fine-sized
recycled aggregates of the RCA has a higher amount of adhered mortar than the
coarse-sized recycled aggregates (Zaharieva et al., 2003). However, the
influence of waste concrete sources on the RCA properties is still discussed.
Nagataki et al. (2004) state that as the grade of source concrete increases, the
water absorption rate decreases, while Padmini et al. (2009) state that water
absorption rate increases as the grade of source concrete increases. Since the
water/cement (w/c) ratio directly affects the adhered mortar amount, RCA
obtained from concrete with a low w/c ratio has low water absorption capacity
(Hansen and Narud 1983; Santos et al. 2002b).

The fact that the properties of RCA are quite different from NA, leads to
differences in the fresh and hardened properties of the concretes produced with
these aggregates. The properties of fresh concrete are greatly affected by factors
such as density and workability, and the workability of fresh concrete can be
measured with the slump test. In studies on workability, the slump values of
concrete produced with RCA are not the same as those of concrete produced
with NA because RCA has a considerably higher water absorption capacity than
NA. Topgu (1997) observed a 75 mm slump in concrete produced with RCA while
the concrete produced with NA was 100 mm. Additionally, Poon et al. (2004)
reported that an increase of RCA amount in the mixture decreases the slump
value. Also, the same authors stated that as the amount of RCA increases, the
effect of moisture content of RCA on the slump value becomes considerable. As
the amount of RCA increases, the slump value decreases, and the water
requirement increases significantly. However, to meet this enormous water
demand and increase workability, superplasticizer can be used (Evangelista and
de Brito 2007). Many researchers have found that concrete produced with RCA
has lower slump values than concrete produced with NA (Khan 1984; Mukai et
al., 1978; Buck 1977; Hansen and Narud 1983). The density of fresh concrete
depends on many variables such as aggregate, cement type, water content, and
air content. Fresh concrete containing RCA is slightly less dense than fresh
concrete containing NA due to the presence of adhered mortar (Gonzalez-
Fonteboa et al., 2011). Further, the density of fresh concrete affects numerous
hardened-state properties of concrete. The fresh density of concrete containing
RCA is less than that of normal aggregate concrete. The adhered mortar, which
is permeable and has a high water absorption value on the surface of the RCA,
causes a decrease in its density (Gonzalez-Fonteboa et al., 2011). Also, Katz
(2003) found no significant differences in densities of concrete mixes
incorporating RCA made from old concrete of three different ages (1, 7 and 28
days), implying that the amount of adhered mortar in the various concrete
aggregates was identical independent of crushing age.

With the addition of RCA, the compressive strength of concrete generally reduces
(Topcu and Sengel 2004; Kou and Poon 2008; Oliveira and Vazquez 1996) and
the reduction in compressive strength of the concrete may reach 40% (Katz 2003;
Chen et al. 2003). Topcu and Sengel (2004) observed that the strength of the
concrete produced by RCA decreased by 33% in C16 concrete and 23.5% in C20
concrete compared to normal concrete. According to Etxeberria et al. (2007a),
the compressive strength of the concrete produced with 100% coarse RCA was
20-25% lower than normal concrete. However, it has been shown that the use of
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RCA up to 30% does not affect the compressive strength (Gomez-Soberon 2002;
Li et al. 2009; Limbachiya et al. 2004, 2012; Rao et al. 2011; Yang et al. 2011).
Since the RCA has adhered mortar which is permeable and has high water
absorption, these properties increasethe porosity and decrease the aggregate-
matrix interface bond strength (Kwan, Ramli et al. 2012). The splitting tensile
strength of concrete containing RCA is typically lower than that of conventional
concrete and increasing the amount of RCA lowers the compressive strength
gradually. According to Kou et al. (2011a), the 28-day splitting tensile strength of
concrete containing coarse RCA was found to be 10% and 7% lower than that of
ordinary concrete. However, Yong and Teo (2009) found that replacing 100% of
natural aggregate with normal or saturated surface dry coarse RCA improved the
splitting tensile strength of concrete in the early stages of curing (up to 28 days).
Similar to the compressive strength and splitting tensile strength, flexural strength
decreases as the amount of RCA in concrete increases. Yang et al. (2011)
observed a 3% and 9% decrease in 7 and 28 days of flexural strength,
respectively. However, Safiuddina, Alengaramb et al. (2011) observed no
difference between normal concrete and concrete produced with RCA, although
a 12% decrease in compressive strength was reported. Furthermore, Chen et al.
(2010) found that replacing up to 40% of coarse NA with RCA resulted in a slightly
increase in flexural strength, with equal values to conventional concrete above
the replacement threshold.

In this section, the materials and their properties that are used within the scope
of development of "green" concrete recipes were presented. Moreover, mixture
designs, casting, curing and testing methods were also explained in detalil.

CEM 42,5 R - Portland cement used in the preliminary studies was supplied by
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CKMSA. The chemical composition of cement

Table 3-1 The chemical composition of Portland cement

Property | Lol | SiO2 | Al,O3 | Fe;O3 | CaO | MgO | SOs | Na2O | KO | CI Insoluble
(%) residue
CEM 1359|1890 |5.15 |336 |[6359|157 |265]|0.40 |0.77|0.02|0.91
425R

Lol: Loss of Ignition
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Eco-hybrid cement

Within the scope of the study, eco-hybrid cement was used for the development
and optimization of green concrete recipes. The chemical and physical properties
of Eco-hybrid cement were given in the previous section.

Aggregates

In the first stage of the study, natural aggregate and recycled concrete aggregate
were used together in preliminary studies in order to determine the optimum
replacement rates of the recycled concrete aggregate. In order to determine the
properties of different RCAs collected from different sources, three concrete
waste samples were collected from different demolition regions (coded as X, Y
andZ). The i mages of t hwntinFRWe3sl6 wer e sho

Z

Figure3-17The i mages of RCAO6s coll ected from different demol it

Concrete waste samples were crushed from two different openings in a
laboratory-type jaw crusher to produce fine and coarse recycled aggregates.
Later, the aggregates were separated into fine and coarse aggregates with the
help of sieves.

Figure 3-2 Sieves used for aggregate gradation.
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