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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

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 Blaine’s air permeability method. Specific gravity (density) is
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
specific gravity (p) value is the mass divided by the volume calculated with the

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 27.18 7.61 6.02 46.46 3.46 0.98 0.86 258 083 273
Mix?2 345 3.72 2.42 46.79 2.9 0.68 4.2 2.03 0.24 2.2
Mix3 24.38 4.64 3.08 51.83 3.13 0.84 0.45 2.13  0.27 9
Mix4 2955 4.24 2.79 49.78 3.04 0.77 2.32 2.1 0.26 5.65
Mix5 31.11 572 4.16 4755 317 0.89 246 214 051 274
Mix6 26.09 6.19 5.01 4943 3.28 0.97 0.63 2.22 053 6.11
Mix7 29.19 5.36 3.8 49.17 3.19 0.88 1.83 2.15 043 4.68
Mix8 26.49 6.46 494 4849 3.39 0.93 0.71 2.12 062 575

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
(cm 5 9) 3325 2480 3410 3070 3230 3200 3010 3290 3400
Density 56, 256 269 271 279 256 262 256 3.15
(g/cm?®)
100 00 00 R
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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.
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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+5¢g 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 621mm. 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
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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 1425 R - Portland cement used in the preliminary studies was supplied by
CIMSA. The chemical composition of cement was given in Table 3.1.

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
and Z). The images of that RCAs’ were shown in Figure 3-1.

A & - g 2

Figure 3-1The images of RCA’s collected from different demolition regions.

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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Figure 3-3 Recycled Coarse and Fine Aggregates

The properties of recycled aggregates collected from different regions are
presented in this section. In this context, the densities, water absorption capacity
and chemical content of the recycled aggregates were analyzed.

The densities of aggregates were determined following TS EN 1097 standard.
The samples were kept immersed in water at 20°C for 24 hours. This way, all the
pores of the aggregate were filled with water. A 500 gr sample was used for fine
aggregates and 2 kg sample was used for coarse aggregates. Secondly, the
weight of the coarse aggregates in water was measured (M2) and the weight of
the empty basket in which the aggregate was placed was measured (M3). M2
and M3 were calculated by pycnometer for fine aggregates. Then, the aggregates
were brought to a surface saturated dry (SSD) state and weighed (M1). Finally,
the aggregates were dried in an oven at 115°C until they reached a constant
mass, and their weights were measured (M4). All values measured in g. Densities
of aggregates (pa, prd and pssp) were calculated using the following formulas:

M4

Pa = Pw yasmz—its) 1)
M4
Prd = Pw s vzmi3) 2)
M1
PsSD = Pw 3 (arz—m3) ®3)

where,
pa: Apparent density, g/cm?3 prd: Oven Dry density, g/cm?3
pssp: SSD density, g/cm? pw: Density of water, g/cm3
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Density values for coarse and fine recycled aggregate for X, Y, and Z are
presented in Table 3.2. In general, it is observed that the density decreases as
the grain size decreases, regardless of aggregate source.

Table 3-2 Densities of recycled aggregates

X Y Z
Properties Coarse Fine Coarse Fine Coarse Fine
pa 2.64 2.62 2.63 2.60 2.65 2.56
prd 2.25 2.04 2.14 2.05 2.31 1.99
pssd 2.40 2.28 2.33 2.26 2.44 2.17

According to the density values of recycled aggregates given in Table 3.2, the
apparent density range of fine recycled aggregate was found as 2.56-2.62, oven-
dry density range 1.99-2.05 and SSD density range 2.17-2.28. The apparent
density range of coarse recycled aggregate was 2.63-2.65, oven-dry density
range was 2.14-2.31 and SSD density range was 2.33-2.44. These ranges
showed that the change in the source of aggregate collected from the demolition
zones was quite similar in terms of density ranges. As it is known, density is one
of the key parameters of aggregate and is important to design concrete mixtures
and control several properties of the resulting concrete. In this context, it was
concluded that the recycled aggregates produced with the waste concrete
collected from different demolition zones are practically applicable regardless of
the region.

In general, recycled aggregates have a lower density than normal aggregates.
The main reason for this situation is that the cement mortar adhered to the
recycled aggregate has a porous and less dense structure (J De Brito and N
Saikia, 2012).

The water absorption values of recycled aggregates were determined following
TS EN 1097 standart and presented in Table 3.3. The M1 and M4 values obtained
from the density experiment were calculated using the formula given below.

100(M1-M4
WAy, = % 4)

where,

WA,, = Water absorption
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Table 3-3 Water absorption of aggregates

WA24 Coarse Fine
X 6.56 11.79
Y 8.65 12.35
Z 5.56 11.39

According to the water absorption values presented in Table 3-3 Water
absorption of aggregates, the coarse recycled aggregates exhibited a water
absorption value in the range of 5.56-8.65%, while the fine recycled aggregates
exhibited a water absorption value in the range of 10.35-11.79%. The water
absorption performances of the recycled aggregates from different regions were
generally consistent with the density results presented in the previous section. As
it is known, the most important reason for this consistency is the amount of
adhered mortar in the recycled aggregate. Adherent mortar on the aggregate
surface is porous by nature and therefore can absorb high amounts of water.
Thus, increasing the amount of adhered mortar decreases the aggregate density
and increases the water absorption rate. Besides these, the variation of water
absorption capacity reported in various references is due to the variation of
cement paste content in aggregate as well as the content of other components
such as crushed clay brick and tiles, which have very high water absorption
capacity (De Juan, 2004).

The soundness test determines the resistance of an aggregate to degradation
through decomposition and, especially freeze-thaw cycles. Durable (weather
resistant) aggregates are less likely to deteriorate on site. In the soundness test,
the aggregates are repeatedly immersed in sodium/magnesium sulphate
solution. As a result of that process, salty crystals are formed in the porous parts
of the aggregate. These crystal compositions create internal forces that will cause
the aggregate disintegration by force pressure. After a certain immersing and
drying cycles, the soundness test ends by determining the percentage of material
loss.

The soundness test for aggregates was carried out by the methods specified in
ASTM-C88 standards for the recycled aggregates. The test equipment photo and
the results were presented in Figure 3-4 and Table 3-4, respectively.
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Figure 3-4 Sulphate soundness test equipment photo

Table 3-4 Aggregate soundness test results

Sulphate
Soundness Coarse Fine
(%)
X 16.03 12.61
Y 17.45 13.24
Z 15.78 12.95

According to the results presented in Table 3.4, it was observed that weight loss
rates of coarse aggregates depended on between 15.78-17.45% and weight loss
rates of fine aggregates depended on between 12.61-13.24%. These weight loss
values demonstrated that recycled aggregates exhibited similar sulfate
soundness performance regardless of their source. As is known, the sulfate
soundness property of recycled aggregates, as well as its density and water
absorption capacity, is largely controlled by the amount of adhered mortar it
contains. The large variation in the sulfate soundness properties of recycled
aggregates in the literature is highly dependent on both the amount and quality
of the adhered mortar. In addition, components such as hydrated cement,
ceramics and natural aggregates in the recycled aggregate, unlike normal
aggregates, are also at the forefront in determining these properties. In this
context, as a result of the researches in the literature, Zaharieva et al. (2003)
found the weight loss of recycled coarse aggregates as 26.4% as a result of the
sulfate soundness test, while the weight loss of recycled fine aggregates was
found to be 25.7%. In another work, Lin et al. (2004) found the weight loss of
recycled coarse aggregates to be 17.9%, while the weight loss of recycled fine
aggregates was found to be 10.8%. Since these variations greatly affect the fresh
and hardened properties of concrete produced with recycled aggregate, it is of
great importance to investigate the sulfate soundness of recycled aggregates and
to apply treatment processes to aggregates if necessary to reduce their negative
effect.
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The properties of the aggregates selected to be used within the scope of the
study were presented in Table 3.5. In addition, gradation curve graphs of

aggregates used in the mixture were also presented in Figure 3-5.

Table 3-5 Properties of the aggregates

Property Recycled Aggregates Natural Aggregates
Size Coarse Fine Coarse Fine
Dry Specific Gravity (g/cm3) 2.25 1.86 2.68 2.64
SSD Specific Gravity (g/cm3) 2.32 2.11 2.69 2.67
Apparent Specific Gravity 2 49 251 271 279
(g/cm3)

Water Absorption (%) 5.30 11.80 0.29 1.24
Loose unit weight (g/cm3) 1.22 1.44 1.47 1.67
Dense unit weight (g/cm3) 1.35 1.58 1.54 1.80
Sulfate Soundness (%) 15.36 12.91 3.12 1.56

for Dmax=16 mm
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Figure 3-5 Gradation curve graphs of the aggregates
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In this section, studies such as mixture designs, casting and placing processes,
curing conditions and test methods carried out within the scope of the
development of green concrete with eco-hybrid cement and recycled aggregates
were presented in detail.

Within the scope of the study, the traditional Portland cemented concrete mixture
design was made with a variety of recycled aggregate and cement rates. Within
the scope of this preliminary study, the cement dosage was designed to be 310.8
kg/m3, 383.3 kg/m? and 425.9 kg/m? of the mixture. The amount of water used in
these mixtures was kept constant. Different rates of superplasticizer (SP) were
added to the mixtures with low workability. In the mixtures produced by each
cement dosage, five different recycled aggregate replacement ratios such as 0%,
%60, 75%, 90% and 100% were used. Any pre-saturating process was not
applied to the recycled aggregates. The solid materials used in the mixtures were
weighed on a 0.1 g precision scale and poured into the Hobart mixer vessel.

All mixtures designed within the scope of the study were mixed via Hobart mixer.
Mixing processes were initially performed for 1 minute in such a way that the
cement and both natural and recycled aggregates were mixed homogeneously.
Then water was added to the mixture and the mixer was launched at high speed
for 5 minutes. The material produced after mixing was cast into 100x100x100 mm
cubic molds for concrete samples and 100 mm diameter and 50 mm height
cylindric (@100x50 mm) molds for cylinder samples. The casting was carried out
in two stages, firstly the slurry was divided into three equal layers and 25 strokes
were applied to each of these layers. Secondly, after placing the slurry into molds,
the compaction process was applied to the specimens via the vibration table for
1 minute. After the casting process is finished, the samples were covered with a
plastic bag for 1 day and then subjected to water curing until the testing day.
Pictures of the samples produced after casting were presented below. The
contents of all these mixtures prepared within the scope of the study were
presented in the experimental results and discussion section.

Firstly, the slump test was carried out to measure the workability of the mixtures
before they were placed in the molds. After the casting and slump test of the
mixtures was completed, the samples were molded and kept in the water tank
until the test day. Within the scope of the study, 3 cubic specimens of each age
with 100x100x100 mm dimensions were prepared from each of the concrete
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mixtures to determine the 7-, 14- and 28-days compressive strength. The
compressive strength test was performed on cubic specimens using a 100 ton
capacity test device at a loading speed of 0.9 kN/sec in accordance with ASTM
C39 (2003) standard. The compressive strength result was calculated by
averaging the results obtained from the 3 specimens produced. In splitting-tensile
strength test, 3 cylinder specimens of each age with 50 mm thickness and 100
mm diameter (10050 mm) were prepared from each of the concrete mixtures
to determine the 7-, 14- and 28-days splitting-tensile strength. Similar with
compressive strength, the splitting-tensile strength result was calculated by
averaging the results obtained from the 3 specimens produced.

: “V \ I
v
| { \“'lhh. IIMM | LAYy AGA

a) Cube and cylinder specimens b) Cube and cylinder

produced specimens
with Portland cement produced with Eco-hybrid
cement

Figure 3-6 The visuals of the cubic and cyclinder specimens
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Within the scope of the study, a series of mixture designs were made in order to
determine the optimum replacement ratio of recycled aggregates using Portland
cement in the first stage. The contents of the mixtures produced by using various
cement dosages and 0%, 60%, 75%, 90% and 100% ratios of recycled
aggregates were presented in Table 3-6. As seen in Table 3-6. As it is known,
due to the high water absorption capacity of the recycled aggregates, the
workability of the mixtures decreased significantly as the amount of recycled
aggregate increased in the mixtures with the same water/binder ratio. In order to
overcome this problem, it is aimed to ensure the mixtures to similar workability
by adding SP instead of water. However, according to the slump values of the
mixtures presented in Table 3-7, although the mixtures were cast when it reaches
sufficient workability, differences were found between the slump values. Even so,
with the experience obtained from the slump values determined according to the
recycled aggregate replacement ratios and SP amounts, the next stage of the
study, the mixture designs with similar slump values to each other for eco-hybrid
cement productions were made.

Table 3-6 Mixture designs of the preliminary study

. RCA Portland

Mix ID Rep. FNA CNA | FRCA | CRCA |Water| SP | wic
(%) Cement
0 751.6 | 1082 0 0 0
60 300.64 | 432.8 | 450.96 | 649.2 0

C30 75 310.8 1879 | 270.5 | 563.7 | 811.5 | 230 0 [0.74
90 75.16 | 108.2 | 676.44 | 973.8 0.83
100 0 0 751.6 | 1082 2.5
0 792.3 | 968.4 0 0 0
60 316.92 | 387.36 | 475.38 | 581.04 0

C40 75 383.3 [198.075| 242.1 |594.225| 726.3 | 230 0O | 0.6
90 79.23 | 96.84 | 713.07 | 871.56 0.83
100 0 0 792.3 | 968.4 2.5
0 670.1 | 1048 0 0 0
60 268.04 | 419.2 | 402.06 | 628.8 0

C50 75 425.9 |167.525| 262 |502.575| 786 230 | 1.66| 0.54
90 67.01 | 104.8 | 603.09 | 943.2 1.66
100 0 0 670.1 | 1048 2.5

Note: All units were given in kg/m3, FNA: Fine natural aggregate, CNA: Coarse
natural aggregate, FRCA: Fine recycled concrete aggregate, CRCA: Coarse
recycled concrete aggregate, SP: Superplasticizer
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In order to determine the workability of the mixtures, the slump test was carried
out on the mixtures before casting. According to the slump values presented in
Table 3-7, mixtures without RCA had the highest slump values regardless of
cement dosage as expected. Afterwards, it was observed that the increase in the
amount of RCA used in the mixtures caused a gradual decrease in the slump
values of the mixtures. Especially in C30/75% and C40/75% mixtures produced
without using SP, there was a serious decrease in slump values, resulting in 30
mm and 25 mm, respectively. Considering this decrease in slump values, SP was
added to the mixture produced with 90% RCA replacement. However, although
SP addition did not increase the slump values of the mixtures as much as the
mixture without RCA replacement, a high decrease in slump values was not
observed according to the trend in decreasing slump values with the increase of
RCA addition. Based on these results, the amount of SP added in the final
mixtures containing 100% RCA was further increased, and slump values of 80
mm and 150 mm were reached, respectively, in C30 and C40 coded mixtures.
Although these slump values are still below from to the 100% NA based mixtures,
it has been observed that the mixtures reach a sufficiently workability. Another
point to note is that the slump value of the mixture with 60% RCA replacement of
the C50 coded serie showed a very high decrease compared to the 100% NA-
based mixture. In this line, the amount of SP added to the 75%, 90% and 100%
RCA replacement mixtures produced in the C50 coded serie was kept higher.
Although the results were variable, the mixtures reached a workable level
according to the slump values.

Table 3-7 Slump values of the mixtures

%0 | %60 | %75 | %90 | %100
RCA | RCA | RCA | RCA | RCA
C30
145 | 60 30 20 80
%0 | %60 | %75 | %90 | %100
RCA | RCA | RCA | RCA | RCA
C40
185 | 40 25 25 150
%0 | %60 | %75 | %90 | %100
cs0 | RCA | RCA | RCA | RCA | RCA
160 | 25 | 170 | 55 45

Note: All units were given in mm.

Within the scope of the preliminary studies, the 7-, 14- and 28-days compressive
strength results of the mixtures produced with Portland cement were presented
in Figure 3-7, Figure 3-8 and Figure 3-9, respectively. According to the 7-day
compressive strength results, the relationship between the recycled aggregate
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replacement ratios and compressive strength values of the mixtures produced
with three different cement dosages was different from each other. Considering
the results of the C30 coded series, it was observed that the increase in the
recycled aggregate replacement rate led to a slight increase in the compressive
strengths. In particular, the C30/100 coded mixture, which was the produced with
100% recycled aggregate, was exhibited the highest compressive strength of the
series with 33.7 MPa at the end of 7 days of curing. A similar trend between
recycled aggregate replacement rates and compressive strengths was also
observed in C40 coded mixtures. In this series, especially the compressive
strengths of the C40/90 and C40/100 coded mixtures were found to be
considerably higher than the other mixtures with lower recycled aggregate
replacement rate. This situation has been reported in the literature as it can
contribute to the development of compressive strength by having a better bond
strength and interlocking characteristics, especially at an early age, due to the
high water absorption capacity of the adhered mortar content of the recycled
aggregate (Rao et al., 2011). This was explained by the fact that, due to the high
water absorption capacity of the recycled aggregate, it may consume a large
amount of free water in the system at an early age, leading to an increase in
compressive strength up to a certain threshold (Gonzalez-Fonteboa and
Martinez-Abella (2005). Another result that can be shown as evidence for this
situation can be stated as the decrease in compressive strength as the recycled
aggregate ratio increases in the C50 series produced with lower water/binder
than the other series. Within the scope of this study, since processes such as
pre-saturation applied to recycled aggregates or adding extra water to reach
similar water consumptions with NA were not carried out, so this behaivour was
interpreted as the consumption of a part of the water required for fulll hydration
by the recycled aggregates and therefore the decrease in compressive strength.
Although the workability of the mixtures has been brought to sufficient levels by
using SP, it is thought that this decrease in compressive strength is due to the
hydration efficiency.
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RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA
C30 C40 C50

Figure 3-7 7-days compressive strength results of Portland cement-based mixtures
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When the 14-days compressive strength results of the Portland cement-based
mixtures were examined, the relationship between the compressive strength and
the recycled aggregate replacement rate was quite similar to the 7-days
compressive strengths, as expected. At the end of 14-days of curing, the
compressive strength of the C40 coded mixtures was generally higher than the
mixtures coded C30 and C50. Although it is expected that the increase in cement
dosage will lead to an increase in the compressive strength, different results were
seen due to the fact that the recycled aggregate replacement affects many
parameters in the mixture. The point that supports this is that the increase in
cement dosage increased the compressive strength only in mixtures using 100%
NA. Among the mixtures after 14 days of curing, the C40/90 and C40/100 coded
mixtures exhibited the highest results with a compressive strength of 45.7 and
46.95 MPa, respectively. On the other hand, it was observed that the increase in
the replacement rate in C50 coded mixtures affected the compressive strengths
negatively, even if it was not linear. This situation is related to the fact that the
recycled aggregates in this series, which were produced with a lower
water/binder ratio compared to other series, consumed some of the water
required for fully hydration and causes a weaker matrix formation during the
ongoing hydration.
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C30 C40 C50

Figure 3-8 14-days compressive strength results of Portland cement-based mixtures

According to the 28-days compressive strength results of the mixtures produced
with Portland cement and recycled aggregates, C40 coded samples exhibited the
highest compressive strength results. In this context, the mixture coded C40/100,
which was produced with 100% recycled aggregate replacement ratio in the
series coded C40, showed the highest performance with a compressive strength
of 47.3 MPa at the end of 28 days. In the C30 coded series, as in the previous
ages, the increase in the recycled aggregate replacement led to a continuous
increase in the compressive strength, while a similar trend was not observed in
the C50 coded series. In this context, the mixture produced with 90% recycling
aggregate replacement in the C50 series showed the highest compressive
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strength, while the mixture produced with 100% recycled aggregate showed the
lowest compressive strength. As mentioned before, although the mixture brought
to certain workability with SP, full hydration could not be achieved due to
excessive water absorption of the recycled aggregate and it had an
inhomogeneous matrix compared to other mixtures. As it is known, extra water is
added to the mixtures in order to ensure adequate workability in concretes
produced with recycled aggregates in general. Although this extra water is
consumed by the recycled aggregates and does not change the amount of water
required for full hydration of the mixture, it creates weak zones with low density
and high water/binder ratio in the interfacial transition zone around the recycled
aggregates. This creates extra interfacial transition zones and heterogeneous
structures in the mixture, reducing the compressive strength in general. However,
in recycled aggregate-based concretes, in order to minimize the negative
properties of the recycling aggregate without any improvement process, the
following steps can be utilized: i) the water required for full hydration is calculated
and first mixed with cement, ii) then the recycled aggregates are added to the
mixture, iii) and finally admixtures can be used such as SP for sufficient
workability. In these mixtures designed within the scope of the study, the aim was
to observe this behavior and to observe the highest recycled aggregate usage
rate with sufficient workability without any loss of mechanical performance. These
results provided an important idea for the optimum workability/recycled aggregate
ratio/mechanical performance for the eco-hybrid cement-based mixtures to be
produced in the rest of the study.
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Figure 3-9 28-days compressive strength results of Portland cement-based mixtures

Within the scope of the preliminary studies, the 7-, 14- and 28-days splitting-
tensile strength results of the mixtures produced with Portland cement were
presented in Figure 3-10, Figure 3-11 and Figure 3-12, respectively. According
to the 7-days splitting-tensile strength results of the mixtures presented in Figure
D.1, a continuous increase was observed in the splitting-tensile strengths with
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the increase of the recycled aggregate replacement ratio in the C30 coded
mixtures. While this increase was 22.7% in the C30/60 coded mixture containing
60% recycled aggregate replacement ratio, it was 42.6% in the C30/100 coded
mixture containing 100% recycled aggregate replacement ratio compared to the
reference sample. Similar to the compressive strengths, in the C30 coded series
produced with a higher water/binder ratio compared to the other series, this
behavior was again related to the fact that the recycled aggregates consumed
more than the water required for the full hydration of the cement and the matrix
had a more compact structure. This situation is similar to the finding of an
increase in splitting-tensile strength in a study by Kou and Poon (2006) by
substituting recycled aggregate for natural aggregate in mixtures with a higher
water/binder ratio. In addition, the authors showed in another study that higher
splitting-tensile strength is expected to be found in concrete produced with
recycled aggregates, since there may be stronger cement paste-aggregate
bonds up to a certain replacement ratio (Kou and Poon 2008). However, studies
in the literature are highly variable as they depend on many parameters such as
the source, production quality, surface texture of the CDW-based recycled
aggregate. However, the common opinion reached by many researchers is that
recycled aggregate has a very small effect on splitting-tensile strength compared
to its effect on compressive strength (De Brito and Saikia, 2012). Considering the
splitting-tensile strength results of the mixtures produced in the C40 coded series,
quite variable results were found. As an example, the highest splitting-tensile
strength result was exhibited by the C40/100 coded mixture, followed by the
C40/60 coded mixture. Another point to note here is that all recycled aggregate
replacement rates exhibited better performance than the reference mixture.
However, in contrast to the behavior in the C30 and C40 series, the recycled
aggregate substitution in the C50 mixtures had a negative effect when compared
to the splitting-tensile strength of the reference mixture. As mentioned in the
compressive strength results, this was associated with reasons such as the
insufficient amount of water for hydration, poor workability, and relatively higher
porosity resulting from the use of recycling aggregate.

4,50
4,00
3,50
3,00
2,50
2,00
1,50
1,00
0,50
0,00

Splitting-Tensile Strength (MPa)

%0 %60 %75 %90 %100 %0 %60 %75 %90 %100 %0 %60 %75 %90 %100
RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA

C30 C40 C50

Figure 3-10 7-days splitting-tensile strength results of Portland cement-based mixtures
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Considering the 14-days splitting tensile strength results of the Portland cement-
based mixtures, it was seen an increment of around 6% according to the 7-days
splitting-tensile strengths generally. Also, the trend seen in 7-days results from
the usage of recycled aggregate was similar in this age.
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Figure 3-11 14-days splitting-tensile strength results of Portland cement-based mixtures

Finally, according to the 28-days, splitting-tensile strengths of the mixtures
presented in Figure 3-12, C40/100 coded mixture exhibited the highest
performance with 4.27 MPa, while this result was followed by C40/75 and C50/0
with splitting-tensile strength of 4.26 MPa and 4.16 MPa, respectively. According
to the results obtained by all ages of the splitting-tensile strengths, the negative
effect of the recycled aggregate substitution could be minimized with the proper
mixture design and optimize water/cement ratios, cement dosages and adequate
sufficient workability. In the later stages of the study which containing eco-hybrid
cement-based mixture designs, all the outcomes obtained by Portland cement-
based designs will be considered. Although the properties and chemical
composition of the eco-hybrid cement are different from traditional Portland
cement, the effect and behaviour of the recycled aggregate substitution will be
expected to be similar and reasonable.
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Figure 3-12 28-days splitting-tensile strength results of Portland cement-based mixtures

Within the scope of the study, mixture designs using completely Eco-hybrid
cement and recycled concrete aggregates with various ratios were presented in
Table 3-8. Unlike the mixtures designed in the same way as C30, C40 and C50
coded mixtures produced with Portland cement, only 60% recycled aggregate
replacement ratio was not used. In addition to this, slightly higher amounts of SP
were used in an effort to keep the workability of the mixtures similar.

Table 3-8 Mixture designs of the eco-hybrid cement based mixes.

RCA Eco-
Mix ID | Rep. hybrid FNA CNA | FRCA | CRCA |Water| SP | wic

(%) Cement

0 751.6 | 1082 0 0 0

75 187.9 | 270.5 | 563.7 | 811.5 5.83
EC-1 90 3108 75.16 | 108.2 | 676.44 | 973.8 230 6.66 0.74

100 0 0 751.6 1082 7.5

0 792.3 | 968.4 0 0 0

75 198.075| 242.1 |594.225| 726.3 5.83
BC-2 90 | %833 77023 [96.84 | 713.07 [871.56]| =0 [75 | O©

100 0 0 792.3 | 968.4 8.33

0 670.1 1048 0 0 0

75 167.525| 262 |502.575| 786 5.83
EC-3 90 4259 67.01 | 104.8 | 603.09 | 943.2 230 7.5 054

100 0 0 670.1 | 1048 8.33

Note: All units were given in kg/m3, FNA: Fine natural aggregate, CNA: Coarse
natural aggregate, FRCA: Fine recycled concrete aggregate, CRCA: Coarse

recycled concrete aggregate, SP: Superplasticizer
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In order to determine the workability of the mixtures, the slump test was carried
out on all mixtures in the fresh stage. In this context, slump values of the mixtures
were presented in Table 3-9. According to the results, reference samples
produced with 100% natural aggregates exhibited similar slump values between
55-80 mm. The mixtures designed with 75% recycled aggregate replacement
ratio were produced with 5.83 kg/m3 SP and slump values of these mixtures were
calculated as 50 mm, 65 mm and 180 mm, respectively. According to these
results, it was seen that EC-3/75 coded mixture produced with the highest cement
dosage among all mixtures showed better workability properties. In the EC-1
coded mixtures, the highest slump value was calculated as 80 mm in the 90%
recycled aggregate replacement ratio although the amount of SP was gradually
increased. In the EC-2 coded mixtures, the highest slump values were calculated
as 170 mm and 190 mm in the 90% and 100% recycled aggregate replacement
ratios, respectively. In the EC-3 coded mixtures, whereas the SP amount was
gradually increased, the slump values were not increased continuously. In this
context, the EC-3/100 coded mixture exhibited the lowest slump value with 35
mm. It should be also noted that due to not being desired the diverge the casting
and placing standards, additional SP was not added to the mixtures in order to
provide the same workability of the mixtures. Also, the effect of the workability on
the compressive and splitting-tensile strength of the mixtures was discussed
below.

Table 3-9 Slump values of the mixtures

%0 | %75 | %90 | %100
Ec.1 | RCA | RCA | RCA | RCA
60 50 80 55
%0 | %75 | %90 | %100
Ec.o | RCA | RCA | RCA | RCA
55 65 | 170 | 190
%0 | %75 | %90 | %100
Ec.3 | RCA | RCA | RCA | RCA
80 | 180 | 195 35

Note: All units were given in mm.

The 7-, 14- and 28-day compressive strength results of the mixtures produced
with Eco-hybrid cement are presented in Figure 3-13, Figure 3-14 and Figure 3-
15, respectively. According to the 7-days compressive strengths of the mixtures,
it was seen that compressive strengths of the specimens increased with the
increase of recycled aggregate replacement ratio in EC-1 coded mixtures. These
results had similar trend with Portland cement-based mixtures. The compressive
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strength of the EC-1/0 coded mixture was calculated as 15.7 MPa after 7-days.
According to this result, a 32% decrease was observed compared to the 7-days
compressive strength of the mixture produced with Portland cement-based and
100% natural aggregate designed in the previous series. This behaviour showed
that Eco-hybrid cement exhibited lower performance than Portland cement as
expected in concrete production. It showed that materials such as waste brick
and waste concrete used in the production of Eco-hybrid cement do not show
any reaction at an early age and do not contribute to the compressive strength,
but are only inert in the matrix and have the filler effect. On the other hand, the
increase in recycled aggregate had a very positive effect on the compressive
strengths, especially in EC-2 coded mixtures. In this context, the EC-2/100 coded
mixture produced with Eco-hybrid cement and 100% recycled aggregate showed
a compressive strength of 35.9 MPa at the end of 7 days. While EC-3/75 and EC-
3/90 coded mixtures showed the best strength performance in the mixtures
produced in the EC-3 coded series, the EC3-0 and EC3-100 coded mixtures
showed a slightly lower strength result. One of the reasons for this contradictory
result is related to the fact that better workability had a positive effect on the
compressive strength according to the slump values presented in Table 3-9. In
addition, it has been observed that the recycled aggregate substitution has similar
behavior with the Portland cement mixtures in the mixtures produced with Eco-
hybrid cement, slightly different from the EC-3 coded series. In the EC-3 coded
series, on the other hand, with the increase of recycled aggregate substitution,
the compressive strength increased up to 100% recycling aggregate replacement
rate.
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Figure 3-13 7-days compressive strength results of Eco-hybrid cement-based mixtures

The 14-days compressive strength results of the series produced with Eco-hybrid
cement are presented in Figure 3-14. According to the results, the trend in the
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effect of recycled aggregate substitution on compressive strengths was similar to
the 7-day results. Here, the mixture coded EC-2/100 showed the highest
compressive strength result with 44.05 MPa, followed by mixtures coded EC-3/90
and EC-3/75 with 40.85 MPa and 39 MPa, respectively. Another point to be
mentioned here is that, unlike the Portland cement series, higher cement usage
dosages are needed to obtain high compressive strength with Eco-hybrid
cement. Although the EC-2/100 coded mixture exhibited the best performance in
terms of compressive strength, the EC-3 code series achieved better average
mechanical performance. Additionally, the increase in the compressive strengths
from 7-days to 14-days was seen higher in the mixtures produced with recycled
aggregate substitution.

w
o

Compressive Strength (MPa)
= [\l N
vl o vl

[y
o

vl

[}

%0 %75 %90 %100 %0 %75 %90 %100 %0 %75 %90 %100
RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA
EC-1 EC-2 EC-3

Figure 3-14 14-days compressive strength results of Eco-hybrid cement-based mixtures

According to the 28-days compressive strength results of the Eco-hybrid cement-
based mixtures, the highest compressive strength result was obtained from the
EC-3/75 coded mixture with 48.14 MPa. Afterward, EGC-2/90 and EGC-2/100
coded mixtures exhibited quite high compressive strength results after 28- days
with 47.23 MPa and 45.70 MPa, respectively. In contrast to the reference
mixtures produced with 100% natural aggregate, these mixtures exhibited similar
or higher compressive strengths than the mixes produced with Portland cement.
This result may be related to the fact that sufficient workability in concretes
containing recycled aggregate is provided by the addition of an optimum amount
of SP instead of extra water, thus minimizing the negative effect of the recycling
aggregate. In addition, it is thought that aluminosilicate-based brick waste and
concrete waste with high calcium content may contribute to the compressive
strength by showing a pozzolanic characteristic at later ages. As a result,
concrete mixtures that can reach 48 MPa compressive strength values at the end
of 28 days have been successfully developed with the ECO-hybrid cement
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developed within the scope of the ICEBERG project and the recycled aggregate
replacement rate of up to 100%.

50,00

45,00

S
o
[=)
S)

35,00
30,00
25,00
20,00

15,00

Compressive Strength (MPa)

[unN
=]
[«
o

5,00

0,00
%0 %75 %90 %100 %0 %75 %90 %100 %0 %75 %90 %100
RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA RCA

EC-1 EC-2 EC-3

Figure 3-15 28-days compressive strength results of Eco-hybrid cement-based mixtures

Within the scope of the preliminary studies, the 7-, 14- and 28-days splitting-
tensile strength results of the mixtures produced with Eco-hybrid cement were
presented in Figure 3-16, Figure 3-17 and Figure 3-18, respectively. According
to the 7-days splitting-tensile strength results of the mixtures, it was observed that
the splitting-tensile strengths increased continuously as the recycled aggregate
replacement rate increased in the EC-1 coded series. In this context, the EC-1/0
coded mixture produced with 100% natural aggregate exhibited a splitting-tensile
strength result of 2.41 MPa, while the EC-1/100 coded mixture produced with
100% recycled aggregate exhibited a splitting-tensile strength result of 3.87 MPa.
This behavior is due to the high volume of recycled aggregates used in mixtures
with high water/binder content, as explained previously, consuming more than
the water required for complete hydration, resulting in a more compact and
denser matrix. On the other hand, a similar trend was observed in the EC-2 coded
series, but not in the EC-3 coded series. Although all mixtures using recycled
aggregate in the EC-3 coded series exhibited higher splitting-tensile strength than
the reference mixture, it was observed that the increase in the recycled aggregate
replacement rate decreased the splitting-tensile strength.
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Figure 3-16 7-days splitting-tensile strength results of Eco-hybrid cement-based mixtures

tensile strength results of the series produced

Considering the 14-days splitting

with Eco-hybrid cement, it was seen that the results are similar to the trend in the

7-days splitting-tensile results, as expected. In addition, at the end of 14 days,

the splitting-tensile strength of the mixtures showed an average increase of

around 7% compared to the 7-days results. However, this increase was observed
at very low levels in some mixtures (EC-1/90, EC-2/75, EC-3/90, EC-3/100).
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Figure 3-17 14-days splitting-tensile strength results of Eco-hybrid cement-based mixtures
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Considering the 28-days splitting-tensile strength results of the series produced
with Eco-hybrid cement, it was seen that the mixture with the highest splitting-
tensile strength result was the EC-3/75 coded mixture with 4.89 MPa. This
mixture was followed by the EC-1/100 coded mixture with a splitting-tensile
strength of 4.22 MPa. As in the compressive strength results, higher splitting-
tensile strength results were obtained in these mixtures produced with Eco-hybrid
cement compared to the series produced with Portland cement.

Splitting-Tensile Strength (MPa)
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Figure 3-18 28-days splitting-tensile strength results of Eco-hybrid cement-based mixtures

The aim of this study within the scope of ICEBERG Project "TASK 3.3 Adjustment
of formulations and pre-industrial prototypes of new circular green cement and
concrete-based building products" was optimized concrete recipes considering
regulations, requirements and needs for "TASK 4.3: Case study demonstrating
circular cement-based products ( CCS2)". In this study, the recycled aggregate
was produced by crushing the concrete wastes collected from different demolition
zones in various sizes as fine and coarse, and various properties of these
aggregates were examined in the first stage. In the following stage, a study was
carried out to examine the fresh and hardened properties of the concrete mixtures
produced with Portland cement and Eco-hybrid cement with recycled aggregate.
In this context, 3 different cement dosages and 5 different recycled aggregate
replacement ratios as 0%, 60%, 75%, 90% and 100% were applied in the design
of the Portland cement-based mixtures. In the Eco-hybrid cement-based
mixtures, 3 different cement dosages were applied similarly, but a 60% recycled
aggregate ratio was not applied differently. The workability loss caused by the
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use of recycled aggregates of the mixtures was tried to be compensated by using
a superplasticizer. In this context, the outcomes obtained as a result of the study
can be drawn as follows:

e Within the scope of the study, an average of 7% deviation was found
between both the oven-dry density and saturated surface densities of the
recycling aggregates collected from different demolition zones. On the
other hand, while there was a water absorption capacity variability
between 5.56% and 8.65% for coarse recycled aggregates, a water
absorption capacity variability of 11.39-12.35% was found for fine recycled
aggregates. When the sulfate soundness results of the recycling
aggregates are examined, a range of 15.76-17.45% for coarse recycling
aggregates and 12.61-13.24% for fine recycling aggregates has been
reached. According to the findings observed in the literature studies, it was
seen that the physical properties of the recycled aggregates obtained from
the construction sites were quite similar.

¢ In the preliminary study produced with Portland cement, the compressive
strengths of C30 and C40 coded mixtures generally increased with the
increase of the recycled aggregate replacement ratio, while the C50 coded
mixtures decreased. According to the 28-days compressive strength
results, the mixture showing the highest compressive strength was the
mixture coded C40/100 with a value of 47.3 MPa.

e In the preliminary study produced with Portland cement, it was seen that
the splitting-tensile strength results of the mixtures had a very similar trend
with the compressive strengths of the mixtures. C40/100 coded mixture
showed the highest performance with 4.27 MPa split-tensile strength at
the end of 28 days.

e Although there are some deviations in the series produced with Eco-hybrid
cement, it has been observed that the increase in the recycled aggregate
replacement rate in the EC-1 and EC-2 series has a positive effect on the
compressive strengths. EC-3/75 and EC-3/90 coded mixtures exhibited
the highest compressive strength in the EC-3 coded series. At the end of
28 days, the mixture with the code EC-3/75 showed the highest
compressive strength result with 48.14 MPa.

e The splitting-tensile strength of the Eco-hybrid cement-based mixtures
generally increased as the recycled aggregate substitution increased.
After 28 days of curing, the EC-3/75 coded mixture exhibited the highest
performance with a splitting-tensile strength of 4.89 MPa.

In future studies, with the final development of Eco-hybrid cement, the studies for
the development of the final concrete recipes will continue with the results of
optimum workability/recycled aggregate replacement ratio/compressive and
splitting-tensile strength obtained as a result of this study. In addition, it is planned
to perform various chemical and durability tests on concrete mixtures that exhibit
the best mechanical performance.
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In the current practice, at the end of life of a reinforced concrete structure, it is
destructively demolished, and the demolition waste is landfilled or recycled. This
approach is clearly wasteful of energy, creating serious environmental pollution
and at high cost. However, design for demountability/deconstruction (DfD) of
reinforced concrete structures would facilitate the future reuse of structural
elements at the end of their life, potentially achieving a significant reduction in
embodied energy of structures as well as giving the clients the benefit of retaining
the value of their assets. The main focus was on connections that should be
designed in such a way to allow demounting. The main achievements are
outlined, for each type of dry and semi dry connections, along with the aspects
that still need to be developed. It is concluded that only semi-dry connections are
currently implemented but information available in the literature on dry
connections between structural elements is still very scarce of DfD in concrete
construction.

The construction sector remains nowadays as one of the main contributors to the
worldwide carbon and heavy metal gas emissions, and consequently greenhouse
gas pollution [1]. The emissions are mainly caused by the extraction and
production of materials, especially Portland cement, accounting for 5 to 8% of
total human-driven CO2 emissions [2, 3] (i.e. 1000 to 1200 kg of CO2 are emitted
due to the fabrication of every 1000 kg of Portland cement [4]). There is also a
very significant environmental impact related to the construction waste storage
and treatment in landfills. An impact reflected in air pollution (due to the dust
released [5]), water contamination (due to natural radioactive and toxic elements
present [6]) and a detrimental effect on the local ecosystems [7]. Construction
waste represents about half of overall landfill volumes [8] of which cement-based
materials like concrete represent about one quarter [9].

The substantial impact of the construction sector in public health and ecology
represents a major challenge, so new solutions can be developed towards "green
construction” [10]. In terms of structural engineering, the current challenges
mainly rely on two themes: 1 — the incorporation of waste products in materials,
so a full recycled production can be achieved [11]; and 2 — the conception of
structural configurations in which the structural elements (beams, slabs, columns
and foundations) can be disassembled and reused in new structures [12]. The
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accomplishment of these objectives would dramatically reduce the amount of
natural (raw) resources extracted, the need to produce new materials and the
accumulation of waste in landfills [13].

Traditionally, steel is the material more suitable to fulfil the demand for more
sustainable construction with less ecological impact. However, the use of
structural steel frequently turns out to be less economical, due its more complex
production requiring intensive energy and less availability compared to concrete
[14]. Consequently, research has started to be carried out more intensively in the
last decade on topics such as concrete recycling [15-17] and concrete structural
design for deconstruction and material reuse [18-20]. Along research, common
practice in structural engineering already applies recycled raw materials in
concrete production [21] and semi-dry connections between reinforced concrete
structural elements [22]. These advances are not only motivated by an increased
environmental awareness in society, which tends to be reflected in legislation and
public funding, but also by the speed and economic benefits (value of the assets
is retained for longer time) compared to new construction [23].

The question of how best to join the many parts of a structure is probably as old
as building construction itself. Clearly, the principal role of any structural
connection is to transfer forces safely between various components meeting at
that joint. Therefore in the design of connections a clear understanding of load
paths, i.e. the mechanism by which various components of the joint itself transfer
loads through the connection, is essential. On the other hand, connections in DfD
need also to be designed in such a way to allow demounting of structural
elements undamaged, permitting their reuse in other structures.

In semi-dry connections, small portions of cast-in-place concrete are used to
connect precast elements. Therefore, conditions for structural disassembly and
reutilization are more favourable compared to pure wet connections, in which
reutilization is not possible. Although semi-dry connections represent a step
forward towards sustainability in construction, the path clearly leads to the
achievement and implementation of totally dry connections [22]. In dry
connections, the precast structural elements are directly connected to each other
and no cast-in-place concrete is used. Consequently, reutilization can be easily
carried out at the end of the structure’s life, without a need for wasting or even
recycling, potentially achieving more than 50% reduction in embodied energy of
structures.

Few investigations have focused on demountable composite steel-concrete
constructions using various types of bolted shear studs, rather than welded,
allowing the reuse of the steel beams. However, this technique would not
currently permit the reuse of concrete slabs that are generally demolished.
Various bolts, including friction-grip bolts [24], threaded bolts tightened by exterior
nuts [25] and exterior nut-tightened threaded bolts with single embedded nuts
[26], have been studied with different degrees of success in achieving the shear
transfer forces between the concrete slab and steel beams. However, the
demountable shear connectors are rarely used in composite construction in
practice due to the lack of detailed design rules concerning their behaviour.
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Currently, at the end of life of a structure, although all the steel and concrete
materials remain serviceable, the structure is demolished destructively, large
steel elements are recycled by energy-intensive melting [27], and the rest of
materials are rather landfilled or recycled. This approach is clearly wasteful of
energy, creating serious emissions and potentially costly. To drastically reduce
such waste as well as reducing the embodied energy of structures, it should
become the norm that structures be designed and constructed for reuse after
service. However, that goal is still to be achieved in the case of RC structures,
that generally dominate the construction market worldwide [14]. The lack of
knowledge on the structural behaviour of easily demountable (dry) connections
between RC elements [22], including safety and structural strength, is still limiting
its practical application.

Therefore, current practice of demountable structures relies mainly on reinforced
precast concrete structures with semi-dry connections between structural
elements. Deconstruction of RC structures with semi-dry connections, although
feasible, is not an easy procedure. Parts of cast-in-place concrete or injected
grout need to be mechanically destroyed and removed as well as cutting of steel
reinforcement. Then, reconstruction follows the inverse path: parts of cast-in-
place concrete need to be added and some reinforcing bars welded. Since the
application of these semi-dry connections in new Civil engineering constructions
is still not distant in time [22], most of the structures containing semi-dry concrete
connections are still within their service Ilife cycle. However,
deconstruction/reconstruction has not been practiced so far. Nowadays, there are
mainly two types of semi-dry connections in RC structures: 1 — dowel shear
connections; and 2 — moment-resisting connections with continuity bars.

)
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Figure 3-19 Dowel connection between a column and the foundation of a reinforced precast concrete
structure: (a) before the grout injection; and (b) after the grout injection. Reprinted from Metelli et al. [26].

3.2.2.1 Dowel shear connections

Dowel shear connections are the most commonly used semi-dry connection
between precast RC elements [28]. Thus, recent research carried out on
concrete semi-dry connections does not usually address dowel shear
connections. In this type of connections, typically, the precast concrete elements
contain pre-drilled holes that are crossed by a bolt. The connection is filled and
established when grout is injected in the remaining clearance in the holes.
Another way to establish a dowel connection is depicted in Figure 3-19, from the
work of Metelli et al. [29], showing the case of a dowel connection between a
column and the foundation of a precast RC structure. As can be seen, continuity
reinforcement extends beyond the end of the column and enters the pre-drilled
holes in the foundation (Figure 3-19(a)). The connection is later established when
grout is injected, in order to fill the remaining clearance in the holes and the gap
between the column and the foundation as depicted in Figure 3-19(b).
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Figure 3-21 Three types of concrete beam/column dry connections with pretensioned threaded bolts and a
steel end plate: (a) outlook; and (b) detailed view. Reprinted from Aninthaneni et al. [29].
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In beam/beam or beam/column connections, flexural stress needs to be
transferred between the structural elements connected. Therefore, in these
cases, dowel shear connections are not feasible, and a different moment-
resisting connection solution is implemented. The most typical configuration can
be seen in Figure 3-20, taken from the study published by Xiao et al. [30], where
continuity reinforcement extending beyond the top and bottom ends of the
elements (beam and column) is welded. The connection is then established when
cast-in-place concrete is added in order to cover the top and bottom welded
reinforcement. In turn, shear is transferred through a shear key created by the
fitting of the beam and column ends.

Research performed on demountable dry connections in RC structures is still
scarce and recent. The idea of demountable concrete structures was initially
introduced by Reinhardt [31] in 1976 and a few systems were developed in the
construction sector. However, their use and application were very limited due to
the lack of knowledge and physical testing of such systems. The key to success
of reusable structural components is to make the structural system easily
demountable at the end of life. Only a few connection solutions were tested, and
even fewer were subjected to finite element analysis and parametric studies.
Consequently, a more precise understanding of the strength mechanisms
involved in this type of connections, their structural behaviour and capacity, is still
limited. Due to that fact, there is an absence of safe and optimized design
recommendations in the norms, so structural engineers can opt for demountable
RC dry connections in their practices.

In this section, the research carried out on RC dry connections is detailed and
discussed. Since the design of such connections depends on the elements being
connected, the structure of the section is organized and divided in each type of
connection studied so far in the literature.

Due to the type of stresses transferred, bending and shear, beam/column
connections are normally the most challenging to materialize and problematic
type of connections in precast RC structures [32]. In 2016, Aninthaneni et al. [34,
33] proposed three non-prestressed solutions (see Figure 3-21) for a dry
connection between a beam and a column of a precast RC structure, which
incorporates threaded pre-tensioned bolts and a steel end plate. In turn, the beam
and column have embedded threaded rods to accommodate the bolts. The main
feature of these 3 connections is in the connecting element that is a steel end
plate embedded in the beam in Type-1 connection (end plate connection), an
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angle plate in Type-2 (angle connection) and the steel end angle plate encases
the beam in Type-3 (tube connection). The connection types, along with a
monolithic connection, were subjected to the same seismic action to assess their
behaviour. Furthermore, four types of fill material for the gaps in the beam/column
contact zone were examined: natural rubber sheets, grout, a dental plaster and
epoxy resin. The use of a fill material in these connections assures that the
pretension load applied in the bolts has a more uniform distribution.

The results obtained showed a similar behaviour for Type-1 connection
compared to the monolithic connection. The location of the plastic hinge occurred
away from the beam end and in front of the steel end plate, showing that the
connection segment was stronger than the beam capacity itself. However, Type-
2 and Type-3 exhibited less stiffness and strength compared with the control
specimen as well as Type-1. Compared to Type-2 and Type-3, Type-1
connection has the beam’s main reinforcement welded to the steel end plate and,
consequently, the tensile force in the reinforcement was easily transmitted via the
connection.
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Figure 3-22 Concrete beam/column dry connection with embedded steel plates and threaded bolts: (a)
view of the disassembled form; and (b) view of the assembled form. Reprinted from Pul and Sentiirk et al.
[30].

While the maximum lateral load of Type-1 connection varied between 175 kN and
185 kN, for a lateral drift of approximately 4%, the maximum lateral load of Type-
2 connection varied between 110 and 155 kN, for a lateral drift of approximately
2%. In Type-2 connection, tensile force in the beam’s main reinforcement is
transferred to the steel end plate through the surrounding concrete and the bolts
(strut and tie mechanism), which is a more sinuous path compared to the Type-
1 stress transfer, highlighting the causes of strength and ductility reduction, and
the severe cracks observed in the connection area during the tests of Type-2
connection. In turn, Type-3 connection behaviour was similar to Type-2, with
strength varying from 110 kN to 140 kN for a lateral drift of approximately 2%. It
was concluded therefore that the steel plate encasement does not largely
influence the connection strength and ductility. Type-2 and Type-3 connections
also revealed a structural behaviour more dependent on the fill material used. In
this context, the rubber sheets and the epoxy resin caused premature slip in the
connection, and thus their application as fill material is not recommended.
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Figure 3-23 Concrete wall/wall dry connection with a horizontal steel connector and high-strength bolts.
Reprinted from Sun et al. [31].

Although the results obtained for Type-1 connection were very encouraging,
there are still few aspects about the experimental tests of Aninthaneni et al. [33,
34] that are relevant and deserve to be addressed, namely:

o different behaviour could have been observed if a less stiff column (0.70 x
0.60 m? in this study) had been considered compared to the beam (0.40 x
0.35 m?). Since no steel plate is embedded in the column as it is in the
beam, a less stiff column would not be so capable to anchor the steel end
plate, and cracking could appear in the concrete surrounding the bolts in
the column. Similarly to what was depicted in the beams of Type-2
connection;

e only the pre-tensioned bolts provide shear strength to these connections.
This substantially increases stress concentration in the bolts and tensile
stresses in the column. Consequently, it can cause an increase in the
number of bolts embedded in the column or an increase in the column
dimensions. Thus, it would be interesting to study the introduction of a
shear key in the column and assess its effect on the shear transfer in the
connection; and

e development of a finite element model to Type-1 connection so a better
understanding of the strength mechanisms involved, and the structural
behaviour of the connection, could be achieved. A finite element model
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calibrated to the experimental results could be used to perform parametric
analyses of the connection and optimize it (i.e. through the design of
smaller ribs in the main ribs of the steel plates to enhance steel/concrete
stress transfer).

More recently, Pul and Senturk [35] studied a beam/column precast dry
connection, in which embedded steel plates are used along with threaded bolts.
As can be seen in Figure 3-22(a), the steel plate embedded in the beam (end
plate) is welded to the beam’s main reinforcement and the steel plate embedded
in the column (ride plate) is welded to the column’s stirrups. Also welded to the
column’s ride plate are high nuts that act as steel threaded ducts to accommodate
the bolts and establish the connection (see Figure 3-22 (b)). The connection was
subjected to flexural and shear stresses in experimental tests and the results
showed a very satisfactory structural behaviour, similar to the monolithic
connection, also tested in the same experimental campaign. For example, the
bearing capacity of bolted specimen was approximately 20% higher than the
capacity of monolithic one. Furthermore, the shear and moment capacity of
bolted joint has increased.

Compared with Type-1 connection studied by Aninthaneni et al. [33, 34], which
also achieved a very good performance, one of the differences is that the
connection of Pul and Senturk [35] does not have pretension applied to the bolts.
However, this fact does not seem to compromise shear transfer, since the bolts
are connected to the ride plate embedded in the column, instead of being
anchored directly to the column’s concrete as they are in the Aninthaneni et al.
[33, 34] solution. Besides these two aspects, apparently self-balanced in terms
of structural behaviour, the connections are designed in a similar way and both
achieved good results.
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Table 3-10 Summary of the achievements and aspects that need further development in precast concrete

dry connections.

Connection type

Achievements

Further developments

beam/column

e a non-prestressed solution was
achieved with a similar
behaviour compared to the
monolithic connection

e prestress can be replaced by o
bolts and embedded steel plates
with very good results

e behaviour of prestressed o
solutions was close to the
monolithic connection

optimization of the solutions
proposed through nonlinear
finite element modelling and
parametric analyses

inclusion of a shear key in the
connection to prevent slip
more effectively

definition of design
recommendations

wall/wall
and
wall/foundation

e a solution was achieved where o
failure occurred away from the
connection zone, with a good
performance in terms of ductility

e a finite element model was o
implemented to assess and
verify the structural behaviour

there is still a significant margin
for optimization of the
connection through parametric
analyses

the definition of design
recommendations

beam/beam,
column/column,

beam/slab,
slab/slab and

column/foundation

e no research could be found on these connections

Connections between precast wall panels or columns are mainly subjected to
compression stresses, easily transferred between the elements without the need
of any physical joinery. Consequently, the compression in the connection
mobilizes friction and shear stress transfer is also facilitated. For these reasons,
the design of wall/wall or column/column connections is not so challenging and
complex as the design of beam/column connections. However, most connections
between walls or columns still have flexural stress, implying that mechanical
joinery is needed.

In this regard, a concrete wall/wall connection proposed by Sun et al. [36] in 2016
is illustrated in Figure 3-23, where a robust H-shaped steel connector is used
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along with high-strength pre-tensioned bolts and top (foot) and bottom (cap) steel
units. The H-shape is especially effective in providing buckling resistance to the
steel connector, which embraces both sides of the wall. In turn, the pretension in
the high-strength bolts mobilized shear strength by friction on the contact surface
between the concrete walls and the steel connector. The top and bottom steel
units contain steel ducts to accommodate the bolts and have the walls’ main
reinforcement welded. The units are placed during casting of the walls and act as
confinement for the concrete in the connection zone, along with the stress
provided by the pretension in the bolts.

The connection was subjected to a monotonic horizontal load in experimental
tests [36], and a very satisfactory behaviour was observed. Failure occurred in
the walls away from the connection zone, with a good performance in terms of
ductility (with the ultimate measured displacement being 4 to 6 times of the yield
displacement). A finite element model was also developed to verify and confirm
the load transfer mechanism, failure modes and integrity of the connection.
Slippage of the connection due to the surpassing of the shear friction strength
was identified both experimentally and numerically for approximately 40% of the
maximum load sustained by the connection. After slippage, the shear strength of
the bolts, bearing capacity of the steel parts and concrete compressive strength
were the main mechanisms responsible for the connection capacity. Although an
advanced (nonlinear) finite element model was conceived and materialized to
analyse the connection, the realization of parametric studies was left for further
developments. It was concluded that there is still a significant margin for
optimization of the connection configuration and dimensions, particularly the steel
H-shaped connector.

Besides proposing a solution for a dry connection between wall precast elements,
Sun et al. [36] also developed a similar solution for a dry connection between a
wall and a foundation. The solution is similar to the one depicted in Figure 3-23,
in which the bottom steel unit encases the short wall and is embedded on the
foundation with ribs to enhance the anchoring bond between the steel and
concrete. Cai et al. [37] have also conducted a preliminary study on demountable
connections consisting of steel bolts and a steel plates for prefabricated shear
walls in low-rise buildings, consisting of three reinforced concrete blocks. The
number of steel bolts, the tightening process of the bolts and concrete
compressive strength exhibited a significant effect on the overall performance
and capacity of the connections. The investigation also identified possible failure
modes of the steel bolted joints, including concrete crushing, shearing and tensile
fracture of steel bolts, pull-out of steel bolts as well as fracture of steel plates.
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In the previous section, all concrete dry connections proposed in the literature
were detailed and analysed. Moreover, the results obtained in each study were
reviewed, through the outline and discussion of the main achievements along
with the aspects that need further development as summarized in The test
specimens include a total of 11 reinforced concrete simply supported slabs. All
slabs have the same total length of 5200 mm, span between supports = 5000mm,
height = 160 mm and width = 500 mm.

The materials used are geopolymer (Cemfree) concrete having a compressive
strength of 35 MPa and stainless steel reinforcing bars (1.4362) with a minimum
yield tensile strength of 500 MPa. In turn, the steel block and plates correspond
to a normal structural steel S355 JR, and the bolts and nuts to normal steel class
10.9.

2 of the 11 slabs are fully monolithically cast in one piece and considered as
reference specimens. The other 9 slabs are composed of 2 segments and have
a demountable connection at mid span. The demountable connection is
materialized mainly using bolts and steel plates as explained below.

4 types of demountable connections are assessed, differing on the existence of
a key to enhance strength or the inclusion of a steel block to improve the stress
transfer in the connection. Moreover, for each type of connection, the number
and diameter of bolts differ.

The slabs will be cast in two phases (6 + 5 specimens). The following table briefly
details the properties of each slab.

Table 3-11, where, for all types of connections, important targets remain
unachieved, in the path to make structural engineers apply these solutions in
current practice.

While, in some cases, no configuration for the connection has been proposed, in
other cases, a solution has been developed but still contains significant margin
for improvement, including relevant changes in the configuration of the
connection to transfer the stresses more effectively, experimental tests to be
carried out, finite element modelling to be implemented or parametric analyses to
be made. This section will focus on the first part, that is the configuration and
conception of dry connections, since it represents the basis on which more
advanced studies would be required. Table 3.11 presents new configurations and
proposed further developments for concrete dry connections between various
structural elements. In this context, configurations proposed by the authors of the
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present paper (Figure 3-24 to Figure 3-29) will be illustrated and described.
Besides the necessary validation by further experimental and numerical studies,
it is also relevant to mention that the success of these connections in practice
depends significantly on geometric and quality control during the manufacturing
phase of the precast elements. Furthermore, availability of a standardization of
the position of holes and bolts in different structural elements would facilitate their
future reuse in similar applications.

Figure 3-24 and Figure 3-25 present two schematic proposals for a precast
concrete beam/column dry connection that is proposed to include a shear key,
which is an aspect outlined in Table 3-10 as a further development in the
conception of a new configuration for this type of connection. With the inclusion
of the shear key, no bolts in the compression side of the connection are generally
required. Furthermore, the first solution presented (Figure 3-24) has additional
smaller ribs to the main ribs to enhance steel/concrete bond. This solution is
based on the Aninthaneni et al. [33, 34] connection depicted in Figure 3-21 which
proved to perform well.
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Figure 3-24 Schematic representation of a beam/column concrete dry connection — solution 1.

The second solution (Figure 3-25) is inspired by the connection studied by Pul
and Senturk et al. [35] (Figure 3-24), that also showed a very satisfactory
performance, with a steel plate embedded in one of the surfaces of the column.
The steel plate is welded to the column’s stirrups so a more effective stress
transfer to the column can be materialized. In turn, threaded ducts formed by nuts
are welded to the steel plate in the column and accommodate the bolts that are
connected to the beam’s end steel plate, which has the beam’s main
reinforcement welded. Compared with solution 1, apart from the anchorage
system of the bolts in the column, the main differences in solution 2 are the
additional row of bolts in the tensioned area (materialized through the existence
of openings in the beam’s end to allow placement of the bolts and application of
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the torque) and the absence of ribs in the beam’s steel end plate. The beam end
plate in the two connections shown in Figure 3-24 and Figure 3-25 has another
welded plates with ribs embedded into the beam during casting to allow stresses
transfer through the connection.

In the study of concrete beam/column dry connections, these two solutions
represent different approaches, and, for that reason, they were chosen to be
illustrated and described in more details in this section. Nevertheless, other
solutions combining the two approaches are believed to be worth investigating
as well of being explored in further research works. Furthermore, the two
proposals presented in Figure 3-24 and Figure 3-25 may produce more effective
performance than those in Figure 3-21 and Figure 3-22 but they are more
complex and, consequently, expensive to construct.

It was mentioned that the concrete dry connection between precast walls studied
by Sun et al. [36] achieved good results, so further developments of this type of
connection should only be focused on optimization and design recommendations.
For that reason, it seems plausible to consider a similar solution for a concrete
dry connection between precast columns, with an H-shaped steel connector
(welded to the wall’'s reinforcement) and pretensioned bolts. Especially in
connections with significant flexural stress, since the H-shaped connector is
particularly effective in transferring stresses on the edges of the column section.
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Figure 3-25 Schematic representation of a beam/column concrete dry connection — solution 2.

In cases where shear stresses are predominant, the inclusion of embedded steel
plates in the columns seems to be preferable instead of the H-shaped connector.
Figure 3-26 shows a schematic representation of that kind of solution, whose
configuration follows the same concept of the beam/column connection illustrated

in Figure 3-24.
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Figure 3-26 Schematic representation of a column/column concrete dry connection

The precast concrete wall/foundation dry connection assessed by Sun et al. [36]
(Figure 3-23), equally to the wall/wall connection assessed by the same authors,
displayed a very good performance and further developments should only be
focused on optimization and design recommendations. In terms of concrete dry
connections between a column and a foundation, no research studies could be
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found so far in the literature. However, and since the type of stresses transferred
is similar, the beam/column connection of Pul and $Senturk et al. [35] Figure 3-22
seems to be a solution that could be easily applicable to a column/foundation
connection as it showed a structural behaviour similar to the monolithic
connection.

In The test specimens include a total of 11 reinforced concrete simply supported
slabs. All slabs have the same total length of 5200 mm, span between supports
= 5000mm, height = 160 mm and width = 500 mm.

The materials used are geopolymer (Cemfree) concrete having a compressive
strength of 35 MPa and stainless steel reinforcing bars (1.4362) with a minimum
yield tensile strength of 500 MPa. In turn, the steel block and plates correspond
to a normal structural steel S355 JR, and the bolts and nuts to normal steel class
10.9.

2 of the 11 slabs are fully monolithically cast in one piece and considered as
reference specimens. The other 9 slabs are composed of 2 segments and have
a demountable connection at mid span. The demountable connection is
materialized mainly using bolts and steel plates as explained below.

4 types of demountable connections are assessed, differing on the existence of
a key to enhance strength or the inclusion of a steel block to improve the stress
transfer in the connection. Moreover, for each type of connection, the number
and diameter of bolts differ.

The slabs will be cast in two phases (6 + 5 specimens). The following table briefly
details the properties of each slab.

Table 3-11, it is mentioned that research on precast concrete dry connections
between slab elements is scarce and further research work should rely on the
conception and study of solutions that can effectively transfer flexural stress.
Aiming to accomplish a solution on that regard, Figure 3-27 displays a
configuration that includes a shear key sewed by threaded bolts. The bolts are
anchored on a steel plate that carries tension stress at the bottom surface of the
slab. Compression stresses at the top side of the slab can be either transferred
by bearing or preferably by providing a similar steel plate at the top surface.
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Stresses acting on slabs can vary significantly between the transversal and
longitudinal directions depending on where the slab supports are placed.
Consequently, while in one direction the connections can be less stiff, on other
direction the same connections can be insufficient to transfer stresses. In Figure
3-28, a more robust joint is presented, having on each slab an additional
embedded steel plate with ribs. Those steel plates are welded to the tensioned
reinforcement at the bottom of the slabs. In this solution, the tensile stress is more
easily transferred in the connection, since it is directly transmitted from the
reinforcement to the steel plates. The solution of Figure 3-28 can also be applied
in structural elements with significant shear and flexural stresses as beams.
However, the presence of embedded steel plates and through slab bolts may
weaken the slab section, leading to failure in concrete.

Beam/slab dry connections in precast concrete structures should be designed to
prevent slip in the interface (contact) areas between the beam and slab elements,
so the flexural capacity of the composite structure can be the same as in a
monolithic structure. To achieve that full composite flexural strength, shear
transfer needs to be effectively transferred in the interface areas. In this regard,
a first sketch for a beam/slab concrete dry connection was divulged by
Aninthaneni and Dhakal [34], where steel angle plates are used along with bolts.
In this solution, shear stress is not directly transferred through the interface area,
which is not ideal.

An enhanced connection is believed to be achieved in Figure 3-29 where an
embedded steel plate (or connector) with ribs is considered in the interface area.
In the presented configuration, the shear stress is transferred directly along the
beam/slab interface, since it is mainly carried by the embedded steel instead of
being forced to make a trajectory through the surrounding concrete. The
conception of the steel plate is inspired in the wall/wall joint of Sun et al. [36]
(Figure 3-23), especially in the way it embraces and links to the beam. It also
resembles the beam/column joint of Aninthaneni et al. [33] (Figure 3-21) in the
design of the embedded ribs. As can be seen in Figure 3-29 the solution depicted
also allows the establishment of the slab/slab connections illustrated more in
Figure 3-27 and Figure 3-28.
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Figure 3-27 Schematic representation of a slab/slab concrete dry connection — solution 1.
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Figure 3-28 Schematic representation of a slab/slab concrete dry connection — solution 2.
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Figure 3-29 Schematic representation of beam/slab concrete dry connection.

The review confirmed that the current knowledge on dry connections in precast
concrete structures is still very scarce and incomplete, hindering the application
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of this type of connections in structures. Current practice on dry connections
relies traditionally on steel structures and steel/concrete composite structures.

In the past few years, semi-dry connection between precast concrete elements
has started to be implemented more frequently, in which reuse is possible after
mechanical removal of the cast-in-place parts. Two types of semi-dry connections
can be found: dowel shear connection (more common) and moment-resisting
connection with continuity bars. Although these semi-dry connections represent
a step forward, the deconstruction and reconstruction of the structure elements
is time-consuming and not an easy procedure to undertake.

Besides benefits related to time saving and smaller budgets, the achievement of
dry connection solutions in precast concrete structures, and its application in the
current practice, would have substantial advantages in terms of the
environmental impact that the construction sector continuously inflicts. The
construction sector is still one of the main contributors to the global carbon
emissions and waste storage in landfills. Furthermore, concrete is the most used
material nowadays in the construction sector. Therefore, the positive
environmental contribution is evident and significant.

Although the current knowledge on precast concrete dry connections is very
scarce, some research studies on the subject could be found in the literature.
Almost all of them are very recent and the main conclusions derived from their
review are the following:

e The main connecting elements include steel plates and bolts; however,
the existence of bolts in concrete would reduce the concrete strength as
well as create a stress concentration at concrete near the bolts.

e The available knowledge focused mainly on connections between a
beam and a column. In this context, very good results have been
obtained, in which the structural behaviour was similar to that of a
monolithic connection. The best results were achieved for non-
prestressed joint configurations, with embedded steel plates and
pretensioned threaded bolts;

¢ Significant advances were also accomplished for connections between
walls and between walls and foundations. A solution proposed in the
literature could attain the same behaviour of a monolithic connection.
The solution used an H-shaped steel connector (made of welded steel
plates) and pretensioned threaded bolts. In wall/foundation joints, the H-
shaped steel connector had ribs and embedded in the foundation.

e For other types of connection (i.e. column/column, beam/beam and
beam/slab connections), no research could be found in the literature.
For foundation/foundation and slab/slab connections only preliminary
studies were published.

e Numerical modelling and simulation to explore load transfer mechanism,
failure modes and integrity of demountable connections are very limited.
The main challenges are in the modelling of compatibility of various
elements as proposed for demountable connections, including concrete
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elements, steel plates and bolts. Such numerical models need to be
calibrated to the experimental results and, eventually, used to perform
parametric analyses of the connection and optimize the connection
configuration and dimensions.

¢ Although the initial cost of dry demountable connections would be higher
than that of monolithic or semi dry connections, the life cycle cost
analysis would significantly highlight the potential benefits of
demountable connections. Such connections would facilitate the future
reuse of structural elements at the end of their life, potentially achieving
a significant reduction in embodied energy of structures, saving landfills
as well as giving the clients the benefit of retaining the value of their
assets. However, no life cycle cost analysis studies of demountable
connections were found in the literature.

Despite the advances already made on the study of precast concrete dry
connections, the current state-of-the-art is still far from being sufficient to allow
engineers to design structures containing these connections. Therefore, future
research on this subject is encouraged, possibly based on the proposed solutions
in this review.

It is of great importance to develop connections that can be demountable in order
to improve the sustainability and economy of reinforced concrete structures and
to reduce the damage they cause to the environment. For this reason, in this part
of the project, the new type was demountable and the connection details suitable
for reuse were developed.

Before starting the connection designs, a literature review was made. As a result
of the research, it was decided to fix the columns with rods. Research has been
made on the basis of cost and workmanship issues, and the realization of designs
that will reduce labor and cost has been emphasized.

In this context, steel plates are used for most of the column bottoms. One of the
frequently encountered problems in the steel plates used is buckling. Column
connection points are exposed to many different combinations of many different
loads in the structure in which they are used.
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Although a reinforcement plate is added to prevent buckling of steel plates under
different loads, it is difficult to prevent buckling because different points are
subjected to stress concentration. Therefore, if steel plate is to be used at the
connection point, it must be surrounded very well.

Overdesigning in slabs is a very critical issue from an economic perspective. In
general, it is designed as a flat plate with high stress concentration and
considering many points, which triggers overdesign.

In addition, the adhesion of the concrete and the steel plate becomes critical here,
since the highest moment and axial load will be exerted on the steel plates at the
connection points of the columns. Since the adhesion of steel plate and concrete
will be less than that of concrete, the connection point must either be replaced or
designed to increase adhesion.

In the light of the above information, 4 different types of demountable column
connections have been designed. The 4 columns designed will now be
discussed.

Since the endpoint of the longitudinal reinforcement was too large for the column
shoe in demountable column 1, the assembly method of rebars by welding rather
than bending was chosen. The points to be noted at this stage are that the
margins of error increase in combining welding and reinforcement. It will be
difficult to achieve a standard this way. Since it is both economical and feasible
to design the connection point with a shoe in this way, a separate study can be
made for the connection point design using the welding method with the
reinforcements, and a separate system can be created to connect the welding
work to the standard and a system can be developed for it.

Figure 3-30 Demountable Column 1
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In demountable column 1, 6 pieces of 10-gauge reinforcement were used instead
of 5 due to the relatively low height in the strong direction. In order to reduce the
margin of error in the shoe, the longitudinal and transverse reinforcements are
welded in 2 pieces. The 6-gauge reinforcements used in the weak direction
surrounded the 10-gauge reinforcements. Again, these reinforcements were
welded to each other by spot welding. The total height is designed as 90 mm. At
this connection point, the reinforcements in the shoe are designed close to the
holes of the studs. In this way, it will be easier to transfer the force that will flow
from the column to the foundation.
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Figure 3-31 Dimensions of connection point of demountable column 1

Similar connection points were designed in demountable column 2 and column
3. It was decided to use a grid, which is widely used in the market and used in
water drains, at the connection point used in demountable column 2-3.

2 mm thick and 30 mm high steel plates were used in the strong direction of the
grating. The distance between steel plates and reinforcements used in both
directions is 28 mm. Including 2 mm steel plates, a total of 30 mm intervals were
used. In the weak direction, a bar like a 6-gauge rebar was used. It was built in a
place that manufactures the grill used here.
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Figure 3-32 Demountable Column 2

The dimensions of the grid are 300*400*30 mm. The concrete cover was
designed to be 15 mm in all directions. Again, using the guide, the connector hole
pipes were attached to the grid by welding. Since the total height of the shoe used
in demountable column-2 is 60 mm, the longitudinal reinforcements of the column
are well welded to the steel plates of the grating, in order to ensure that the force
from the column is transferred to the foundation with the rods without any
problems. The force on these steel plates will be transferred to other plates by
the reinforcements on them extending in the weak direction. These
reinforcements connect the steel plates by spot welding.
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Figure 3-33 Dimensions of connection point of demountable column 2

Similar pathways were followed in demountable column 3 with the previous
column. Differently, steel plate was used in the weak direction. The plates are
interlocked and joined with a point. In this way, the transfer of force to each other
will be much more effective.

2*40 mm steel
plates at
strong

steel plates 40 mm width
eak diretion nd height all
4 outer plates

Figure 3-34 Grid modelling
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Figure 3-35 Details of Grid

In addition, it is necessary to mention the advantages of the connection points
designed in the form of this grid. The adhesion of such connection points with
concrete is very good. In other words, it is not possible for concrete and steel
plates to separate and create weakness. Here, the effect of the column being
attached to the foundation and tightening the concrete under it by tightening was
great. That is, the disadvantage of designing the attachment point with only a flat
steel plate is overcome in this way. In addition, since the edges of the steel plates
are filled with concrete, the possibility of buckling of the plates is eliminated. The
longitudinal reinforcements of the column are well welded to the grid, as in the
previous grid.

Figure 3-36 Dimensions of connection point of demountable column 3

Design of Demountable Column-4

The way to design it in demountable column 4 includes many different divisions
of work, such as cutting, drilling and welding the plate. Plates of different

92



D3.3 Intermediate integrated report about the new circular

|Cebefg building prototypes

Circular Economy of
Building Materials

thicknesses were used to form the shoe part of the columns. Firstly, 3D modeling
was carried out to place the plates and reinforcements in the correct dimensions.
The plates of the connection detail, whose 3D modeling was performed, were cut
with CNC laser cutting.

Figure 3-38 Details of connection point of demountable column 4

Reinforcements with a diameter of 10 mm for the studs using demountable
column 4 and 6 mm for stirrups were selected. A plate of 250*350*10mm was
used to form the base part of the shoe, and 8 pieces of 8 mm thick reinforcement
plates were used in the weak and strong directions to increase the rigidity of the
connection point. In order to prevent joint cracking caused by weak adhesion,
which is the disadvantage of composite materials, the ends of the columns are
covered with 50 mm high and 3 mm thick plates. In order to carry out the load
transfer between the shoe and the column in a homogeneous and safe manner,
8 pieces of 250 mm long 8 mm diameter rods were used between the longitudinal
reinforcements. The ends of the connector are bent inward about 15 degrees to
avoid shell shedding. In order to ensure the connection of the longitudinal
reinforcements to the bottom plate, holes with a diameter of 13 mm were drilled
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on the plates, the outer parts of the drilled holes were enlarged in a conical form,
thus increasing the welding area. In the same way, holes with a diameter of 9 mm
were drilled to fix the rods to the plate. Longitudinal reinforcement and rods were
fixed to the bottom plate using ASKAYNAK MIG350 gas welding machine. 15 mm
space is used in the columns.

The test specimens include a total of 11 reinforced concrete simply supported
slabs. All slabs have the same total length of 5200 mm, span between supports
= 5000mm, height = 160 mm and width = 500 mm.

The materials used are geopolymer (Cemfree) concrete having a compressive
strength of 35 MPa and stainless steel reinforcing bars (1.4362) with a minimum
yield tensile strength of 500 MPa. In turn, the steel block and plates correspond
to a normal structural steel S355 JR, and the bolts and nuts to normal steel class
10.9.

2 of the 11 slabs are fully monolithically cast in one piece and considered as
reference specimens. The other 9 slabs are composed of 2 segments and have
a demountable connection at mid span. The demountable connection is
materialized mainly using bolts and steel plates as explained below.

4 types of demountable connections are assessed, differing on the existence of
a key to enhance strength or the inclusion of a steel block to improve the stress
transfer in the connection. Moreover, for each type of connection, the number
and diameter of bolts differ.

The slabs will be cast in two phases (6 + 5 specimens). The following table briefly
details the properties of each slab.

Table 3-11 Test specimen details

TEST SPECIMEN DETAILS

number connection key at the embedded number equal number of bolts 3
slab ID A . casting
of the slab type connection steel block of parts parts bolts diameter (mm)

1 REF - 1 - - first

2 C-5-16-NK-NB 2 no no 2 yes 5 16 first

3 C-4-16-NK-NB 2 no no 2 yes 4 16 first

4 C-5-12-NK-NB 2 no no 2 yes 5 12 first
5 C-4-20-NK-B 3 no yes 2 yes 4 20 second
6 C-4-16-NK-B 3 no yes 2 yes 4 16 second

7 C-5-16-K-NB 4 yes no 2 no 5 16 first

8 C-4-16-K-NB 4 yes no 2 no 4 16 first
9 C-5-12-K-NB 4 yes no 2 no 5 12 second
C-4-20-K-B 5 yes yes 2 no 4 20 second

- 1 -

o
=]

REF second
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Reference slab (monolithic slab with no connection)

Simply supported (5 m span)
Quantity = 2
Length = 5200 mm; Height = 160 mm; Width = 500 mm

FRONT VIEW
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Figure 3-39 Reference slab (monolithic slab with no connection)
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Simply supported (5 m span with connection at mid span)
Quantity = 3 (varying the diameter and the number of the bolts)
4 or 5 bolts of 16 mm or 20 mm

Length of each segment = 2600 mm;  Height = 160 mm; Width =500 mm

BEFORE ASSEMBLY

P |

B el ] TR 9
. A " Q_J SECTION B-B
reinforcement |_(> SECTION A-A
FRONT VIEW
AFTERASSEMBLY
threaded bolt 0.‘ A
- . o} ™
B - ~
; i 4‘ ‘.:'AE * ‘
) |G - vl ': " ':{.
: 1!?- e —— :"‘4'- & - ‘ . 2
4 =i
reinforcement QJA
steel plate
FRONT VIEW SECTION A-A

Figure 3-40 Connection with no key and no embedded steel block
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Simply supported (5 m span with connection at mid span)

Quantity = 2 (varying the diameter of the bolts)

4 bolts of 16 mm or 20 mm

Length of each segment = 2600 mm;  Height = 160 mm; Width =500 mm

BEFORE ASSEMBLY

embedded steel
plate with ribs

SECTION B-B

reinforcement

SECTION A-A

FRONT VIEW

AFTER ASSEMBLY
embedded steel threaded bolt

plate w itQ rib? M, mN . - -
" e | [a"
? O R r 3 alld stiag Ll
/ = =)
reinforcement # 4-J A
steel plate
FRONT VIEW SECTION A-A

Figure 3-41 Connection with no key and with an embedded steel block
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Simply supported (5 m span with connection at mid span)

Quantity = 3 (varying the diameter and the number of the bolts)
4 or 5 bolts of 16 mm or 20 mm

Length of each segment = 2600 mm;  Height = 160 mm; Width =500 mm

BEFORE ASSEMBLY
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reinforcement QJA
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FRONT VIEW SECTION A-A

Figure 3-42 Connection with a key and no embedded steel block
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Simply supported (5 m span with connection at mid span)

Quantity = 1

4 bolts of 20 mm

Length of each segment = 2600 mm;  Height = 160 mm; Width =500 mm

BEFORE ASSEMBLY
embedded steel
plate with ribs q_‘ B
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Figure 3-43 Connection with a key and with an embedded steel block
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In the previous studies conducted by the Hacettepe University (HU) team on the
experimental analysis and numerical modeling of structural elements, traditional
Portland cement reinforced concrete and structural elements produced entirely
by recycling construction and demolition wastes were analyzed. In this context,
the structural performances of these elements, which exhibit similar compressive
strength and splitting-tensile strength, were experimentally compared with each
other. In the continuation of the study, an effort was made on numerical modeling
to simulate the cracking and crushing mechanics of structural elements using the
ANSYS (2016) program. It was concluded that the numerical modeling developed
in this context is quite successful in simulating experimental studies, as discussed
in the subsections. Thus, within the scope of Task 3.3, when the final Eco-hybrid
cement is procured in large quantities from CIMSA and the final recipe for Eco-
hybrid cement-based concrete is determined, the production of large-scale
structural elements already developed will begin and the validation of the
numerical modeling that successfully worked will be made. Within the scope of
the ICEBERG project, at this stage, both connection designs and numerical
modeling development studies continue without any problems and with success.
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The finite element method is frequently used to analyze materials with a highly
heterogeneous behavior and complex structure, such as reinforced concrete
structural materials. It is very important to accurately analyze the response of
structures against loads such as reinforced concrete, which are exposed to many
loads throughout their service life. As it is known, the behavior of reinforced
concrete structures against the loads they are exposed to during their service life
depends on many parameters. Experimentally analyzing each of these
parameters causes very high labor and cost. For this reason, it is very necessary
to accurately numerically model these loads with computer-based modeling
systems and to successfully simulate experimental results.

In recent years, due to environmental concerns, studies have been carried out
on the numerical modeling of reinforced concrete elements produced with
recycled materials, especially from construction and demolition wastes. Dong
Teng et al. (2021) conducted an analysis on numerically simulating the flexural
failure of concretes with basalt fiber recycling aggregates. The authors analyzed
the elements they produced both experimentally and using the ANSYS program.
According to their results, it was concluded that the use of fiber in various ratios
did not have much effect on crack distribution and propagation.

Zhou Jinghai et al. (2017) developed numerical modeling to measure the effect
of changes in various parameters on the mechanical performance of recycled
concretes by using the ANSYS program. According to the results obtained by the
authors, it was observed that the increase in the adhesion of the mortar, the use
of smaller aggregates and the use of less recycling aggregates had a positive
effect on the mechanical properties.

Lu Bo et al. (2013) analyzed the cube and prism compressive strengths of fly ash
concretes in a study they conducted. The authors performed the analyzes by
combining ANSYS finite element method with Monte Carlo and Fuller grading
methods. According to the results obtained as a result of the study, the authors
reported that the microcracks first formed in the interfacial transition zone at the
junction of aggregate and cement mortar.

Xiao et al. (2012) carried out a study on modeling the compressive and flexural
strengths of recycled concretes using an improved lattice model. According to
their results, they reported that crack formation under load first occurs in the
interfacial transition zone. In the case of continued loading, they stated that the
cracks widened around the old hardened mortar and finally spread around the
new hardened mortar.

In this part of the Project, component tests to unveil the performance of the newly
developed novel connections will be presented. The component tests on beams
will be presented. Each specimen was produced with the new generation material
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developed in the scope of this project. The tests will summarize both the capacity
curves and the observed crack patterns.

Beam tests will be utilized to investigate the probable changes in the flexural and
shear response of the developed new generation concrete material (CVC-RA)
from the conventional concrete (CVC-NA). In addition, geopolymer concrete
specimens were also tested (i.e., GPC-NA and GPC-RA). To this end, two
different test protocols were applied. In the first tests, flexural performance of
adequately detailed beam elements was examined. In the second phase, the
shear performance was studied by testing inadequately detailed beams.

The geometrical and reinforcement details of the tested specimen were selected
from the first-story central-internal bay of the three-story prototype RC building
designed according to the Turkish Earthquake Code (TEC2018). The cross-
section of the prototype beam was 300 x 500mm, which represented typical
values in RC frames built in Turkey. Due to the facility limitations, specimens were
scaled by ¥ (i.e., all tested rectangular beam specimens had a width of 150mm
and a height of 250mm.). In addition, fine and coarse aggregates have been used
in the production of geopolymer concrete. The maximum aggregate size (MAS)
was selected as 10mm in order not to violate the laws of similitude since the MAS
of the prototype CVC was 20mm. In other words, the scaling process was aimed
to generate the same stress demands on both the prototype and the scaled
specimens but the fracture energy of the prototype and scaled concrete mixtures
should be the same for accurate testing. It was proved that the fracture energy of
the concrete was inversely proportional to the fracture process zone, which could
be reduced to its half value by scaling down the aggregate size. To this end, MAS
was also reduced by the selected scale factor during the specimen production.
The target compressive strength was selected as 35 MPa, and uniaxial cylinder
compressive strength and splitting tensile strength of the test specimens are
given in Table 3.12 (i.e., 150 x 300mm cylinders). The yield and ultimate strength
of the 10 mm (6.5 mm) bars were 456 MPa (330 MPa) and 716 MPa (449 MPa),
respectively. Tie spacing was 100 mm over the beam length for the first set of
specimens (i.e, flexure behaviour) and was 200mm for the first set of specimens
(i.e, shear behaviour). All the ties were anchored to the core using 135° hooks to
simulate code-compliant detailing.

Three different concrete shear-span-to-depth (a/d) ratios (i.e., 0.50, 1.00, and
1.65) were used in the testing program in order to observe the change in the
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failure pattern depending on the critical loading effects (i.e., shear-dominant
behavior and flexure-dominant behavior). The beam specimens have the same
reinforcement arrangements to examine the impact of the application of the
geopolymer concrete and the recycled aggregate on the performance. All the
reinforcement details are in compliance with the current seismic code in Turkey
(i.e., TEC2018). The details of reinforcements used for all specimens are given
in Figure 3-44.

Table 3-12 Summary of Test Specimens

Average Concrete Average Concrete

Specimens Compressive Strength  Splitting Tensile Strength
(MPa) (MPa)

GPC-NA and R
NGC Specimens 37.50 (2.83) 2.56 (0.29)
GPC-RA and
NGC-R 36.60 (2.06) 2.37(0.31)
Specimens
CcvC and
C Specimens 34.10 (1.32) 2.45 (0.15)
CcvC and
C-R Specimens 35.20 (1.60) 2.21(0.17)

*: Numbers in parantheses are standard deviations.

The test setup is shown in Figure 3-45. Vertical loads were applied by a
displacement-controlled hydraulic actuator. All specimens were tested under a
four-point loading system, i.e., subjected to two-point loads and supported on pin
supports at both ends. The clear span of each specimen was 1000mm. For all
specimens, applied vertical forces were monitored with a load cell. The midspan
vertical displacement was measured using Linear Variable Differential
Transformers (LVDTS) placed at the center of the beam. The average curvature
response of all specimens was also determined by placing lateral LVDTs (Figure
3-45). Lateral LVDTs were placed in beam specimens at 100-mm, 50-mm, and
100-mm intervals for left span, midspan, and right span, respectively (Figure 3-
45). All beam specimens were tested under a four-point bending test shown in
Figure 3-45. Load deflection curves, moment-curve curves, and crack patterns
were determined in order to compare the performance of geopolymer concrete.
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Figure 3-44 Reinforcement Details of the Test Specimens

* All dimensions are given in mm.
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Figure 3-45 Test Setup and Instrumentation

Flexural Behaviour

In this section, the test results and the observed crack patterns during each
flexure-dominant specimen were documented. To this end, the vertical load-
midspan displacement and the moment-curvature responses of all specimens are
drawn and compared with different materials for a constant a/d ratio. For the sake
of clarity, the ultimate force (Fu), ultimate displacement (uu: displacement
corresponding to the end of the test or the 20% capacity drop), the yield force,
and displacement (Fy and uy determined by using the bilinearization procedure in
FEMA356), the displacement ductility (Ju: uu / uy), the ultimate curvature (¢u:
curvature corresponding to the end of the test or the 20% capacity drop), the yield
curvature (¢y: yield curvature determined by using the bilinearization procedure
in FEMA356), the curvature ductility (ue: ¢u / dy), the energy dissipation capacity
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(Et) and the normalized energy capacity (En: Et / (Fy x uy / 2) ) measured during
the tests are tabulated. The damage photographs at different displacement levels
are also presented. The compressive strength and splitting tensile strength of
each specimen were determined on the test day. Average strengths and their
standard deviations are presented in Table 3-12.

The total vertical load-midspan displacement and the moment-curvature
responses of CVC-NA-0.50, CVC-RA-0.50, GPC-NA-0.50, and GPC-RA-0.50
are given in Figure 3-46. It could easily be inferred from Figure 3-46 that the
response of all specimens is brittle. Limited or no post-yield response was
observed. This observation was also validated by the determined crack patterns
(Figure 3-47). It is apparent from Figure 3-47 that all specimens failed by a shear
— crack reaching the support. The yield and ultimate loads, yield and ultimate
displacements, as well as the ductility indices, were presented in Table 3-13.
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Figure 3-46 Test Results of Beam Specimens with a/d=0.50: (a) Total vertical load-midspan displacement,
(b) the moment-curvature curve from left LVDTS, (b) the moment-curvature curve from mid-LVDTs, and (d)
the moment-curvature curve from right LVDTs
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Specimen Crack Initiation Ultimate Stage

CVC - NA -0.50

CVC -RA -0.50

GPC -NA -0.50

GPC-RA-0.50
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Table 3-13 Summary of Test Results

a/d = 0.50 a/d = 1.00 a/d = 1.65

Parameters CcvC- CvC- GPC- GPC- | CVC- CVC- GPC- GPC- | CVC- CVC- GPC- GPC-

NA RA NA RA NA RA NA RA NA RA NA RA
Fy (kN) 230.11 204.51 205.85 220.08 | 165.10 168.81 165.98 170.06 | 99.16 98.91 99.08 99.18
Fu (KN) 270.05 224.46 216.82 228.58 | 180.40 183.63 184.68 189.66 | 112.08 102.11 105.04 103.5
My (KN.m) NA NA NA NA 18.26 16.18 1891 19.65 | 1886 16.49 19.89 18.96
Mu (kN.m) 16.20 1346 13.00 13.71 | 2210 2249 2323 2185 | 1991 2048 20.18 20.18
uy (mm) 10.09 11.60 8.20 12.00 9.16 11.25 1116 1045 9.16 8.16 9.81 9.96
uu (Mm) 13.18 13.63 14.11 15.5 2089 2791 26.18 21.78 | 39.81 26.63 37.68 26.02
¢y (1/m) NA NA NA NA 0.03 0.03 0.03 0.03 0.11 0.09 0.10 0.10
¢u (1/m) NA NA NA NA 0.13 0.11 0.12 0.10 0.96 0.65 0.98 0.72
Hu 131 1.18 1.72 1.29 2.28 2.48 2.35 2.08 4.35 3.26 3.84 2.61

Ho NA NA NA NA 4.33 3.67 4.17 3.85 8.72 7.22 9.80 7.21

Et (kN.m) 1.90 1.69 1.87 1.88 4.23 3.67 4.43 3.00 3.53 2.31 3.23 2.27
En 1.64 1.42 2.22 1.43 5.60 3.87 4.78 3.37 7.77 5.72 6.65 4.60

The total vertical load-midspan displacement and the moment-curvature
responses of CVC-NA-1.00, CVC-RA-1.00, GPC-NA-1.00, and GPC-RA-1.00
are given in Figure 3-48. It could easily be inferred from Figure 3-48 that the
response of all specimens is less brittle than previous specimens. In these tests,
it was observed that GPC specimens failed with a limited or no post-yield
response due to less amount of flexure cracks at the midspan. However, CVC
specimens showed a mixed shear-flexure failure, resulting in more ductility. This
observation was also validated by the determined crack patterns (Figure 3-49).
The yield and ultimate loads, yield and ultimate displacements, and the ductility
indices, were presented in Table 3-13.
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Figure 3-48 Test Results of Beam Specimens with a/d=1.00: (a) Total vertical load-midspan displacement,
(b) the moment-curvature curve from left LVDTSs, (b) the moment-curvature curve from mid-LVDTs, and (d)

the moment-curvature curve from right LVDTs
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Specimen Crack Initiation Ultimate Stage

CVC —NA - 1.00 FB% NE
“ p/J:’lO

CVC -RA -1.00

GPC -NA -1.00

GPC-RA-1.00

Figure 3-49 Observed Crack Patterns of Beam Specimens with a/d=1.00

Test Results of Beam Specimens with a/d = 1.65

The total vertical load-midspan displacement and the moment-curvature
responses of CVC-NA-1.65, CVC-RA-1.65, GPC-NA-1.65, and GPC-RA-1.65
are given in Figure 3-50. It could easily be inferred from Figure 3-50 that the
response of all specimens is brittle. Limited or no post-yield response was
observed. This observation was also validated by the determined crack patterns
(Figure 3-51). It is apparent from Figure 3-51 that all specimens failed by a shear
— crack reaching the support. The yield and ultimate loads, yield and ultimate
displacements, and the ductility indices, are presented in Table 3-13.
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Figure 3-50 Test Results of Beam Specimens with a/d=1.65: (a) Total vertical load-midspan displacement,
(b) the moment-curvature curve from left LVDTSs, (b) the moment-curvature curve from mid-LVDTs, and (d)
the moment-curvature curve from right LVDTs
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Specimen Crack Initiation Ultimate Stage

CVC -NA -1.65

CVC-RA -1.65

GPC -NA -1.65

GPC-RA-1.65

0 CAMERA

Figure 3-51 Observed Crack Patterns of Beam Specimens with a/d=1.65

The first shear-span-to-depth ratio was selected as 0.50 in order to investigate
the possible shear failure for these code-conforming beam specimens. As
expected, all specimens, independent from the construction material chosen,
failed in shear and showed brittle load-deflection and moment-curvature
responses. Although the moment-curvature curves were not suitable to examine
the behavior of reinforced concrete specimens due to the formation of inclined
cracks between the load application point and the support, the change in the
curvature response over the beam was also provided for the sake of
completeness. It could easily be inferred from Figure 3-46 that geopolymer
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concrete had very similar behavior compared to its conventional concrete
counterparts in terms of load and deformation capacities. The failure patterns of
all specimens were also detected to be similar (Figure 3-47). This observation
proved that, for shear dominant behavior, i. the recycled aggregate had a very
limited impact on the performance of concrete, and ii. the reinforced geopolymer
concrete could perform nearly the same as the conventional reinforced concrete
if the shear-dominant behavior was investigated. In addition, the displacement
and curvature ductilities of all specimens (i.e., CVC-NA-0.50, CVC-RA-0.50,
GPC-NA-0.50, and GPC-RA-0.50) were determined to be very low (Table 3.13).
The other observation was that the normalized energy dissipation capacities of
all specimens with recycled aggregates were also less than other specimens
without recycled aggregates (Table 3.13).

The second shear-span-to-depth ratio (i.e., a/d=1.00) was used to determine the
mixed shear-flexure failure for code-conforming reinforced beam specimens. All
CVC specimens failed in shear-flexure combined action, manifesting itself by
inclined cracks between the support and load application point and vertical cracks
at the midspan. However, GPC specimens failed with a limited or no post-yield
response due to fewer flexure cracks at the midspan. Unlike the first a/d ratio (i.e.,
0.50), there exists some ductility, implied by the vyield plateau in load-
displacement and moment-curvature curves in Figure 3-48. It should be stated
that the mid LVDTs attached to specimens CVC-NA-1.00 and GPC-RA-1.00
stopped recording at a load value of 81kN and 96kN, respectively. Therefore, the
curvature ductility comparisons of all specimens were made by using left LVDTSs.
The curvature ductility values of each specimen ranged between 3.67 and 4.33.
It was clear from Table 3.13 that geopolymer concrete had a curvature ductility
of close to 4. If the curvature values determined from the mid LVDTs and left
LVDTs were compared, the maximum curvature demand (i.e., mid LVDTS) at the
midspan resulted in nearly three times the curvature demand at the left span (i.e.,
mid LVDTSs). The reinforced geopolymer concrete could perform almost the same
as the conventional reinforced concrete if the shear-flexure-dominant behavior
was investigated. The other observation was that the normalized energy
dissipation capacities of all specimens with recycled aggregates were also less
than other specimens without recycled aggregates (Table 3.13). The decrease in
normalized energy dissipation capacity for CVC and GPC specimens was
30.89% and 29.50%, respectively.

The last shear-span-to-depth ratio (i.e., a/d=1.67) was utilized to study the
flexure-dominant failure for code-conforming reinforced beam specimens with
different materials. All specimens failed in flexure-dominant action, manifesting
themselves by nearly vertical cracks concentrated at the midspan. In all of these
tests, there exists a significant amount of ductility, implied by the large yield
plateau in load-displacement and moment-curvature curves in Figure 3-50. The
curvature ductility comparisons of all specimens were made by using midspan
LVDTs. The curvature ductility values of each specimen ranged between 7.21
and 9.80. It was clear from Table 3.13 that geopolymer concrete had a curvature
ductility of close to 10, which is near twice the curvature ductility of specimens
with an a/d ratio of 1.00. The failure patterns of all specimens were also detected
to be similar (Figure 3-51). This observation proved that the reinforced
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geopolymer concrete could perform nearly the same as the conventional
reinforced concrete if the flexure-dominant behavior was investigated. However,
the recycled aggregate had a negative effect on the performance of concrete,
l.e., some reduction inductility and hence energy dissipation capacity was
observed (Table 3-13).

The capacity estimation performances of two current codes: ACI318-19 and
TS500, were also investigated in the scope of this study. The nominal shear
capacity and the nominal moment capacities of each specimen were calculated
by using proposed equations in ACI318-19 and TS500 and are presented in
Table 3-14. In Table 3-14, the estimated capacity (Vcap) was obtained from the
minimum of the nominal shear strength (Vn) and the ratio of nominal moment
capacity (Mn) to moment arm. It could easily be inferred that the estimation
performance of TS500 is slightly better than the estimation performance of
ACI318-19. It should also be noted that the estimation performance of codes is
independent of the material type and the use of recycled aggregates. Besides,
the estimation performance is slightly better for shear-dominant failures.

Table 3-14 Estimation Performance of Code Proposed Equations

Specimens Experiment TS500 Estimations ACI318-19 Estimations
Mmax  Fmax  Vmax Mn Vo Veap  Error | Mn Vo Veap  Error
(kN.m)  (kN)  (kN) | (kN.m) (kN) (kN) (%) | (kN.m) (kN) (kN) (%)

CVC-NA-0.50 16.2  270.1 135.0 15 91.6  91.60 32i 15| 127 892 892 33f93
CVC-RA-0.50 135 2245 1122 | 151 965 96.50 13j99 128 938 93.8 16j 40
GPC-NA-0.50 130 2168 1084 | 15 95.1  95.10 12j27 128 925 925 4j67
GPC-RA-0.50 13.7 2286 1143 15 94.6  94.60 17j2 4| 128 921 921 19j 42
CVC-NA-1.00 221 1804 90.2 15 916 6122 32j 1o | 127 892 5184 42j53
CVC-RA-1.00 225 1836 918 | 151 965 61.63 32j86 128 938 5224 43j09
GPC-NA-1.00 226 1847 923 15 95.1 61.22 33j67 128 925 5224 43j 40
GPC-RA-1.00 232 189.7 948 15 94.6 6122 35? 4o | 128 921 5224 4j89
CVC-NA-1.67 219 1121 56.0 15 91.6 38.46 31j32 127  89.2 3256 41?85
CVC-RA-1.67 199 1021 511 | 151 965 3872 4j23 128  93.8 32.82 35}7
GPC-NA-1.67 205 1050 525 15 95.1 3846 6T7 4| 128 925 3282 37j 48
GPC-RA-1.67 202 1035 518 15 94.6  38.46 25j75 128 921 32.82 36f6 4
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The total vertical load-midspan vertical displacement and the moment-curvature
responses of C-0.50, C-R-0.50, NGC-0.50, NGC-R-0.50 are presented in Figure
3.52. From Figure 3-52, it is clear that the flexural response of all specimens is
observed to be brittle. The limited or no post-yield response was observed. This
observation was also validated by the determined crack patterns (Figure 3-53).
It is apparent from Figure 3-49 that all specimens failed by a shear — crack
reaching the support. The yield and ultimate loads and yield and ultimate
displacements, as well as the ductilities, are presented in
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Figure 3-52 Test Results of Beam Specimens with a/d=0.50: (a) the moment-curvature curve from left
LVDTs, (b) the moment-curvature curve from mid-LVDTS, (c) the moment-curvature curve from right
LVDTs, and (d) Total vertical load-midspan vertical displacement

All specimens with an a/d ratio of 0.50 failed in shear, independent from the
construction material. They, therefore, showed brittle load-deflection and
moment-curvature responses. Similar findings were found in the literature that
the arch mechanism was more dominant than the effect of matrix properties and
type of the aggregate in the shear resistance contribution at lower a/d ratios.
The failure of each specimen resulted from a large inclined crack in the shear
span (Figure 3-53). Thus, the moment-curvature curves showed a limited
deviation from the linear range. It could easily be stated from Figure 3-52 that
the load and deformation capacities of all selected construction materials are
similar. If the normalized energies are compared, it could be claimed that the
inclusion of recycled aggregate results in a reduction in the energy dissipation
capacities. In summary, the reinforced geopolymer concrete could perform
nearly the same as the conventional reinforced concrete if the shear-dominant
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behavior was investigated. Besides, the displacement and curvature ductilities
of all specimens were determined to be very low (
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Table 3-15).

Test Initial Crack Crack Final Stage

Specimen

NGC-0.50

NGC-R-0.50

C-0.50

C-R-0.50

Figure 3-53 Observed Crack Patterns of Test Specimens with a/d=0.50
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Table 3-15 Summary of Test Results

a/d = 0.50 a/d = 1.00 a/d = 1.65

Parameters C crR Nec NC& C cR Nec N6¢ ¢ cR Noc NE&

R R R
Fy (kN) 187.06 155.26 156.39 198.96 168.10 165.31 170.78 162.47 91.35 106.59 94.79 91.89
Fu (kN) 195.24 159.94 164.18 206.32 190.03 191.49 1924 190.4 9493 110.82 98.63 103.89
My (kN.m) | 10.62 9.31 938 11.94 2101 20.66 2135 2031 17.81 20.79 19.26 17.92
Mu (kN.m) | 11.71 960 9.85 1238 2375 23.94 2405 23.80 1851 2161 19.04 20.26
uy (mm) 1050 850 855 1150 891 1021 1018 956 921 911 915 925
Uy (Mm) 15.18 13.78 13.89 13.86 13.18 16.47 19.05 1534 1441 3057 1451 35.05
@y (1/m) 0.0055 0.0198 0.0060 0.0031 0.017 0.020 0.021 0.019 0.031 0.035 0.035 0.052
¢u (1/m) 0.0153 0.0198 0.0151 0.0181 0.076 0.096 0.103 0.092 0.181 0.206 0.175 0.231
I 145 162 162 121 148 161 187 160 156 3.36 159 3.79
to 278 100 252 584 447 480 490 484 584 589 500 444
E: (kN.m) 2345 1509 1515 2201 1425 1974 2378 1719 1.170 2617 0999  3.028
Ex 2388 2287 2266 1924 1903 2339 2736 2213 2781 5390 2304 7.125

The total vertical load-midspan displacement and the moment-curvature
responses of C-1.00, C-R-1.00, NGC-1.00, and NGC-R-1.00 are given in Figure
3-.54. It could easily be inferred from Figure 3-54 that the response of all
specimens is brittle. Limited or no post-yield response was observed. This
observation was also validated by the determined crack patterns (Figure 3-55). It
is apparent from Figure 3-55 that all specimens failed by a shear — crack reaching
the support. The yield and ultimate loads and yield and ultimate displacements,
as well as the ductilities, are presented in Table 3.15.

Similar to previous tests, all specimens failed in shear-dominated action,
manifesting themselves by inclined cracks between the support and load
application point. However, these specimens showed slightly more curvature
ductilities, implied by the yield plateau in moment-curvature curves in Figure 3-
50. It should be stated that the right LVDTs attached to specimens C-1.00 had
some problem at the initial stage, but they started recording after some time.
The curvature ductility values of each specimen were very close to 5. The
failure patterns of each test specimen were detected to be similar (Figure 3-55).
The effect of the inclusion of recycled aggregate was seen to be negligible for
these test specimens. Therefore, it could be concluded that the recycled
aggregate had a very limited impact on the performance of concrete, and the
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reinforced geopolymer concrete could perform nearly the same as the
conventional reinforced concrete. Besides, the normalized energy dissipation
capacity of the NGC specimen was significantly larger than others, but the
remaining values were close to each other (
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Figure 3-54 Test Results of Beam Specimens with a/d=1.00: (a) the moment-curvature curve from left
LVDTs, (b) the moment-curvature curve from mid-LVDTSs, (c) the moment-curvature curve from right
LVDTs, and (d) Total vertical load-midspan vertical displacement
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NGC-1.00

NGC-R-1.00

C-1.00

C-R-1.00

Figure 3-55 Observed Crack Patterns of Test Specimens with a/d=1.00

Test Results of Beam Specimens with a/d = 1.65

The total vertical load-midspan displacement and the moment-curvature
responses of C-1.65, C-R-1.65, NGC-1.65, and NGC-R-1.65 are given in Figure
3-56. It could easily be inferred from Figure 3-56 that the response of all
specimens is brittle. Limited or no post-yield response was observed. This
observation was also validated by the determined crack patterns (Figure 3-57).
It is apparent from Figure 3-57 that all specimens failed by a shear — crack
reaching the support. The yield and ultimate loads and yield and ultimate
displacements, as well as the ductilities, are presented in
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Table 3-15.
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Figure 3-56 Test Results of Beam Specimens with a/d=1.65: (a) the moment-curvature curve from left
LVDTs, (b) the moment-curvature curve from mid-LVDTS, (c) the moment-curvature curve from right
LVDTs, and (d) Total vertical load-midspan vertical displacement

The shear-span-to-depth ratio of 1.65 was selected to study the possible shear-
flexure failure. As expected, all specimens failed due to mixed shear and flexure
cracks observed in the shear span and constant moment span, respectively.
However, it should be noted that specimens lost their capacity due to the
enlargement of inclined cracks. For this type of failure, the effect of recycled
aggregates was significant. The inclusion of recycled aggregate resulted in a
considerable reduction in the displacement ductility. However, the curvature
ductility was not affected by the recycled aggregates significantly. Specimens
without recycled aggregate showed a large yield plateau in load-displacement
curves. However, specimens with recycled aggregates showed similar behavior
to the specimens with an a/d ratio of 1.00. The normalized energy capacities of
specimens without recycled aggregate were nearly two times their counterparts.
Therefore, geopolymer concrete has similar behavior to conventional concrete in
the absence of recycled aggregates.
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Figure 3-57 Observed Crack Patterns of Beam Specimens with a/d=1.65

The test results of shear-critical beams revealed that the behavior of the
geopolymer concrete specimens was similar to the conventional
concrete specimens for all selected a/d ratios. In addition, except for specimens
with an a/d ratio of 1.65, a large crack between the load application point and the
support was observed, causing the failure of specimens. Besides, the observed
shear cracks in those specimens were detected to be formed through the
aggregates proving that the geopolymer paste was more robust than the used
normal and recycled aggregates (Figures 3-58 & 3-59). Similar observations
related to the shear crack mechanism existed for conventional concrete
specimens. More importantly, the failure mechanism was insensitive to the
inclusion of recycled aggregates for a/d ratios less than 1.65 (i.e., shear-
dominated regions). This was mainly because the shear resisting mechanism of
reinforced concrete specimens was not completely dependent on the tensile
strength of concrete. The shear strength was a combination of different resistant
mechanisms: Dowel action of the longitudinal reinforcement, uncrushed concrete
in compression side, capacity of ties, aggregate interlock, and the tensile strength
of concrete. Therefore, the effect of recycled aggregate was more pronounced in
the flexure capacity.
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On the contrary, the beam specimens with an a/d ratio of 1.65 showed different
performances depending on the inclusion of recycled aggregates. The inclusion
of the recycled aggregate caused a shift in the flexure-dominated behavior,
implied by the enhanced ductility and normalized dissipated energies. This
observation could be attributed to the secondary interfacial transition zone (ITZ)
formation. It was claimed that the flexural ductility of beams depended on the
bond strength between aggregate and paste, although failure mode was highly
dependent on the a/d ratio. Since the most important factor affecting this bond
strength is ITZ, a secondary ITZ formation was observed in mixtures with recycled
aggregates due to former adhered mortar content surrounding the recycled
aggregates. Less amount of ductility in the shear-flexure failure could be
attributed to the weakness of the extra ITZ formed in the mixtures in the presence
of recycled aggregates. This secondary ITZ formation reduced the flexural
capacity, postponing the shear cracks. This observation was also proved by
comparing the flexural strengths of mixtures with and without recycled
aggregates (Table 3.12). It was apparent from Table 3.15 that approximately 10%
reduction in the flexural strength of mixtures with recycled aggregates existed. It
was, furthermore, known that the effect of ITZ depends significantly on the
water/binder ratio of in mixtures using recycled aggregates, and the relatively
high water/binder ratio in the Portland cement beams and free water in
geopolymer beams was expected to produce a weaker ITZ formation.

In addition, the available capacity prediction equations are examined in this part.
To this end, the experimental shear capacity of each specimen (Vmax) was
calculated by taking the minimum of the recorded maximum shear force (Fmax)
and the ratio of the recorded maximum moment and the shear span (i.e., Mmax /
a). Besides, the nominal moment capacity (Mn) and the nominal shear capacity
(Vn) were calculated by the equations given in ACI 318-19 and TS500,
respectively. The predicted nominal capacity (Vcap) was taken as the minimum of
the nominal shear capacity (Vn) and the ratio of the nominal moment capacity and
the shear span (i.e., Mn/ @). These calculated values are presented in Table 5. It
could easily be inferred that the estimation performance of both codes is very
similar to each other, although the prediction of TS500 equations is slightly better.
The absolute minimum percentage errors of ACI318-19 (TS500) equations for
different a/d ratios are 61.68% (59.61%), 67.44% (65.77%) and 35.44%
(33.04%), respectively. It should be noted that the code predictions resulted in
over-conservative capacities for all specimens.
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Figure 3-58 Close look-up to the final state of shear cracks of test specimens with an a/d ratio of 0.49
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Figure 3-59 Close look-up to the final state of shear cracks of test specimens with an a/d ratio of 1.65
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Table 3-16 Prediction Performance of Code Equations

Experiment TS500 ACI318-19

Test

Specimen  a/d Mmax (KN.m)  Fnax (KN)  Vimax (KN)  Mn (KN.m) Vi (KN) Vg (KN)  Error (%) M, (KN.m) Vi, (KN)  Veap (KN)  Error (%)
C 0.50 11.71 195.24 97.58 15.01 63.99 32.00 -67.21 12.76 60.73 30.36 -68.88
C-R 0.50 9.6 159.94 79.97 15.10 64.61 32.30 -59.61 12.89 61.29 30.64 -61.68
NGC 0.50 9.85 164.18 82.08 15.16 65.86 32.93 -59.88 12.98 62.43 31.21 -61.97
NGC-R 0.50 12.38 206.32 103.16 15.08 65.37 32.69 -68.32 12.91 61.99 30.99 -69.96
C 1.00 23.75 190.03 95.00 15.01 63.99 32.00 -66.32 12.76 60.73 30.36 -68.04
C-R 1.00 23.94 191.49 95.75 15.10 64.61 32.30 -66.26 12.89 61.29 30.64 -67.99
NGC 1.00 24.05 192.4 96.20 15.16 65.86 32.93 -65.77 12.98 62.43 31.21 -67.55
NGC-R 1.00 23.8 190.4 95.20 15.08 65.37 32.69 -65.67 12.91 61.99 30.99 -67.44
C 1.65 21.61 110.82 556.41 15.01 63.99 32.00 -42.25 12.76 60.73 30.36 -45.20
C-R 1.65 18.51 94.93 47.46 15.10 64.61 32.30 -31.94 12.89 61.29 30.64 -35.44
NGC 1.65 20.26 103.89 51.95 15.16 65.86 32.93 -36.61 12.98 62.43 31.21 -39.91
NGC-R 1.65 19.04 97.63 48.82 15.08 65.37 32.69 -33.04 12.91 61.99 30.99 -36.51

This section includes calibration studies for the numerical model to be created
based on the test results presented in the previous sections. The numerical
models were generated in the program ANSYS (2016). The 8-node solid element
(i.e., Solid65), which has the ability to simulate both cracking and crushing of the
concrete material, is assigned. Thus, the cracking behavior in the tensile zones
and the crushing behavior in the compression zones of the geopolymer concrete
could appropriately be simulated. In addition, the transverse and longitudinal
reinforcements were represented by link elements (i.e., Link180). The selected
link element has three translational degrees of freedom at each node.

The observations on the fact that the bonding behavior of geopolymer concrete
is similar to that of conventional concrete. Like CVC, GPC is a nonlinear material
with properties that change with time and pressure. Thus, the nonlinear behavior
was mimicked by using the Drucker-Prager model combined with William-Warnke
plasticity surface in the study. The cohesion (c) and the internal friction angle (¢)
values in the model were determined from the concrete compressive strength (fck)
and concrete tensile strength (fc) using Egs. 1-2. The shear transfer coefficients
for open and closed cracks had a significant impact on the estimations. Therefore,
during the calibration phase, open-shear and close-shear coefficients were
optimized, and the same value was utilized for all beams (Table 3-17). Besides,
the steel reinforcement was characterized as an elastic-perfectly plastic material.
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The numerical model is presented in Figure 3-60.

. fck_fctk
— Jck™J ctk 1
(p asin (fck+fctk) ( )
_ 1-sin(¢)
¢ = for* 2cos (¢) @)

Table 3-17 Crack parameter values of geopolymer concrete

Concrete Parameters

Open Shear Transfer Coefficient 0.2
Closed Shear Transfer Coefficient 0.8
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Figure 3-60 Numerical model: (a) 3D solid model and (b) Steel reinforcements

The boundary conditions of the models were assumed to be roller-supported and
pin-supported at ends (Figure 3-60). The optimum mesh size was determined for
numerical models. To this end, an initial mesh was selected, and the modal
analysis was performed. Then, the mesh size was halved, and the model was
solved again. When the difference in the estimated fundamental vibration period
obtained successive models were detected to be below 1%, the coarse mesh
(i.e., the mesh used in the previous analysis) was accepted as the optimum mesh
(Figure 3-60). After numerous mesh sensitivity tests, it was determined that the
most appropriate mesh sizes for beams were 20 mm since the difference in the
estimated periods from numerical models with 20mm and 20mm maximum mesh
sizes was 0.9%. The vertical load was applied using displacement-controlled
loading similar to the conducted tests. The simulated beams were loaded from
two points at a distance equal to the shear span.
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The stirrup spacig in the geopolymer beam was taken as 200 mm, and the
geopolymer shear beam with a shear span of 120 mm and an a/d ratio of 0.50
was numerically modeled as shown in Figure 3-61. The load-displacement curves
obtained from experimental with the help of LVDT and numeric model were
compared to each other (Figure 3-62). In addition, the estimated crack pattern
was given in Figure 3-63.
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Figure 3-61 Numeric Model for a/d ratio = 0.50

180

160
140 \V\
120
100

80

Load (kN)

60

40

i Experiment
20

Numerical

0 2 4 6 8 10 12 14 16

Displacement (mm)

Figure 3-62 Load Displacement Curves (a/d = 0.50)
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Figure 3-63 Estimated Crack Pattern (a/d = 0.50)

The stirrup spacing in the geopolymer beam was taken as 200 mm, and the
geopolymer shear beam with a shear span of 250 mm and an a/d ratio of 1.00
was numerically modeled as shown in Figure 3-64. The load-displacement curves
obtained from experimental with the help of LVDT and numeric model were
compared to each other (Figure 3-65). In addition, the estimated crack pattern
was given in Figure 3-66.

ELEMENTS

MAT NUM

Figure 3-64 Numeric Model for a/d ratio = 1.00
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Figure 3-65 Load Displacement Curves (a/d = 1.00)

CRACES AND CRUSHING
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Figure 3-66 Estimated Crack Pattern (a/d = 1.00)

The stirrup spacing in the geopolymer beam was taken as 200 mm, and the
geopolymer shear beam with a shear span of 390 mm and an a/d ratio of 1.65
was numerically modeled as shown in Figure 3-67. The load-displacement curves
obtained from experimental with the help of LVDT and numeric model were
compared to each other (Figure 3-68). In addition, the estimated crack pattern

was given in Figure 3-69.
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Figure 3-67 Numeric Model for a/d ratio = 1.65
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Figure 3-68 Load Displacement Curves (a/d = 1.65)
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Figure 3-69 Estimated Crack Pattern (a/d = 1.65)

The stirrup spacing in the geopolymer beam was taken as 100 mm, and the
geopolymer shear beam with a shear span of 120 mm and an a/d ratio of 0.50
was numerically modeled. The load-displacement curves obtained from
experimental with the help of LVDT and numeric model were compared to each
other (Figure 3-70). In addition, the estimated crack pattern was given in Figure
3-71.
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Figure 3-70 Load Displacement Curves (a/d = 0.50)
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Figure 3-71 Estimated Crack Pattern (a/d = 0.50)

The stirrup spacing in the geopolymer beam was taken as 100 mm, and the
geopolymer shear beam with a shear span of 250 mm and an a/d ratio of 1.00
was numerically modeled. The load-displacement curves obtained from
experimental with the help of LVDT and numeric model were compared to each
other (Figure 3-72). In addition, the estimated crack pattern was given in Figure
3-73.
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Figure 3-72 Load Displacement Curves (a/d = 1.00)
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Figure 3-73 Estimated Crack Pattern (a/d = 1.00)

The stirrup spacing in the geopolymer beam was taken as 100 mm, and the
geopolymer shear beam with a shear span of 390 mm and an a/d ratio of 1.65
was numerically modeled. The load-displacement curves obtained from
experimental with the help of LVDT and numeric model were compared to each
other (Figure 3-74). In addition, the estimated crack pattern was given in Figure

3-75.
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Figure 3-75 Estimated Crack Pattern (a/d = 1.65)

The estimated values of the ultimate displacement, maximum force capacity,
energy and initial stiffness obtained for all shear-critical beams are shown in
Table 3.18. The load-displacement curves are very similar to the experimentally
obtained ones. The estimations of the numerical model for all specimens had an
error of 2.96%, 2.98% and 0.86% for a/d = 0.50, 1.00 and 1.65, respectively. The
initial secant stiffness values matched the experimental stiffness values with a
maximum margin of error of 15% for shear beams. The energy absorption
capacities of beam specimens were also calculated based on the area under the
load-displacement graph. The energy absorption capacities obtained from the
numerical models matched the experimental values for all shear beams with a
maximum error rate of 7.29%.

Table 3-18 Summary of Numerical Estimations (Shear-critical beams)

Max 13.508  160.672 1.379 17377.5
Perc. Error  2.615 2.146 4.312 4.266

Max 18.909  172.994 2.151 17836
Perc. Error 2976 -0.339 7.29 -15.069

Max 13.96 98.531 0.917 14185.19
Perc. Error  0.863 -0.919 4.957 -13.523
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The estimated values of the ultimate displacement, maximum force capacity,
energy and initial stiffness obtained for all flexural-critical beams are shown in
Table 3.19. The load-displacement curves are very similar to the experimentally
obtained ones. The estimations of the numerical model for all specimens had an
error of 6.58%, -4.98% and -1.06% for a/d = 0.50, 1.00 and 1.65, respectively.
The initial secant stiffness values matched the experimental stiffness values with
a maximum margin of error of 12% for shear beams. The energy absorption
capacities of beam specimens were also calculated based on the area under the
load-displacement graph. The energy absorption capacities obtained from the
numerical models matched the experimental values for all shear beams with a
maximum error rate of 4.81%.

Table 3-19 Summary of Numerical Estimations (Flexure-critical beams)

Max 13.183 215.970 1.783 23479.649
Perc. Error 6.580 0.394 4.806 4.963

Max 14.273 164.560 1.440 17850.572
Perc. Error -4.983 4.048 -2.746 -5.313

Max 36.067 111.013 3.088 14342.509
Perc. Error -1.060 -5.685 4.424 -12.401
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The first use of Lightweight Aggregate Concrete (LWAC) dates back to 3000 BC.
It is estimated that the first place of use was the Indus Valley. Its use as a building
material in Europe appears in the Romans period in the 2000 BC. Today, it
continues to be used for various purposes almost all over the world. Chandra et
al., (2002) stated that LWAs, which make concrete light, were limited to materials
obtained by natural means in the early days and that these materials were of
volcanic origin such as pumice, scoria, tuff. With the increasing demand for
lightweight concrete around the world, the use of fabricated aggregates, as well
as natural-origin aggregates, began to become widespread.

The mechanical and chemical properties of the aggregate depend entirely on the
characteristics of the raw material from which the aggregate is produced and the
production methods. Concrete is generally thought to be a durable, rigid and
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heavy material when the purpose of use is considered, but when the purpose of
use changes, its color, strength and density can change. If we talk about the
LWAC used in Pumice aggregate, it has a lighter and more porous structure than
a normal concrete. Its biggest advantage is thermal insulation. While it is
necessary to use normal concrete and thick walls to provide thermal insulation, it
is possible to apply the same insulation with thinner walls when LWAC is used.
This is one of the biggest benefits LWAC provides today (Yu et al., 2015; Chandra
& Berntsson, 2002).

LWAC is still being researched and developed today. The applications of LWAC
are not limited to insulation. It is used in structures in contact with liquids such as
offshore structures, long bridges, or used in high-rise buildings. Loudon et al.,
(1979) studied the thermal properties of LWC. He reported that the concrete's
density and moisture content are the main factors affecting the thermal
conductivity. It has been determined that the aggregate used has an effect up to
25% on the thermal conductivity value of the concrete under similar density
values.

Wasserman and Bentur et al., (1996) discovered that both the physical and
chemical properties of the aggregate used to produce lightweight concrete affect
the strength of the concrete due to the processes occurring in the interfacial
transition zone of the concrete. Demirboga and Gul et al., (2003) conducted
various studies on the thermal conductivity and compressive strength of mineral
reinforced expanded perlite aggregate concrete. After their experiments using
silica fume and fly ash instead of cement, they observed that the thermal
conductivity decreased to 15% and the compressive strength to 30%. TY Lo et
al., (2007) conducted experiments on the strength of lightweight aggregate in
terms of pipe strength. They revealed that the aggregate strength of LWCs is not
directly related to the size (diameter) of the aggregate but is somehow related to
the density of the aggregate.

In the various studies described above, we can see that the types of materials
used and both the mechanical and chemical properties of these materials are
examined. In particular, the results obtained in many thermal experiments show
variations (Bogas et al.,2013). Some design methods have been proposed for
lightweight concretes but most of them are based only on experimental results
for a particular type of concrete and they depend on the specific properties of the
selected materials, particularly the LWA type. (Grubl et al., 1979; Chandra &
Berntsson, 2003)

The main focus of the current studies is the development of Ultra-Lightweight
Concrete (ULWC), which has more advanced mechanical and chemical
properties than LWC. In other words, it maintains the high strength expected from
concrete, while at the same time it has more advanced thermal properties. The
developed ULWC is a suitable product for a monolithic building. If it has high
strength to be used in the carriers of the building, it will also eliminate the cost of
making an extra insulation for the building. It provides a chance for more flexibility
for those who design the building (Yu et al., 2013). Recently, in the production of
ULWC, aggregates such as expanded recycled glass or micro silica have been
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added to the concrete mix to produce building materials with the desired
properties (Schlaich & Huckler, 2012). The dimensions of this glass or silica used
are such that they replace sand and gravel in normal concrete. About 60% of the
total volume is retained in small hollow particles. Concrete with a thermal
conductivity of A = 0.14 W/(mK) can be obtained with a relatively high
compressive strength of about 10 N/mm?.

Perlite is a siliceous volcanic glass, which is made from pumice, has a glassy
form of rhyolitic or dacitic magma and includes 2-5% water. The commercial
product, known as expanded perlite, is made by heating the material to 760—
1100°C, which converts the material's native water to vapor and causes it to
expand to 4-20 times its original volume while producing lightweight high-porosity
aggregates (Celik et al., 2013; Harben & Bates, 1990). Expanded perlite is the
porous and light structure that results from this expansion. During expansion, the
water in its structure, which is between 2% and 6%, evaporates. Perlite bursts
when water is removed, resulting in its porous and light structure. It is chemically
stable in nature since it does not include nitrates, phosphate, sulfates, heavy
metals, or organic compounds (PS, 2019). Perlite is a material that can be used
for insulation purposes in buildings, as it is a porous, light, fire-resistant and
moisture-retaining material that provides sound and heat insulation (Topgu &
Isikdag, 2007). Due to low density and lightweight properties of expanded perlite,
it is suitable to produce lightweight concrete by utilizing that porous aggregate as
a constituent (Sengul et al., 2011).

Sengul et al., (2011) investigated the effect of expanded perlite on the mechanical
properties and thermal conductivity of lightweight concrete. The purpose of the
study was to provide more data on the effects of expanded perlite on the
mechanical properties and thermal conductivity of lightweight concrete. Mixtures
were created in the experimental program by partially substituting natural
aggregate with expanded perlite, resulting in unit weights of lightweight concretes
in the fresh form ranging from 700 to 2000 kg/m3. The compressive strength and
modulus of elasticity decreased as perlite content increased, according to basis
of empirical evidence. Water absorption and sorptivity coefficient, on the other
hand, increased when perlite content rise. Also, the test results indicated that
using perlite improves thermal conductivity significantly and that there is a strong
link between thermal conductivity and unit weight.

Jedidi et al., (2015) carried out this study to provide additional information about
the impact of expanded perlite aggregate (EPA) dosage on the compressive
strength and thermophysical characteristics of lightweight concrete at various
ages. After choosing the proper mixing procedure for expanded perlite concrete
(EPC), cubic and parallelepiped specimens were prepared at w/c ratio of 0.7 with
different replacement percentages of sand by EPA varying from 0% to 80% by
volume of sand. Over the period of the curing process, compressive strength,
thermal conductivity, and thermal diffusivity were measured. The produced mixes
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had unit weights ranging from 560 to 1510 kg/m3. When the perlite content was
raised, researchers observed that the compressive strength was reduced. The
test results showed that using EPA instead of natural aggregate boosted the
lightweight concrete's thermal resistance and, as a result, improved thermal
insulation.

Oktay et al., (2015) performed an experimental investigation for producing new
cement-based with relatively high strength, low density and good thermal
properties for energy efficient buildings. Within the scope of this research, various
types of concretes containing silica fume (SF), superplasticizer (SP), and air-
entrained admixtures are prepared with a constant water—cement ratio, and
normal aggregates are replaced with lightweight aggregates (LWASs) such as
pumice (PA), expanded perlite (EPA), and rubber aggregates (RA) at different
volume fractions of 10%, 20%, and 30%. It is concluded that the addition of PA,
EPA, and RA to the composite concretes reduced the bulk density and
compressive strength of the material while improving the insulating properties.

Pumice is a type of lightweight aggregates that has been used in building for
centuries. The outflow of gases from cooling magma during volcanic activity
creates tiny hollow spaces, resulting in the porous structure of pumice (Parhizkar
et al., 2012). It's a granulated version of a natural lightweight aggregate with a
sponge-like structure. Pumice has numerous pores, from macro scale to micro
scale, due to the sudden outflow of the gases in its body and its rapid cooling
during its formation (Kogyigit, 2016). Furthermore, due to semi-open or closed
pores, there is no link between poor permeability and pores, hence heat and
sound are well insulated in rocks (BSD, 2006).

Volcanic activity produces two types of pumice: acidic and basic pumice. Acidic
pumice and basic pumice are the two types. Gunduz et al. (1998) name basic
pumice basaltic pumice or scoria. Basic pumice has a grain density of more than
1.0 g/cm?® in most cases. Brownish to red, dark gray to black are some of the
colors available. In basic character pumice, the SiOz2 ratio is less than 50% and
the Fe20gs ratio is larger than 5% in general. The most common and widely utilized
variety of pumice on the planet is acidic pumice, which is lighter than basic
pumice and has a particle density of less than 1.0 g/cm?3. In acidic pumice, the
SiOz ratio is greater than 50 and the Fe20s ratio is less than 3% (Davraz, 2001).

Its hardness is 5 to 6 on the Mohs scale. Chemically, silica content of up to 75%
can be found. General chemical composition of pumice; It consists of 60-75%
SiO2, 13-17% Al203, 1-3% Fe203, 1-2% CaO, 7-8% Na20 - K2O and trace
amounts of TiO2 and SOs. The ratio of SiO2 contained in the rock gives the rock
abrasiveness. Due to this feature, it can exhibit a chemical structure that can
easily corrode steel. Al2Os composition, on the other hand, provides high
resistance to fire and heat. Na2O and K20 are known as minerals that give
reaction properties in the textile industry.

D3.3 Intermediate integrated report about the new circular
building prototypes

145



Every year, 19.6 Mt of volcanic pumice (VP) is mined worldwide, with Turkey
continuing to be the leading producer at 4.2 Mt each year (Crangle, 2010). Italy,
Chile, Ecuador, Ethiopia, France, Germany, Greece, Spain, and the United
States are the other prominent countries. Pumice concrete accounts for around
3% of total lightweight concrete usage in Europe, with Germany accounting for
70% of total consumption.

Pumice is employed in a variety of industries, including building, textiles,
chemistry, agriculture, and health (Glnduz et al., 1998). It finds a wide range of
applications in the construction and building industry due to superior properties
such as low unit volume mass, high heat and sound insulation, air conditioning,
easy plaster adhesion, excellent acoustic properties, elasticity against
earthquake loads and behaviours, and being more cost-effective than
alternatives (Sezgin vd., 2005).

Pumice aggregate may be found in a variety of locations across the world where
volcanoes have existed. Pumice aggregates combined with Portland cement and
water create a lightweight thermal and sound insulating, fire-resistant lightweight
concrete for roof decks, lightweight floor fills, insulating structural floor decks,
prefabricated or in-situ curtain wall systems, pumice aggregate masonry blocks,
and a variety of other permanent insulating applications (Ugur et al., 2003).

Hossain, K. M. A., (2004) investigated the suitability of using volcanic pumice
(VP) as cement replacement material and as coarse aggregate in lightweight
concrete production. Tests were carried out on cement by substituting O percent
to 25% of cement by weight and on concrete by replacing 0 percent to 100% of
coarse aggregate by volume in accordance with this purpose. The physical and
chemical properties of VP are examined in order to assess their potential impact
on cement and concrete in both the fresh and hardened states. The VP concrete
has sufficient strength and density to be regarded as structural lightweight
concrete, according to the results. The VPC, on the other hand, has a lower
modulus of elasticity and higher permeability and early surface absorption than
control concrete.

Uysal et al., (2004) carried out a study to examine the effects of different cement
dosages, slumps, and pumice aggregate ratios on the thermal conductivity and
density of concrete. Thermal conductivity coefficients of different concrete
mixtures containing pumice aggregate (PA) and normal aggregate were
measured within this study. 5%, 50%, 75%, and 100% pumice ratios were
substituted to normal aggregate by volume, 200, 250, 350, 400 and 500 kg/m3
cement dosages,and 3+ 1,5+ 1, and 7 £ 1 cm slumps were used to determine
the effect of PA ratio, different cement dosage, and slumps on the thermal
conductivity of concrete. The results of the tests show that PA reduced the density
and thermal conductivity of concrete by up to 40% and 46%, respectively. The
density and thermal conductivity of the concrete increased as the cement dose
was increased in the combinations. Slump had a variable effect on density and
thermal conductivity.
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Hossain, K. M. A., (2011) studied mechanical and durability characteristics of
lightweight concrete incorporating pumice based blended cement and aggregate.
The development of lightweight volcanic pumice concrete (VPC) utilizing pumice-
based ASTM Type | blended cement (PVPC) and aggregates is presented in the
study (both coarse and fine). Fresh and mechanical characteristics of VPC mixes,
such as slump, air content, compressive strength, tensile strength, density, and
modulus of elasticity are examined. The addition of PVPC to VPC mixes had the
positive effect of decreasing drying shrinkage and water permeability. Because
of the formation of a high-quality interfacial paste-aggregate transition zone and
the gradual internal curing in VPCs, the presence of coarse/fine/both VPA is also
linked with reduced permeability. It is concluded that the development of low-
cost, environmentally friendly VPC with adequate strength and durability
properties might be highly beneficial for the long-term building and restoration of
volcanic catastrophe regions all over the world.

Another concrete that is in the foreground with its lightness and insulation feature,
which is unusual in use, is Foam Concrete. It is a cement-based mortar produced
by adding at least 20% foam per volume to the concrete mortar (Valore.,1954).
Although it is called foam concrete, coarse aggregate is generally not used in its
production. In fact, it would be correct to call it a mortar. Density of foam concrete
generally takes values between 400 kg/m?3 and 1600 kg/m3. One of the most
important factors that keeps the density at the desired level is the amount of fine
aggregate. This amount is controlled by replacing it with foam. Foam concrete,
like other lightweight concrete structures, is suitable for use in various building
elements for insulation purposes. Thanks to the energy savings it provides, it
offers economic and environmental solutions. Although it was seen for the first
time in the world in the early 1920s in practice (Mindess., 2019), it is used in
almost all countries today, especially as a filler class in buildings and road fillings
(Tarasov et al., 2010; Mydin et al., 2011). Especially when we look at the last 20
years, higher quality superplasticizers and high-performance foaming agents that
have been put on the market have allowed foam concrete to be used on even
larger scales. Many studies have also been carried out to examine the properties
and behavior of foam concrete.

Based on all the examinations made with foam concrete, we can say that the
focus is not on the strength properties of foam concrete, but on the properties of
its internal structure. The foam stabilization mechanism, which is tried to be
provided in concrete, provides a uniform structure for the hardening process as
well as providing a smooth geometry in the internal structure of the concrete.
Although various tests have been carried out for the lowest density and highest
strength, there is no standard method to determine the material mixing ratios for
foam concrete. The parameters as the type of foam material used in the
production of stable foam concrete, the proper distribution of the air bubbles
created in the concrete, the preparation method of the foam material are decisive
on the characteristics of foam concrete. In order to create a porous and hollow
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structure in the concrete, it is appropriate to partially replace the cement with fly
ash or silica fume or to use lightweight aggregates with low hydration heat. Thus,
the amount of foaming agent used in the concrete will also be reduced (Weigler
and Karl.,1980).

Activities that can be done in order to improve the material in the coming period
can be listed as trying to examine the engineering properties of foam concrete
(such as Poisson's Ratio, Modulus of Elasticity) more appropriately for concrete
design, and to increase the fire resistance it has shown compared to conventional
concrete. In order to improve its mechanical properties, detailing the properties
of fiber-reinforced concrete, developing superplasticizers that do not have a
negative effect on the stability of the foam and the non-decomposition of the
mixture are also among the studies to be done (Amran et al.,2015).

Within the scope of the ICEBERG study in subtask 3.3.3, eco-hybrid cement was
used for the development and optimization of Ultra-lightweight non-structural wall
elements. The chemical and physical properties of eco-hybrid cement were given
in the previous section.

Perlite aggregate with two different grain sizes (2-6 mm thick and 1-3 mm fine)
was procured from a local supplier in Ankara. Images of perlite aggregate are
presented in Figure 4-1.
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Figure 4-1 Images of the coarse and fine perlite aggregate (a) coarse fraction, (b) fine fraction

The pumice used in this study was purchased from a local supplier in Ankara.
The pumice aggregate used was divided into two phases as fine and coarse
according to the particle size. The grain size of the fine pumice aggregate was
between 3-7 mm, while the grain size of the coarse pumice aggregate was
between 10-15 mm. Images of pumice aggregate are presented in Figure 4-2.

(b)

Figure 4-2 Images of the coarse and fine pumice aggregate (a) coarse fraction, (b) fine fraction

Since the properties of the recycling aggregates used in the mixtures within the
scope of the study were presented in the previous sections, no additional
information was given in this section.

A foaming agent, such as a surfactant or a blowing agent, is a substance that
aids in the creation of foam and defined as air entraining agent. When present in
tiny amounts, a surfactant lowers a liquid's surface tension and reduces the
amount of effort required to make foam. The gaseous portion of the foam is
formed by a blowing agent, which is a gas. When foaming chemicals are added
to the mix water, discrete bubble cavities form, which can be then integrated into
the cement or geopolymer paste.

There are two types of foaming agents: synthetic and protein foaming agents.

Synthetic foaming agents are appropriate for densities of 1000 kg/m? and higher,
while protein foaming agents are ideal for densities of 400 kg/m?3 to 1600 kg/m3.
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Animal proteins from horn, blood, cow bones, and other animal carcass remnants
are used to make protein-based foaming agents. Chemicals are used to make
synthetic foaming agents. Under sealed circumstances, synthetic foaming agents
have a shelf life of roughly a year (Wan Ibrahim et al., 2015).

In this project, MasterRoc® SLF 30 was used as a foaming agent. A stable foam
was formed by expanding the aqueous solution of the foaming agent with the
help of air. This foaming agent can be used with a foam generator as well as
foam can be created manually with the help of this agent. Technical properties of
foaming agent are presented in Table 4.1.

Table 4-1 Technical properties of the foaming agent

Technical Properties

State Liquid
Color Colorless
Density (kg/m?3) 20°C 1035-1045
Viscosity (mPa.s) 20°C 100
pH (5% solution) 20°C 6.5-7.5
Solubility in Water 100%

While determining the design criteria of the mixtures, in first stage, it was aimed
to evaluate the effect of perlite and pumice as lightweight aggregates on the
density of the system. In this context, a control mixture containing only RCA was
produced and the density changes of the mixtures were measured by performing
different combinations of lightweight aggregate substitutions. At the same time,
the effects of cement dosage and aggregate usage rate on the density of the
system were investigated, as well. The steps of the procedure carried out to
produce the said mixtures are as follows:

1. Weighing of dry elements of mixtures at specified rates

2. Mixing the weighed in dry condition with the mortar mixer for 60 seconds to
ensure homogeneity

3. Adding the specified amount of water to the dry mix and mixing all the
ingredients for 240 seconds

4. Determination of fresh densities of mixtures by placing them in molds and
determining their fresh weight

5. After keeping the mixtures at ambient conditions for 24 hours, they are taken
out of the molds and then left to cure under ambient conditions until the day
when the relevant tests are performed
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In the studies carried out to produce Ecohybrid cement-based ultra-lightweight
non-structural wall elements, samples were produced using 15x15x4 cm molds
in order to determine the fresh densities and thermal properties of the mixtures.
All produced mixtures were cured under ambient conditions. Visuals of molds and
a representative visual of the casted mixture are shown in Figure 4-3.

Figure 4-3 Image of the used molds for production of samples

As part of the preliminary studies carried out to produce ultralight non-structural
wall elements, fresh density measurements of the mixtures were carried out
according to the ASTM C138 standard. In this context, immediately after the
mixtures were produced, they were placed in the mold whose weight was
determined before, and fresh densities were calculated by the weight obtained.

After the ultralight non-structural wall elements were produced, tests were
performed on the samples with the LINSEIS HFM300 heat transfer coefficient
measuring device and the thermal conductivity value was determined for each
sample from the mixtures that were considered to have low fresh density. The
technical specifications of the LINSEIS HFM300 device used are given in Table
4.2. The LINSEIS Heat Flow Meter provides a fast and easy-to-use hardware for
determining the thermal conductivity properties of low thermal conductivity
insulation panels as well as all other panels with high accuracy. The device is
designed in accordance with ASTM C518, JIS A1412, ISO 8301 and DIN 12667
standards. The measurement principle is to place a sample between a hot and
cold plate and measure the heat flow (LINSEIS Thermal Analysis, 2018). While
the thermal conductivity tests are being completed, the upper plate is operated at
30 °C and the lower plate at 10 °C. After the sample is placed between the plates
in the device, the thermal conductivity of the sample is measured.
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Table 4-2 LINSEIS HFM300 device specifications

Parameter Unit

Model type HFM300/1
Temperature range of plates 0 - 40°C

Cooling System Compressed Air
Plate Temperature Control Peltier

Data Measurement Points 1

Sample Size 150x150x40 mm

Thermal Resistance Measurement Range 0.1 - 8.0 m2K/W
Thermal Conductivity Measurement Range 0.001 - 2.5 W/m.K

Repeatability 0.25%
Accuracy +1-3%
Variable Contact Pressure 0.25 kPa

In this report period, it is planned to measure the noise reduction levels of the
mixtures produced within the scope of the production of ultralight non-structural
wall element as a result of reaching the targeted density and thermal
performances. For this reason, the sound insulation performances of the mixtures
were not evaluated in this reporting period.

All the results and discussion of the preliminary studies carried out within the
scope of the project are presented in the sub-titles of the current section.

Within the scope of the studies carried out for the production of ultra-lightweight
non-structural wall elements, in the first stage, the main focus was the production
of mortar mixtures in which Ecohybrid Cement forms the binder phase, and
different types of lightweight aggregates were used. The density of the matrix was
tried to be reduced by substituting perlite and pumice aggregates as lightweight
aggregates with recycling concrete aggregate (RCA). In addition, to reduce the
density of the system, another option, foam produced by foaming agent, was
included in the system. Detailed mixing ratios are presented in Table 4.3. As seen
in the table, in the first stage, a base mixture was prepared by adding 10% of the
total aggregate content of perlite aggregate to the mixture whose aggregate
phase consists of fine and coarse RCA. Then, based on this mixture, mixtures
with varying cement dosage, perlite amount and water/binder ratio were derived.
The visuals of the produced samples are presented in Figure 4-4.

i C eb e rg building prototypes
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Table 4-3 1t group samples produced within the scope of preliminary studies

Mix Mix Mix Mix Mix Mix Mix Mix
1.1 1.2 1.3 1.4 15 1.6 1.7 1.8

Cement (g) 400 500 621.6 621.6 400 350 300 @ 250

Water (g) 280 @ 400 @ 350.8 340.8 340 @ 310 | 310 270
Perlite (g) 104 200 112 143 200 250 250 282
Pumice (g) 0 0 0 0O 334 350 400 O
FineRCA(g) 367 O 367 0O 0 0 0 0
(c(;;arse RCA 55, 0 552 0 0 0 0 0

Water/Binder 0.7 08 056 055 085 113 0.89 1.08

Figure 4-4 Images of the 15t group samples produced within the scope of preliminary studies

Density Measurement

The fresh-dry density values of the produced samples are presented in Figure 4-
5. When Mix 1.1 and Mix 1.2 are compared, the final density change seen as a
result of the density differences of two different aggregates is clearly seen by
using perlite instead of RCA. When Mix 1.1 and Mix 1.3 are compared, as a result
of the substitution of perlite to RCA, the increase in cement dosage and the
decrease in the water/binder ratio caused a relative increase in the density. For
the same cement dosage and water/binder ratio, the effect of the combination of
RCA and perlite aggregate in the system and the use of only perlite aggregate
on the density can be seen with a noticeable decrease in Mix 1.4 compared to
Mix 1.3. Although it is thought that increasing the cement dosage in order to
ensure the mechanical performance of the system and its stability in the
hardened state increases the density values (Altun & Aktas, 2013), Mix 1.2 and
Mix 1.4 showed almost the same density values. In the Mix 1.5 mixture, a perlite-
pumice combination was used instead of the RCA-Perlite combination compared
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to the Mix 1.1 mixture, and a notable change in the density values could not be
obtained. Mix 1.6 and Mix 1.7 mixtures were produced by reducing the cement
dosage of Mix 1.5 in order to reduce the density by decrease the cement dosage.
As the water/binder ratio reached very high levels in the Mix 1.6 mixture, the
mixture could not provide sufficient stiffening as a result of the hydration reactions
and could not be removed from the mold. However, as a result of decreasing the
water/binder ratio in the Mix 1.7 mixture and ensuring that the excess water of
the mixture saturates the aggregates with the increased aggregate ratio, the
mixtures reached the hardness that could come out of the mold, but weight
measurement could not be performed due to the broken pieces. Mix 1.8, as the
equivalent of Mix 1.7, which contains only perlite and has a lower cement dosage,
has the lowest fresh and dry densities obtained in the preliminary studies.
Although it is observed that the fresh and dry density for Mix 1.8 has decreased
significantly in general, the failure of the sample to preserve its integrity reveals
the necessity of various revisions in the mixing parameters.

2000
1800

Density (kg/m?)
=
8

0 ' ' r r
Mix1.1 Mix1.2 Mix1.3 Mix1.4 Mix1.5 Mix1.6 Mix1.7 Mix1.8

-o—=Fresh density -m=Dry density

Figure 4-5 Density values of the 15t group samples produced within the scope of preliminary studies

No thermal analysis tests were carried out for the 15t group mixtures produced
within the scope of the preliminary studies carried out for the production of ultra-
lightweight non-structural wall elements. Failure to reach the desired density
levels of the mixtures in question is the main factor in performing thermal analysis.
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Mixtures Produced with High Dosage of Foam Agent

In the second stage of the preliminary studies carried out for the production of
ultra-lightweight non-structural wall elements, the mixtures were continued by
using only perlite aggregate in the light of the data obtained from the 15t group
samples. In order to reduce the densities of the mixtures effectively, foam
concrete was produced at this stage. While preparing the mixtures, cement and
water were mixed in the first stage, then the foaming agent was mixed with 1 liter
of water with a drill at certain dosages and added to the cement paste. Finally,
the mixture was completed by adding perlite aggregate to the system. In the 2"
group samples, the foaming agent ratio was chosen as 2.5% by weight for 1 liter
of water in the first stage. The mixing ratios of the produced mixtures in first stage
are presented in Table 4.4. Also the visuals of the mixtures are given in Figure 4-
6. The analysis of the densities of the produced mixtures is detailed in a sub-title.

Table 4-4 First part of the 2" group samples produced within the scope of preliminary studies

Mix 2.1a Mix 2.2a Mix 2.3a Mix 2.4a Mix 2.5a Mix 2.6a Mix 2.7a
Cement () 700 500 500 500 500 500 500
Water () 350 250 250 200 200 200 200
Perlite () 50 50 75 75 50 100 100
Foam (L) 15L 3L 15L 45L 57L 3L 3L
Water/Binder 0.5 0.5 0.5 0.4 0.4 0.4 0.4

Figure 4-6 Images of the 2" group samples produced with the foam generated by 2.5% foaming agent

Density Measurement

155



D3.3 Intermediate integrated report about the new circular

Q;rﬁ‘jﬂceberg building prototypes

ircular Economy of

/
e’ Building Materials

The second group of studies started with Mix 2.1a that has 0.5 water/binder
content and 0.07 weight perlite content based on cement, and a fresh density
value below 800 kg/m? was obtained with this mixture (Figure 4-7). Then, density
reduction was made by decreasing the cement dosage and increasing the foam
usage rate in the said mixture (Mix 2.2a). However, this mixture was shattered
when demolding due to inadequte stiffness of the matrix. Considering that this
situation is related to the inefficient hydration of the matrix due to the high rate of
foam usage, the amount of foam was brought to the same level as Mix 2.1a and
the perlite usage rate was increased from 0.10 to 0.15 (Mix 2.3a). Although the
density value of the mixture in question decreased against Mix 2.1a, a higher
density value than Mix 2.2a was obtained and the material was severely
segregated due to low hydration and could not be removed from the mold. In Mix
2.4a, the water/binder ratio was reduced to 0.4 and the amount of foam usage
was increased. It has a stiff and stable form, however the density of Mix 2.4a was
quite high compared to other mixes. In Mix 2.5a, the perlite usage rate was
reduced, and the amount of foam was increased to 5.7 L. As a result of these
modifications, a significantly lower density was obtained compared to Mix 2.4a.
Starting from this point, two mixtures with higher perlite content were produced
with different densities of the produced foam and the effects of the density of the
foam were investigated (Mix 2.6a-2.7a). The lower density foam at the top of the
foam produced in a different container was used for Mix 2.6a, and the higher
density foam at the bottom of the foam was used for Mix 2.7a. Although the
density of the mixture produced with low density foam was reduced to lower levels
(even the lowest density among all mixtures) compared to that produced with
high density foam, neither sample had the stiffness that could be removed from
the mold.
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Figure 4-7 Density values of the 2" group samples produced with the foam generated by 2.5% foaming
agent
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Thermal Analysis

No thermal analysis tests were carried out for the first part of 2" group mixtures
produced within the scope of the preliminary studies carried out for the production
of ultra-lightweight non-structural wall elements. Despite the fact that some of the
mixtures in question can reach the desired density levels, their inability to
maintain their shape stability is the main factor in thermal analysis.

Mixtures Produced with Low Dosage of Foam Agent

Unlike the previous part of the study, in this part, the dosage of the foam agent
was reduced to 0.5% by weight in 1 liter of water, and a more stable foam was
tried to be produced, and the produced foam was directly added to the mixtures
instead of water. The mixture proportions and visuals of related mixtures are
given in Table 4.5 and Figure 4-8, respectively.

Table 4-5 Second part of the 2" group samples produced within the scope of preliminary studies

Mix 2.1b Mix 2.2b Mix 2.3b Mix 2.4b Mix 2.5b Mix 2.6b Mix 2.7b
Cement (g) 500 350 500 300 300 500 750
Water (g) 0 0 0 0 0 0 0
Perlite (g) 100 125 100 125 125 125 100
Foam (L) 3L 45L 45L 2L 3L 45L 45L

Mix 2.2b

Mix 2.3b

Mix 2.4b

Figure 4-8 Images of the 2nd group samples produced with the foam generated by 0.5% foaming agent
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To investigate the direct inclusion of the produced foam into mixtures instead of
the water, as in the previous section, a base mix containing 500 g of Eco-hybrid
cement and 100 g of perlite was produced using 3L foam at the first stage (Mix
2.1b). These mixtures had a fresh density below 620 kg/m? and dry density below
580 kg/m3. In order to further reduce the mixing density of Mix 2.1b, the cement
dosage was reduced, and the amount of perlite was increased, and the fresh and
dry density were reduced below 410 kg/m? and 300 kg/m?3, respectively (Mix 2.2b)
(Figure 4-9). However, due to the fact that the produced samples are open to
degradation in hardened state, Mix 2.3b mixture was produced by increasing the
foam amount to 4.5 L by keeping the cement dosage and perlite amount similar
to Mix 2.1b. As a result, the density values of Mix 2.3b mixture decreased
compared to Mix 2.1b, fresh density was decreased below 520 kg/m3 and dry
density was lowered below 420 kg/m3. Although Mix 2.3b has low-density values,
the mixture was prone to deformation after hardening; thus, trying different
options became necessary. For this reason, the Mix 2.2b mixture, which has a
very low density, was reproduced with various modifications. At this point, the
cement dosage was slightly reduced and Mix 2.4b, the version of Mix 2.2b
produced with less foam, was produced. Although the mixture in question was
stiffer than Mix 2.2b, its density was higher due to the reduced amount of foam.
Mix 2.5b, produced by increasing the foam utilization rate of Mix 2.4b, exhibited
the highest density results. In the ongoing studies, versions with more perlite (Mix
2.6b) and higher cement dosage (Mix 2.7b) were produced based on Mix 2.3b.
Although lower densities were obtained for these two mixtures compared to Mix
2.3b, the mixtures could not reach the stiffness to be removed from the mold.
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Figure 4-9 Density values of the 2" group samples produced with the foam generated by 0.5% foaming
agent
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No thermal analysis tests were carried out for the second part of 2" group
mixtures produced within the scope of the preliminary studies carried out for the
production of ultra-lightweight non-structural wall elements. Despite the fact that
some of the mixtures in question can reach the desired density levels, their
inability to maintain their shape stability is the main factor in thermal analysis.

In the final stage of the preliminary studies, unlike the other stages, the foam was
produced by incorporating the foaming agent directly into the cement paste at a
certain dosage, instead of being produced separately from the mixture. The
proportions of mixtures are presented in Table 4.6, and visuals of mixtures are
shown in Figure 4-10.
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Table 4-6 3" group samples produced within the scope of preliminary studies

Mix 3.1 Mix 3.2 Mix 3.3 Mix 3.4 Mix 3.5 Mix 3.6 Mix 3.7 Mix 3.8 Mix 3.9 :';’“1’(‘) g’“lxl
g;me”t 500 500 500 @ 500 @ 600 @ 500 @ 500 @ 750 | 500 & 500 | 500
Water () 750 250 250 @250 @ 250 150 200 @ 250 @ 250 250 = 250
Coarse 200 = 100 75 100 100 75 100 100 625 75 -
Perlite ()
Fine
Perlite (g) - ) ) ) ) ) ) 62.5 ) [
150 o w150 9 W150 g W150 g W150 g W150 g W150 g W150 g W100 g W 50 g W 150 g W
Foam 9 +29g +2g +2g +2g +2g +2g +3g +2g +2g +2g¢g
+59gFA
FA FA FA FA FA FA FA FA FA FA
Super-
plasticize 0 5 0 0 0 5 2.5 5 0 2.5 0
r
‘é‘ﬁtdeeri 150 050 050 050 050 030 040 033 050 050 050

Note: W represents water and FA represents foaming agent.

Figure 4-10 Images of the 3™ group samples produced within the scope of preliminary studies
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As stated above the foaming agent was directly added to mixtures in this stage
and process was conducted for specimen preparation of Mix 3.1 as followed; the
water/binder ratio of 1.5 was chosen for Mix 3.1, after the cement was mixed with
the required water, the foaming agent was mixed with 150 g of water and included
in the mixture. Perlite aggregate was added to this mixture at the last step and
this procedure was followed in all mixtures. For some mixtures, superplasticizer
was added to increase the workability. While a very low fresh density below 310
kg/m3 was obtained for this mixture, dry density measurements could not be
performed due to the degradation of the mixture (Figure 4-11). Mix 3.2 mixture
produced with lower water/binder and lower perlite usage ratio had a stiffer
structure and higher density compared to Mix 3.1. In Mix 3.3, the perlite usage
rate was further reduced and a decrease in density values was obtained. The
effect of cement dosage was investigated in Mix 3.4 and Mix 3.5 mixtures and
although the density of Mix 3.5 increased, it could not provide sufficient stiffness
unexpectedly. Due to the fragile structure of Mix 3.4, Mix 3.5 was produced by
reducing the amount of water and perlite, but similar results were obtained. It was
planned to increase the amount of water and aggregate in the Mix 3.6 mixture to
obtain fluidity with a superplasticizer. The fresh density values obtained for this
mixture were at the targeted levels. Mix 3.7, the counterpart of Mix 3.6, produced
with higher water and perlite content and using less superplasticizer, could not
be removed from the mold, although it was at the desired level in terms of fresh
density. Cement dosage, foaming agent usage rate and superplasticizer ratio
were increased in Mix 3.8. Although a stiff and non-degradable sample was
obtained as a result of increasing dosage, the dry density could be reduced to
approximately 580 kg/m2. In Mix 3.10, which is the version of Mix 3.8 containing
less cement and perlite, the foaming agent was included in the system with less
water and the desired density values could not be reached. Finally, in Mix 3.9 and
3.11, perlite aggregate was included in the system in fine-coarse and only fine
form, but the mixtures could not maintain their shape stability.
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Figure 4-11 Density values of the 3™ group samples

As a result of this study, 30x30 cm square specimens with a maximum thickness
of 10 cm will be produced from some mixtures that have a sufficient level of
performance and meet the project requirements, and thermal conductivity
analysis will be carried out on these specimens. Thus, the effect of changing the
mixture content on the thermal conductivity properties of the samples will be
understood and will provide an idea for ongoing studies.

Within the project's scope, different types of lightweight mixture designs were
produced using the existing version of Eco-hybrid cement for the work package
aimed at producing ultra-lightweight non-structural wall elements. Since silica
aerogel, which is planned to be used for the production of Ecohybrid cement-
based ultra lightweight mixtures in the project proposal, has not yet been supplied
in this reporting period, it is planned to reduce the densities of the mixtures with
different methods. At this point, it is planned to reduce the densities of the
mixtures by using perlite and pumice aggregates in the first place. Then, foams
produced by different methods by means of foaming agent were included in the
system in order to reduce the densities of the mixtures. As a result of the
preliminary studies, the goal of reducing the densities of the mixtures produced
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below the density values given in the project proposal was successfully achieved.
In the current reporting period, thermal analyzes were carried out on certain
samples, but the soundproofing performances of the mixtures were not
examined. The outputs obtained are as presented below.

= The use of perlite aggregate instead of recycled aggregate in the mixtures
significantly reduced the density values. In addition, the decrease in cement
dosage also showed a significant effect on the decrease in density. However,
under a certain cement dosage, the system was insufficient to maintain its
stability in the hardened state.

» In the mixtures produced using foam, both fresh and dry density values were
significantly reduced. However, if the volume of foam added and the amount
of water in the system is high, it becomes very difficult to maintain the stability
of the system, and hardened mixtures degrade easily.

= As a result of the inclusion of the produced foam in the system instead of
water, the densities of the mixtures were significantly reduced, but the fact
that the produced mixtures were open to degradation after hardening
necessitated further studies.

» In the mixtures produced by mixing the foaming agent with some water into
the system, it is possible to reach lower density values with stiffer samples,
but more further studies are required to standardize this situation.

In general, studies will continue to produce stiffer, non-degradable, and
lightweight mixtures in the later stages of the project. In addition, studies will be
continued in order to examine and improve the noise reduction performance of
the mixtures in the future.
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The development of low cost and environmentally friendly products that combine
high decorative and performance qualities are remain important [1-3]. Wood-chip
concrete panels attract particular attention this regards. In many countries, the
wood industries generate waste products. The low costs and the potential
pollution from wood wastes have led to studies into the possible use of the wood
chippings as fibers in concrete.

Wood-chip concrete panels are used in several applications in the construction
industry as residential and commercial buildings such as accommodation
building, office buildings, educational institutions for interior/ exterior walls. The
benefits are, higher durability, lower maintenance cost and installation. The use
of wood-chipping as fibers in cement composites increases toughness that is
energy adsorption of materials, ductility that is enhance flexibility of the composite
and, flexural capacity together with crack resistance.

Several investigations have been performed on the evaluation of physico-
chemical properties and water absorption properties of wood-chip concrete
composites. Bouguerra et al. [4] included wood chippings (3—8 mm) in a cement
and clay matrix and tested the water adsorptivity: the macroporous wood
aggregates reduced the capillary absorption inside the material.

Tamba et al. [5] described the physico-chemical properties of the wood chippings
and the preparation procedure of this wood-based concrete, particularly the
difficulty presented by the high water absorption properties of the wood.

There is a poor bonding strength between plant fibers and cement [6-8], because
of anti -coagulant effect of dissolved substances and numerous polar hydroxyl
groups existing in plant fibers. These reasons are affected cement hydration
process and changes of volume such as dry shrinkage and wet expansion, it
caused changes of pore structure and lower mechanical properties.

The purpose of this report is to determine and evaluate the results of recycle
aggregates, eco-hybrid cement and chemical admixtures (Al;(SO,)s - Na,SiOs3)
at different ratio on flexural strength, compressive strength, and density value for
wood-chip concrete panels.
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Eco-hybrid cement was used, manufactured by CIMSA (Mersin, Turkey). The
properties and analysis of this cement is given previous chapters.

Recycle aggregate was used display a continuous grading between 0.9 and
0.075 mm (Table 4.7), obtained by BESE and manufactured by Hacettepe
University.

Table 4-7 Sieve analysis table of recycle aggregates.

. . . Cumulative
Sieves (mm) Mass Retained % Retained _ _
Retained (%) Passing (%)
0.9 1.85 1.85 1.85 98.15
0.6 20.67 20.67 22.52 77.48
0.3 38.23 38.23 60.75 39.25
0.15 21.82 21.82 82.57 17.43
0.075 9.27 9.27 91.84 8.16

Sieve Analyze Graph
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Note: Blue line is indicated lower limit; Red line is indicated upper limit; Green
line is indicated gradation of recycled aggregate

Figure 4-12 Result of sieve analysis of recycle aggregates.
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Wood Chippings

Pine wood chippings that are manufactured by TEPE BETOPAN display a
continuous grading between 3 and 6 mm width.

The physical nature of the chippings is given Table 4.8.

Table 4-8 Properties of wood-chip fibers

Properties Value
Length 5-25 mm
Width 3-6 mm
Thickness 0.3-0.4 mm

Figure 4-13 Wood-chip fibers

Chemical Admixtures

Some chemical admixtures were used in wood-chip concrete panels. Firstly,
there is aluminum sulphate (Al2(SO4)s solution that is accelerates cement
hydration. Chemical properties of this admixtures given Table 4.9.

Table 4-9 Properties of aluminum sulphate (Al2(SOa)3)

Properties Value
% Water-Insoluble Substance Amount 0.13
pH 3.5

Another chemical admixture is sodium silicate (Na,SiO3) solution that acts as
glue between cement and chip and is given chemical properties in Table 4.10.

168



D3.3 Intermediate integrated report about the new circular

3 |Cebefg building prototypes

Circular Economy of
Building Materials

Table 4-10 Properties of sodium silicate (Na;SiO3)

Properties Value
Density (at 20 C, gr/cm3) 1,377
Ph 11
Alkality 9,16
Weight Ratio (SiO2/Naz0) 3,14
Molar Ratio (SiO2/Na20) 3,2
Viscosity (at 20 C) 111
Na20(%) 8,6
SiO2 (%) 27

In this experiment, effect of different water-cement, polymer-cement, fiber-
cement ratios and have been investigated. According to experimental design, 10
different mixtures were prepared with wood chipping fiber in different amount of
recycle aggregates, cement and chemical admixtures, which had same wood
chipping fiber/chemical admixtures ratios. Firstly, three different mixtures with
recycle aggregates were prepared. 10%, 12% and 15% were used these
aggregates. Secondly, different cement ratios that were used 40%, 45%, 50%
and 55% ratios were prepared and other mixtures that includes wood chipping
fibers were used 13.3%, 16% and 20% ratios of chemical admixtures.

Table 4-11 Experimental designs and amount of materials used in mixtures

Wood- Chemical Recycle .
_ o . Eco-hybrid

Mix chipping Admixtures Aggregate
_ Cement (%)
fibers (%) (%) (%)

Mix 1 33.5 15.1 10.1 41.3

Mix 2 32.8 14.8 12 40.4

Mix 3 31.7 14.3 15 39
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Mix 4 34.2 155 10.3 40

Mix 5 314 14.2 9,4 45

Mix 6 28.5 12.9 8,6 50

Mix 7 25.7 11.6 7,7 55

Mix 8 29.5 13.3 11.2 46

Mix 9 36.8 16.6 9.2 37.5

Mix 10 44.3 20 7 28.7

In the route of production of wood-chip concrete specimens, first in order to the
moisture of the wood chipping fibers, it is dried at 140 °C and the humidity rate is
checked. The required amount of water is calculated so that the humidity of
mixtures will be 47 percent. Raw materials are weighed according to mix design.
These fibers have been mixed in concrete mixer (pan type) around thirty seconds
and then, aluminum sulphate (Al2(SOa4)) diluted with calculated water is added to
the mixture and mixed around sixty seconds. After, Sodium Silicate (Na,SiOs) is
added and mixed, Finally, aggregate and cement are added as solid ingredients

and mixed.
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Molding and Curing

Cement bonded particle boards (CPB) specimens were put in the mold and
pressed according to the following regime: 1 min — pressure rise up to 90 kg/cm?-

Figure 4-14 a) concrete mixer (pan type) b) Mixing of wood-chip c¢) Adding aluminium sulphate (Al2(SOa))
solution d) adding sodium silicate (Na_SiO3) e) Adding recycle aggregate f) Adding eco-hybrid cement

curing under pressure in hot water at a temperature of 85 °C; 24 hours. After
specimens were placed at room temperature (23,2 °C) for 10 days for continued
curing. Specimens with dimensions of 12x250x500 mm were cut three sampled
CPB for flexural and compression test.
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Figure 4-15 g) Press machine and pre-mold h) specimen before pressing i) specimen after pressing j)
water curing at 85 °C k) cure pool I) specimen

Testing
Three-point flexural test

Flexural tests of specimens have been performed in BESMAK flexural machine.
The dimensions of specimens used in three-point flexural tests are 12x50x250
mm. A specimen during three-point flexural test is shown in Figure 4-16m. The
support span is 240 mm. Load (N), deflection (mm), stress (MPa), values have
been obtained by these tests. Equation of flexural strength is given in Equation
below;

_ 3xFXL
o= 2xbxd?

In this equation,

F=load at a given point on the load deflection curve (N)
L= Support span (mm)

b= Width of test beam (mm)

d= Depth or thickness of tested beam (mm)

o= Stress in outer fibers at midpoint (MPa)

Compression test

Compression tests of specimens have been performed in Yuksel Kaya
Compression Machine from Hacettepe University. Equation of compressive
strength is given in Equation below.
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F= Maximum load before cracking of specimen (N)
Ao= Original specimen area
o= Stress in WCP panels for 4 layers (MPa)

The dimensions of specimens used in compression tests are 48x50x50 mm
specimens that is consist of four layers. A specimen during compressive strength
test is shown in Figure 4-16n.

Figure 4-16 m) Three-point flexural test machine n) Compression test machine

4.2.3 Results and discussion
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According to flexural test results, the highest flexural strengths have been
achieved Mix 1, Mix 4 and Mix 9 that have got the same ingredients
approximately, in three mixtures groups. It is observed that flexural strength
slightly decreased when recycle aggregate contents increased by 10, 12 and
15% respectively, because of weak bond between wood-chip fibers and cement
with decrease of other raw materials. Increasing the amount of cement in the
mixtures caused a decrease in flexural strength. The reason for this decrease
can be explained by the embrittlement of the mixtures with high cement ratio.
When chemical admixture was used in different ratios, the best result was found
at the rate of 16.6%. The low result of Mix 8 may be due to the weak bond
between cement and wood-chipping fiber. Flexural strength of Mix 10 had low
value because of low workability and inability to press.

Flexural strength (N/mm?)
12,0

10,1
100 =3
8,0
6,0

4,0

2,0

0,0

10,0% 12,0% 15,0% 45,0% 50,0% 55,0% 13,3% 16,6% 20,0%

Recycle Aggregate Ratio (%) Cement Ratio (%) Chemical Admixture Ratio (%)

Figure 4-17 Results of three-point flexural tests
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Different Recycle Aggregate Content
300

250
200

150

Load (N)

0,
100 10%

50 15% 12%

0,0 2,0 4,0 6,0 8,0 10,0 12,0 14,0 16,0 18,0

Deformation (mm)

e MiX-1 Mix-2 Mix-3

Figure 4-18 Flexural load-deformation curve of different recycle aggregate content.
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Figure 4-19 Flexural load-deformation curve of different eco-hybrid cement content.
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Different Chemical Admixture Content
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Figure 4-20 Flexural load-deformation curve of different chemical admixture content.
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The toughness of the specimens was assessed by measuring the area under
flexural stress-deformation curves. Results are shown in Figure 4-21. As can be
seen, increasing recycle aggregates in mixtures give rise to less tough structure
because of same result of flexural strength and the decrease in the toughness
values of the mixtures used in different cement ratios was attributed to the brittle
structure. Although a decrease in flexural strength was observed with the use of
chemical admixtures in different ratios to the mixtures, it gained a tough feature
because of the highest wood chipping fibers content of constant wood chipping
fiber/chemical admixture ratio.
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Figure 4-21 Results of toughness for flexural stress-deformation curve
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Figure 4-22 Flexural stress-deformation curve of different recycle aggregate content.
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Figure 4-23 Flexural stress-deformation curve of different eco-hybrid cement content.
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Different Chemical Admixture Content
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Figure 4-24 Flexural stress-deformation curve of different chemical admixture content.

The pressure test was carried out by putting the 4 layers of the test specimens
on top of each other and applying the force to the layered sample. According to
compressive test results, the most strength mixture has been Mix 4. Increasing
amount of cement has been decreased the compressive strength because the
interoperability of different layers decreases and load transfer is not possible as
the material becomes brittle.

However, in mixtures with different chemical admixtures content, as the content
increases, the material will behave more ductile, so different layers work like a
single layer and transfer the load to another layer properly.
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Figure 4-25 Results of compression tests

The density results of the mixtures showed that it was below the density limit
value (1350 kg/m3) determined in the project. Increasing the amount of recycling
aggregate by a small amount did not affect the density, while increasing the ratio
of chemical admixtures caused a decrease in the density values with the increase
in the amount of wood-chips due to the constant chemical admixtures/wood-chip
ratio. It was observed that the density value became constant with the increase
of cement ratio. This result may show that cement hydration is at the same levels.
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Figure 4-26 Results of density values

First, the highest flexural strengths have been achieved Mix 1, Mix 4 and Mix 9
that have got the same ingredients approximately, in three mixtures groups.
Increasing the amount of cement in the mixture result in a decrease in flexural
strength because of embrittlement of the specimens and increasing aggregates
contents caused weak bond between wood-chip fibers and cement matrix.

Second, Average toughness value trends after increasing amount of cement
ratios different from the flexural strength trends because of brittle structure. Also,
toughness results and flexural strength results are parallel. However, since the
chip/chemical admixtures ratio is kept constant with the increase of chemical
admixtures, the increase in the chip content causes results that are more
toughness value but have lower bending strength in these samples.

Third, increasing amount of cement has been decreased the compressive
strength because the interoperability of different layers decreases and load
transfer is not possible as the material becomes brittle. However, in mixtures with
different chemical additive content, as the content increases, the material will
behave more ductile, so different layers work like a single layer and transfer the
load to another layer properly.

It was observed that the density value became constant with the increase of
cement ratio. This result may show that cement hydration is at the same levels.
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Finally, the flexural, compressive strength and density values of CPB have been
high. These results show that CPB can be good choice to mechanic properties.
However, the development of the materials included in the project and the result
of other tests will be effective in producing the best of these panels.
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The crushing process of concrete waste produces recycled aggregates that are
agglomerations of the original concrete’s aggregates with adhered mortar. The
crushing process will also produce fines from the mortar, the amount being
controlled to a large extent by the strength of the original concrete, and to the
used crushing technology. New crushing technologies have been developed to
produce cleaner aggregates, i.e. aggregates with less adhered mortar. These
technologies also generate more concrete fines. These are fines consisting
mainly of hydrated cement paste and sand, i.e. old mortar. The fraction of
adhered mortar (by volume of the sample) decreases with increasing size of the
recycled aggregates (Hansen and Henrik, 1983; Parviz, 2012; Parthiban &
Saravana Raja Mohan, 2017).

These concrete fines (0-4 mm) are up to now not valorized on a high level
because of an elevated water absorption, higher fines content, and the presence
of contaminations. Colman et al. (2020), sampled and characterized concrete
fines from different recycling centers, and in nearly all samples the total amount
of sulphate was found to exceed the limit specified in the European standard EN
206, meaning the concrete fines could not be reused in concrete complying with
EN 206.

The waste concrete fines (0-4 mm) have in the last decade been identified as a
feedstock for mineral carbonation. In the present study the carbonation of these
concrete fines will be used to develop new construction materials. The goal of
this study is to be able to use waste concrete fines without any additional binder
to make hollow construction blocks using a vibro-press machine and mineral
carbonation. These hollow blocks will be used to construct separation walls
having a minimum strength of 5 MPa. In this report the objective is to better
understand the parameters affecting the optimum bulk density obtained by
compacting small solid bricks (dimensions: length: 160 mm, width:40 mm, height:
40 mm) with the vibro-press before upscaling to the full-size hollow blocks
(dimensions: length:290 mm, width:90 mm, height: 190 mm). The thickness of
the walls of these hollow blocks is 30 mm. Concrete fines from the recycling of
waste concrete with the ADR-HAS technology (Gebremariam et al., 2020) was
used as raw material. Two product streams were delivered by the TUDelft for this
study: a recycled fine aggregate (RFA) (0.25—-4 mm) and recycled concrete fines
(RCF) (<0.25 mm). These fines were used as such without further treatment.

The concrete fractions were characterized (PSD, XRF, XRD, true density by He-
pycnometry). In order not to waste limited material given, a screening test was
used to investigate the carbonation potential and resulting strength by
carbonating cylindrical samples of 23 mm diameter and 46 mm height made of
the ECA and RFA. Water was added to the ‘as received’ RCF and RFA to obtain
a moisture content of approximately 10%, which is necessary for a good
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compaction of the material. The moisturized RCF and RFA were compacted and
shaped in a cylindrical mold (diameter: 23.0mm, height: 46.0£0.5mm) by a
hydraulic press with a compaction force of 150 kgf/cm2. The maximum
compaction force was sustained for 30 seconds. The cylinders were
subsequently carbonated in an autoclave reactor at a pressure of 3 barg COz,
and a temperature of 50°C, during 16 hours. This resulted in a compressive
strength of 8.5+0.1 MPa for the RCF and 3.8+ 0.1 MPa for the RFA. The CO:
uptake was respectively 47.5 g CO2/kg RCF, and 33.1 g CO2/kg RFA. These
results show the potential of the RCF and RFA to be used as a material for block
production by mineral carbonation.

Figure 5-1. Carbonated cylinders made by hydraulic compaction of the RCF (left), RCA (right).

In a next step the compaction with a vibro-press was investigated. However,
before attempting to make the hollow blocks, 40x40x160 mm moulds were used
to regulate and optimize the RFA and RCF moisture content and the Vibro-press
parameters to obtain proper sample height (40 mm) and maximize the bulk
density, which will reflect on the compressive strength results (Figure 5-2). Once
the prisms were made with the vibro-press, they were carbonated at 3 barg of
COg2, and a temperature of 50°C, during 16 hours. After carbonation the prims
were cut to cubes and compressive strength test was carried out on the cubes
(40 mm).

Summary of the results are shown in Figure 5-2. It can be clearly seen that for
both RFA and RCF, the higher the wet density, and thus the higher the (dry) bulk
density and the lower the porosity, the higher the compressive strength. In caseof
the RFA, the hydraulic compaction (at 150 kg/cm?) although it resulted inhigher
density (wet density 2.05 g/cm3 and dry bulk density: 1.85 g/cm3), and lower
porosity, its compressive strength is not significantly higher than the highest
density (wet density: 1.98 and dry bulk density: 1.74 g/cm3) reached with the
vibro-press which may indicate that the particle packing is better with the vibro-
press. In case of the RCF, hydraulic compaction (at 150 kg/cm?) leads to higher
density and thus higher compressive strength. For the RCF the correlation
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between density and compressive strength seems to be the similar for the vibro-
press and hydraulic compaction method. Additional experiments will be carried
out to see if a better packing can be reached by using higher frequencies with the
vibro-press. This needs to be further investigated, and reported.
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Figure 5-2 - Compressive strength (MPa) as function of density(g/cm?3) before carbonation, dry bulk density
(g/cmd) before carbonation, and porosity (%) for RCA and RCF prisms made with the Vibro-press. Figures
in the left column are results associated with RCA, and the figures in the right column belong to the RCF.
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Currently, construction and demolition waste (CDW) represent the highest
percentage of waste generation by economic activity and households in the EU,
representing a mean of 35.9% of the total waste [1]. Moreover, despite the
variability of type of material between CDW by country, all data available show
that brick, tile and other ceramic material is the major waste type among them,
excluding a low number of countries where metal waste is more representative.
When it comes to the management of this ceramic waste in the EU, statistics
show that they are normally accumulated in landfills having a particularly low
recycling rate, especially in those developing countries [2]. Due to the policies
that support a transition towards the reuse and recycling of CDW, added to the
increasing demand of raw materials for construction materials, researchers in the
field of recycling and materials engineering have put their efforts in alternative
routes to get new value-added materials. Taking this into account, the target of
this work package is to develop new ceramic product made from secondary raw
material coming from high-grade sorted ceramic waste. Therefore, efforts are
focused on demonstrate the technical and economic viability of circular ceramic
wall tile containing at least 30 wt% of ceramic fractions recovered from CDW.
Moreover, the objective is to upscale a novel process based on moderate
sintering temperature (<800 °C in comparison with standard 1150 °C) to enable
~40% energy reduction.

When focusing on the currently research trend of CDW applications, sand
production, pavement/road construction, ready mix concrete, concrete blocks,
cement, bricks, and low-cost adsorbent for wastewater treatment can be found
[3]. However, no literature about new ceramic tiles from demolition wastes is
available, being bricks the only ceramic material based on these wastes. Despite
that, there exist other solid wastes that are being proposed to substitute partially
or totally the ceramic tile raw materials. Among these wastes, ceramic tile
polishing powder, sanitary stoneware waste, ceramic mud and red mud and
different types of fly ash. The amounts in which they are added range between
10% and 100% and the temperatures they use range between 900-1300 °C.
Moreover, these first scientific contributions show an improvement of the final
ceramic pieces properties, such as higher flexural strength among others [4].
However, almost all of these recycled materials come from waste from the
ceramic industry itself. In fact, in the last decades the ceramic industry has been
recycling its own discarded products. Currently, these wastes have become raw
materials, through their addition in the milling step of a wet milling process in floor
tile and bricks manufacturing. Once more, this controlled addition represents an
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improvement in the final quality and is considered the most efficient technique for
the reutilization of this waste. Therefore, the technology here is based in this
practice, changing the waste by high-grade purity sorted ceramic demolition
waste.

The current ceramic tile manufacturing process is explained below, while
comparing it with the methodology here adopted. In general, the production flow
of ceramic tiles consists of the selection and conditioning of raw materials,
shaping of the raw piece and glazing and firing the piece. Within this general
scheme, there may be different variations such as the shaping of the piece or the
glazing process. On the one hand, shaping can be either by uniaxial pressing of
the piece (floor or wall covering) or by extrusion of the material (rustic cladding).
On the other hand, glazing can be done after the first firing (double firing) or
directly on the green ceramic piece (single-firing). Finally, the piece can undergo
additional treatments such as decoration by third fire, polishing, etc. This study is
focused on the manufacture of ceramic covering tiles; therefore, the process of
manufacturing tiles by uniaxial pressing will be described below without
considering the glazing of the piece or subsequent finishing processes.
Nevertheless, quality controls are here considered such as water absorption of
the pieces and flexural strength.

The process begins with the selection and collection of virgin raw materials,
coming from quarries near the factory. Consequently, the general composition of
raw materials inherently depends on the area of manufacturing of the tiles, which
can fluctuate even between areas of the same country. In general, the
composition of these materials is based on feldspars, sands, carbonates and
kaolins. These materials are used with minimal processing based on milling. This
grinding can be made in two ways: dry (hammer mills) and wet (ball mills). The
first case of grinding produces larger particle sizes (c.a. 300 microns) while the
wet process produces particles smaller than 200 microns. In this study, both types
of grinding have been combined to obtain a starting material of tens of microns,
in order to facilitate the sintering process. A more detailed description of the
importance of this process and the proposed processing of the raw material, in
this case material from demolition and construction waste, is presented in
previous deliverable D2.1 of this project.

Subsequently, the material that has been wet processed is controlled dry until the
desired percentage of humidity by the atomization process. Atomization is a
spray drying process by which the powder is sprayed in a drying chamber with a
hot air flow, which after taking in the moisture from the particles, exits through the
upper part of the cyclone, allowing the dry particles with spherical shape to exit
through the bottom of it. The atomizers are industrial machines that work with
tons, so to be able to reproduce this process on a small scale in the laboratory,
the usual procedure is to moisten the powder by hand until the desired humidity
percentage and sieve it to obtain spherical particles approximated to those of an
industrial atomized.
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Once the powder has been prepared, the pieces are shaped by dry pressing. In
this procedure, the powder is mechanically compacted using hydraulic piston
presses. Once the pieces are pressed, they are dried until the percentage of
water is reduced to 2-5%. After this step, the pieces can be glazed or directly
fired; in this case, they are directly conduced to the firing process. The pieces are
sintered through a thermal cycle widely established and accepted by the industry,
which is adapted to each composition and product. This cycle is made up of
different controlled heating, sintering and cooling ramps to favour the desired
crystallizations. For example, the conventional thermal cycle of porcelain tile
reaches 1220 °C while the white or red body tile reaches lower temperatures of
1135 °C. The firing process have been optimized to be as fast as possible, being
able to cook the pieces in cycles of up to less than 1 hour.

The technology proposed here does not differ from conventional industrial
ceramic processing. In fact, it is worth to highlight that no logistical or material
investment is required by ceramic companies to implement these techniques.
The proposed process begins with grinding using the mills available in the
industry, which are already used to grind the own ceramic waste produced during
the production chain. This grinding is done until a powder size of microns is
achieved. Once grounded, this powder is moistened using water in the same way
as in industry, since no additive or solvent are needed. Finally, these pieces can
be sintered using a conventional furnace, in fact, the maintenance of the pieces
proposed is of the same duration as usual in these materials, 6 minutes, which
would not affect the usual rhythm of production either.

For this study, common building materials have been chosen. For availability
and reproducibility reasons, these studies were done on new, not used building
materials. These materials can be classified in three different groups attending
their chemical nature: ceramic, gypsum-based and cementitious materials. In the
first group, five types of ceramics can be found, such as common brick, porcelain,
roof, red body and white body tiles. There are two type of gypsums in the second
one, plasterboard and plaster. Finally, two cementitious materials can be found
in the third group: concrete (sidewalk curb), mortar (sidewalk tile). In Figure 6-1,
pictures of each material, sorted by groups, are shown. For the preconditioning
of the materials, they were cut with a circular saw, milled and sieved until a
micrometric particle size was obtained, following the conventional milling process
for these materials. A deeper description of the milling process as well as a deep
characterization of these materials was provided in previous documents of the
ICEBERG project, D2.1. The composition of the used materials is provided in
terms of equivalent oxides in Table 6.1. Finally, the particle sizes obtained for this
milling process were measured for each material and are shown in Table 6-2.
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Figure 6-1. Pictures of the chosen construction materials: Ceramics, gypsums and cements groups.
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Table 6-1. Composition in equivalent oxides of the materials obtained by XRF. N.d.: Non detected. Lol.:

Loss-of-ignition.

White
Brick Porcelain  body
(%) (%) tile
(%)
o008 1.05 0.78 8.93
=P0LN  6.06 0.90 1.48
(Clel 5.00 1.43 2.04
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0.86
17.0

0.11

0.81

Mortar

(%)

254
1.31
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42.4
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3.70
0.050
0.26

22.8
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36.1
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1.62
0.45
0.31
30.5
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4.22
0.046
0.41

25.6

Plaster-
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(%)
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31.7 39.3
0.72 0.11
0.49 nd
0.44 0.81
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0.082

Table 6-2. Particle size distributions (dso and dgo) of the pattern materials after conventional milling and

sieving.
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Minority
material

Facade brick
Porcelain tile
Red body tile
White body tile

Material

BIEL
Plaster
Concrete
Mortar

dso

5,53
4,97
4,88
4,89
5,64
3,56
5,43
5,78

doo
21,49
21,01
19,34
19,33
22,33
14,85
26,30
22,20

mode
bimodal
bimodal
bimodal
bimodal
monomodal
trimodal
monomodal
bimodal

In this project, a sorting line for high purity CDW is being developed, which is
expected to have a sensitivity of 92%, however, sorted materials is not yet
available. Therefore, in order to establish a theoretical approximation of the
classified construction waste expected in the future, the following compositions
and proportions of materials have been chosen. With this purpose, mixtures of
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one ceramic (brick or porcelain tile) as majority material and one minority material
(plaster, plasterboard, mortar or cement) were prepared in different proportions
in weight: 80/20, 90/10 and 95/5. Moreover, with the aim of testing a real
composition that approximates those available in a building demolition, the
percentage of construction materials expected in a demolition has been
calculated from a standard Spanish single-family house project. Then, these data
have been extrapolated to only ceramic materials (Figure 6-2) with the
composition: 81% brick, 14.4% red roof tile, 4.5% red body tile and 0.1% sanitary
ware. Finally, the percentage of sanitary ware can be despised from the others,
resulting in mixtures based on red ceramic.

Single-family house material percentage Single-family house ceramic percentage

064100 45_0.1

\\

i . 4.9
: 15
® Bricks = Ceramic roof tile » Ceramic tile Concrete
= Mortar = Gypsum = Stone = Sanitary ware = Bricks = Ceramic rooftile Ceramic tile Sanitary ware

Figure 6-2. Single-house material proportion and only ceramic material proportion.

Finally, with the objective of improving the mechanical stability of the samples
during pressing and handling of the samples two clays were selected, provided
from Keraben Grupo. These two clays mainly differ in their content of Al2O3 as
well as their content in Ca?* and Na*, part of the composition, in terms of
equivalent oxides are provided in Table 3, obtained by means of XRF
spectroscopy. The first clay is a montmorillonite clay with origin in Ukraine, whist
the second one, is a kaolinitic clay, coming from Tarragona, Spain.

Table 6-3. Composition in equivalent oxides of the two industrial clays obtained by XRF. (In bold those
present in >2%). Lol.: Loss-of-ignition.

CaO Fe,O3 K,O MgO Na>O SiOz Ti02 A|203 Lol
0.2 0.84 2.3 0.41 0.32 555 123 225 16.6
0.88 141 128 116 <0.10 44.1 0.23 26.8 24
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Firstly, a preliminary study was carried out in small scale in order to acquire
general information about the mixtures of materials behavior under different
sintering temperatures as well as discard any important incompatibility between
them. With this purpose, different ceramic fractions with cementitious or gypsum-
based materials and three sintering temperatures were chosen. Samples were
prepared mixing the preconditioned powder of the principal material, ceramic
(common brick or porcelain tile) with the minority material (mortar, concrete,
plaster or plasterboard) using an electric grinder. The resulting 8 different
compositions were prepared in 95/5, 90/10 and 80/20 proportions, being 24
samples for each thermal cycle. Then, the powder was moistened and pressed
in a circular die, obtaining specimens of 1.5 cm in diameter and 0.4 cm in height.
Pressed samples were thermally treated in a furnace that simulates the industrial
thermal cycle. The chosen sintering temperatures were 900, 1000 and 1100 °C
with dwelling time of 1 hour and a fast-cooling rate of 30 °C/min. Once the
samples were sintered, they were studied by their density variation, linear
contraction and mass loss. Final samples appearance are shown in Figure 6-3
and 6.4 and the mentioned measured parameters are provided in Figure 6-5 and
6.6 for brick and porcelain based samples respectively. Moreover, XRD patterns
for some interesting samples were recorded in order to study the produced phase
changes.

For common brick mixtures, densities of the materials on green are ~ 1.4
g/cm?®and they remain almost unaltered after the thermal treatment at 900 and
1000 °C, without any noticeable linear contraction, as it can be seen in Figure 6-
5. Specially, in the composition with less ceramic fraction, the density only
increases in the high temperature cycle (1100°C), while in the lower cycles it
decreases approximately 10%, with the exception of the composition with plaster,
which remains unchanged in terms of density until the highest cycle. The most
pronounced variation in density occurs for mortar and plasterboard compositions.
As the fraction of brick material increases, the variation in density is attenuated,
in fact, the compositions are practically unchanged in terms of density up to the
highest cycle of 1100°C. These density changes can be explained by the
shrinkage of the samples, since in the linear shrinkage graphs, it is observed how,
again, the composition with less ceramic fraction is the one that contracts the
most and that at temperatures of 900 and 1000 no shrinkage is observed in the
pieces. Finally, an expansion is observed in the compositions containing
plasterboard, because of the “bubbling” of the pieces due to the gases release.
Finally, all the sintering temperatures and all the compositions and percentages
show mass loss. Again, the mass loss decreases the higher the ceramic fraction,
since the minority material has more water content and is generally less thermally
stable than the ceramic one. Obviously, the higher the temperature cycle, the
higher mass loss the samples experiment. Both, expansion of the mentioned
samples and changes in colours can be appreciated in Figure 6-3. As it can be
seen, the dark colour that appears after sintering at the highest temperature may
be indicating overcooking of the sample. Therefore, temperatures between 950
and 1100 °C were chosen in following steps.
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On the other hand, mixtures containing porcelain tile as a major
component present lower densities when they are on green, c.a. 1.3 g/cm3,
However, the mixtures containing materials from the gypsum group experiment
shrinkage of c.a. 7 % even at 1000 °C. When the sintering temperature is reached
at 1100 °C, the shrinkage is present in all the mixtures and proportions. Moreover,
the samples presented in Figure 6-4 show a slight colour change as the sintering
temperature rises. Based on the colour change, the shrinkage of these samples
and the results of the thermochemical analyses of the porcelain tile material, 1100
°C is not an excessive temperature; therefore, it will be chosen as reference
sintering temperature for further tests of mixtures of porcelain tile material.
Finally, it should be highlighted that all samples on green, especially those
containing gypsum materials, presented a very low mechanical stability,
hindering the manipulation of the samples. Consequently, adding a plasticizer,
such as clays, is considered to improve this property in the following tests.

Figure 6-3: Sintered samples: mixtures containing common brick as ceramic fraction.
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Figure 6-4 : Sintered samples: mixtures containing porcelain tile as ceramic fraction.
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Figure 6-5. Final density, linear shrinkage and mass loss for brick-based samples containing 20, 10 and
5% of mortar, cement, drywall or plaster.
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Figure 6-6. Final density, linear shrinkage and mass loss for porcelain tile-based samples containing 20,
10 and 5% of mortar, cement, drywall or plaster.

XRD analysis were carried out for all materials with a percentage of 80/20,
for both 900 and 1100 °C sintering temperatures. Besides these samples, some
interesting samples that experimented different contraction or colour change also
were measured. XRD patterns of these materials are shown in Figure 6-7 for
those containing brick as majority component, and Figure 6-8 for those containing
porcelain tile. For comparative purposes, XRD patterns of the individual starting
material are presented on the top of each graph. Moreover, the compositions are
sorted by type of impurity: a) mortar, b) concrete, c) plaster and d) plasterboard.
Firstly, it is seen that no reaction has undergo during the sintering process, since
any new peaks are present in the mixture’s XRD patterns. Besides that, all the
mixtures present a similar behaviour, phases present in the ceramic fraction
(common brick and porcelain tile) are still present in all the samples, while phases
only present in the minor material, such as clinoenstatite and calcite in mortar,
calcite in concrete, bassanite in plaster and gypsum in plasterboard, are not
present in the sintered sample. This fact can be explained by the decomposition
of the indicated phases at said temperature (as commented in previous report).
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Figure 6-7 Comparison of XRD patterns of mixtures and individual starting material.
Mixtures containing common brick as major material.
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Figure 6-8. Comparison of XRD patterns of mixtures and individual starting material. Mixtures containing
porcelain tile as majority material.

In the light of the results of this preliminary study, a larger scale test was
carried out. For simplification reasons, one ceramic fraction 90%, with mortar and
plasterboard and both at the same time as impurities, were chosen. The tested
ceramics were common brick and porcelain tile. Finally, with the objective of
improve the mechanical stability, two industrial clays, provided from Keraben
Group, were added during the milling process in different fractions.

Briefly, for the preparation of the samples, the preconditioned powder material
described in the 6.3 Materials section of this document was mixed in the desired
proportions in an alumina ball mill for 20 min using water as solvent. Then, it was
dried at 80 °C during 24 h and sieved under 100 um. Then, the powder was
moistened and pressed at 450 kg/cm? by a rectangular die, obtaining samples of
80 mm x 3 mm x 0.4 mm. Pressed samples were thermally treated in a furnace
that simulates the industrial treatments. Those mixtures based on brick material
were treated at 950 and 1050 °C and those based in porcelain tile were treated
at 1100 and 1150°C with dwelling time of 1 h and a fast-cooling rate of 30 °C/min.
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Firstly, the clay fraction influence was studied in order to choose the type and
content of clay for further experiments. With this objective, the two clays were
added in 5, 10 and 30 wt% during the milling process of all compositions. For the
sake of simplicity, only density results obtained for porcelain-based mixtures
treated at 1150°C with a dwelling time of 1h are showed in Figure 6-9, assuming
comparable results for the rest of materials. The clay content increases the green
density, going from 1.6 g/cm?for the samples with lowest clay fraction (5%) to 1.8
g/cm? for those with the highest fraction (30%). Clay content is also related to
linear shrinkage and mass loss of the sample. As it can be appreciated in Figure
6-10, the higher the clay content, the less shrinkage they experience. This result
can be explained with the increase in volume by the formation of calcium and
magnesium silicates with the temperature. At the same time, the weight loss
increases with the clay content, probably due the high-water content of the clays,
which is loss due the high temperature treatment. If the clay fraction increases
the final volume and decreases the mass, lower densities could be expected,
however, it is seen that in general, higher final densities are obtained. The higher
green density of the sample can explain this apparent contradiction, which
compensates these phenomena. When the two clays are compared, similar
densities on green are shown, though, clay 2 experiments lower linear shrinkage
with higher mass losses and better final densities are presented in general when
clay 1 is used. In the light of these results, clay 1 in the lowest content was chosen
for further experiments.

a b
) 3,0 )3,0
28 M5 % 28| IS %

10% Clav 1 10% Clay 2
2 2,61 30% Y 2 2,61 30% y
S 2,4 5 2,4
S5 222
= ] =
5 2,04 B 2,01
& G 18
3 1,8—_ 8 1.81

Mortar Plasterboard Mortar Plasterboard
Minority material Minority material

Figure 6-9 Final density (g/cm?) of the porcelain with mortar or plasterboard mixtures with 30, 10 and 5 %
content of clay 1 and 2.
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Figure 6-10Photographic Image of Porcelain/mortar mixtures with clay 1 fractions of 30, 10, 5 % and no
clay fraction, 0%, treated at 1150 °C with a dwelling time of 1 h.

Once the type and content of clay was stated, the optimal sintering
temperature for each composition was studied. First, the strategy followed for
brick-based materials is shown below. In order to choose the sintering
temperature in the said range of 950 - 1100°C these brick-based compositions
have been studied by means of hot-stage microscopy and ATD/TG analysis. A
summary of the obtained results for these techniques is shown in Table 4, and 5
respectively. To start with, hot-stage microscopy results indicate that
plasterboard mixtures start their densification slightly before than those
containing mortar. However, their maximum densification point is approximately
the same, c.a. 1150 °C. On the other hand, the clay dependence in the maximum
densification temperature is too subtle to be relevant when it comes to industrial
scale. The densification percentage of all these mixtures is similar, going from
35% to 41.5 % of area. Based on this, it could be concluded that for all the brick-
bearing compositions, cycle temperature should be at least 950 °C, reaching the
maximum at 1150 °C that is in concordance with the preliminary study results
presented above.

Table 6-4Temperatures of start of densification, maximum and densification percentage of brick with
plasterboard or mortar mixtures, obtained by hot-stage microscopy.

Start of Max. Densification
Mixture Clay | densification densification % (% area)
(°C) T2 (°C) o
) w/o
Brick/
5% C1 1000 1150 38.3
plasterboard
5% C2
w/o 1143 35
Brick/mortar 5% C1 950 1150 37.7
5% C2 1155 41.5
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In order to understand the limitation of temperature due to the gas release
that those losses would provoke, the thermal characterization was carried out
using Differential Thermal Analysis and Thermogravimetry (DTA-TG) by heating
in air up to 1400 °C at a rate of 10 °C/min. A summary of mass loss percentage
by means of ATD-TG is presented in Table 5. As it can be observed, the weight
loss process to consider starts at ~ 1000 °C for those mixtures containing brick
and plasterboard. This loss represents the 8 % of the sample mass, in contrast
to ~ 3 and ~ 0.7% for those mixtures containing mortar and other ceramics
respectively. This abrupt mass loss experimented for plasterboard-bearing
samples could be translated into shrinkage, bending or breakage of ceramic
pieces. Therefore, these problems are expected to compromise the samples
containing gypsum above 1000 °C, however, lower temperatures could not be
enough achieving the densification of the samples. On the other hand, mortar
samples do not show these mass loss problems and remains stables above 750
°C.

Table 6-5 Percentage of mass loss and temperature range for brick with plasterboard or mortar mixtures,
obtained by TG analysis.

Mixture Tarange (°C) Mass loss (%)
0-150 1.7-2
Brick/
150-660 3-37
plasterboard
1000-1150 6.5-75
Brick/mortar 0-750 3.3-3.8

In the light of these results, the next step was the sintering of 3x8 cm ingots at
different temperatures. For this purpose, samples adding 5% of clay 1 were
prepared and treated of 1100 y 1150 °C for the porcelain-based materials and
950 y 1050 °C for the brick-based materials were chosen for the next step. The
results in terms of final density are presented in the Figure 6-11a for the porcelain-
based materials and 11b for the brick-based ones. As a comparative value, the
commercial porcelain tile density is 2.3-2.4 g/cm3. Firstly, for both ceramics
samples, density increases with the thermal treatment. For porcelain-based
materials, final densities between 1.9 and 2.3 g/cm? are reached, being the higher
those samples containing mortar treated at 1150 °C. Therefore, this temperature
will be chosen for porcelain samples in further experiments. On the other hand,
those samples containing brick as ceramic fraction present lower final densities
of 1.4 — 1.9 g/cm3. These densities still too low and a temperature of 1100 °C will
be tested in further experiments. It is worth to highlight that samples containing
plasterboard present a low mechanical stability and some breakage or bending
problems, as it is shown in Figure 6-10. However, when it is present in a 5% in
those samples containing mortar and plasterboard at the same time, these
problems are almost non-existent.
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Figure 6-11 Density (g/cm3) of the porcelain (a) and brick (b) based materials with 5% of clay and 10% of
the following impurities: mortar, plasterboard and mixture of mortar and plasterboard. Dwelling time = 1h.
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Figure 6-12 Brick based materials after thermal treatment at 950 and 1050 °C with a dwelling time of 1 h.

Finally, once the sintering temperatures were chosen (1150 °C for porcelain-
based samples and 1100 °C for brick-based ones), samples were reproduced in
a shorter dwelling time of 6 minutes. Moreover, with the objective to test the
behaviour of these samples when more than one type of ceramic is present, the
following mixtures were prepared; porcelain material was mixed in equal
proportion with white body tile and brick was mixed with other red ceramic,
imitating the composition of the hypothetic demolition of a single-family house as
explained in Materials subsection of this document. Finally, in order to test the
quality of these samples, water absorption and strength measurements were
carried out. Moreover, samples with only ceramic fraction and no impurity content
were done for comparative reasons. Results of these measurements are
presented in Figure 6-11 and a picture of the materials is shown in Figure 6-12.
Firstly, the obtained final densities are higher than those obtained for samples
sintered during 1 h. In all materials, the presence of non-ceramic fraction worsens
the results, especially for those samples containing plasterboard. Except for the
brick and porcelain + white body tile, which present better densities when mortar
fraction is added. When it comes to water absorption, the trend is to increase with
the impurity fraction presence, again in a more pronounced way in the case of
plasterboard presence. However, all the samples present acceptable water
absorption values for wall tiles, which are normally around 8-10 %DM. Moreover,
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those samples containing only ceramic fraction or mortar as impurity present
excellent water absorption values < 0.5 %, acceptable for even exterior floor tiles
with frost resistant capacities, except for the porcelain and white body sample,
which is out of the range. The addition of a porous material such as white body
tile to the porcelain samples worsen the properties of the samples in a noticeable
way, however, the presence of impurities improves the quality of the sample.

Finally, the flexural strength results show that all the pieces with the exception of
brick/ plasterboard and porcelain+white body tile present values above 40 N/cm?,
which would correspond to typical values for floor covering tiles. In addition, some
of these pieces present exceptionally high values, such as porcelain material with
mortar, which presents fracture hardness values of 70 N/cm?. It is worth noting
that these values were measured with the unglazed piece, which means that
values higher than these would appear after the glazing process.
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Figure 6-13 Density variation, water absorption and flexural strength for brick-based materials (left) and
porcelain based ones (right).

Porcelai ick-base

Figure 6-14Photographic image of porcelain-based and brick-based materials after the sintering at 1150
and 1100 °C during 6 min respectively.

6.6 Planning for the rest of the activities

Based on the presented results, it is possible to produce wall and floor tiles
made from EBM. Therefore, the next step would be to scale the process to pre-
industrial level. For this objective, the first step would be the atomization of 0.1-1
ton of ceramic EBM in Keraben Grupo. Once the material is prepared, it would
be pressed and thermally sintered as described for the materials. Obviously, this
process cannot be possible without the sorted EBM. However, there is not any
EBM supply up to date. Therefore, a provisional solution would be to apply for
construction materials in the recycling plants nearby. Once the pre-industrial
pieces have undergone the quality controls, the successful prototypes will be
produced at industrial scale in a 1-5 trial. Finally, the following drivers will be
evaluated in order to account for the feasibility and sustainability of the new
process proposed: reduction of raw material consumption by introducing >30 wt%
EBM in the ceramic tiles and reduction of emissions due tile sintering temperature
reduction.

On the other hand, an innovative methodology is currently being
developed for the production of ceramic materials with materials from
construction and demolition waste using low temperature. This technology is
known as cold sintering and could reduce the sintering temperature following the
project objective. The first results of this task are already being obtained with very
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good projections. Therefore, the efforts are focusing on the development of this
technique. Once the parameters of this technique are established and optimized
at the laboratory level, the industrial escalation of the process will be designed
and tested.

As explained above, the planning for the rest of the activities depends on the
availability of CDW. Therefore, it is difficult to estimate the dates in which this task
can be carried out. However, an approximate Gant diagram with the planning for
the next months, divided in the following subtasks is provided in Table 6.

)] Cold-sintering process development.

1)) Wet milling and atomization of 0.5-1 ton of ceramic EBM and
manufacture of green ceramic pieces by uniaxial pressing and sintering
of the pieces.

i) Validation of the process and prototypes through quality control
standards used in the ceramic industry.

Iv) Production of the material at a pre-industrial scale in a trial of 1-5 ton.

V) Evaluation of the feasibility and sustainability of the process.

Table 6-6 Gant diagram with the planning for the rest of activities.

m26

m27 m28

mi9 | m20 | m2l | m2z
HES..

|
|

6.7 Preliminary conclusions

The proposed activities of the project are being carried out in the estimated
time. Moreover, no important deviation of the initial planning has been occurred,
despite the lack of ceramic EBM supply. However, this setback has been
provisionally solved by using new construction material, as an approximation until
this supply is available. Following this estimation, different ceramic materials
have been mixed with cementitious and gypsum base materials for their sintering
for the manufacture of ceramic tiles. The results show that the production of tiles
is possible, even reducing slightly the sintering temperature in 100 °C without any
additive. The quality controls confirm that these pieces have excellent properties
of flexural strength and water absorption, being possible to manufacture frost
resistant floor tiles using porcelain tile as ceramic fraction with a 10% of mortar
impurities. On the other hand, red ceramic-based prototypes show lower
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qualities, however, the measured properties are included in the ceramic wall tile
classification. Nevertheless, gypsum-based materials such as plaster or
plasterboard need to be discarded for this procedure due to the bending and
breakage experimented problems. However, gypsum-based materials will be
recovered for cold-sintering process, where calcium supply is necessary. Finally,
it is worth to mention that ceramic EBM supply is needed for the continuation of
the procedure in the next months.

[1] Waste statistics - statistics explained. (2021, abril). Eurostat. Rev: Sept
2021. https://ec.europa.eu/eurostat/statistics-
explained/index.php?titte=Waste_statistics#Total_waste _generation

[2] Deloitte, Resource Efficient Use of Mixed Wastes Improving management
of construction and demolition waste Final report Final report, 2017.

[8] G.S. Dos Reis, M. Quattrone, W.M. Ambroés, B.G. Cazacliu, C.H. Sampaio,
Current applications of recycled aggregates from construction and
demolition: A review, Materials (Basel). 14 (2021) 1-21.
doi:10.3390/mal14071700.

[4] S.S.Hossain, P.K. Roy, Sustainable ceramics derived from solid wastes: a
review, J. Asian Ceram. Soc. 8 (2020) 984-1009.
doi:10.1080/21870764.2020.1815348.

One of the objectives of Task 3.5 is the development of a phenolic resin
formulation using the bio-oil produced by VTT. In this regard, initial lab-scale
synthesis experiments of phenol formaldehyde resin were performed without
using bio-oil in order to serve as reference for the bio-oil containing resins. Thus,
several parameters of the phenol formaldehyde synthetic protocol were
examined and optimized. More specifically, the impact of utilizing solid
paraformaldehyde or formaldehyde solution as a reagent for the synthesis, NaOH
molar ratio towards phenol and formaldehyde, and the addition rate of NaOH
during the course of the reaction were investigated to assess their impact on the
final resins’ properties. The last parameter, i.e. the addition rate of NaOH solution
seems to play an important role in the synthesis of the resin, as the reaction
between formaldehyde and the phenoxide which is formed by the deprotonation
of phenol from NaOH, is rather exothermic. This exothermic reaction, during the
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synthesis of phenol formaldehyde resin, requires constant monitoring of the
reaction temperature, as it is important to maintain it around 90 °C.

When the resin synthesis is completed, a series of characterization is performed
in the final product. Such characterization includes the determination of free
formaldehyde, pH value of the final resin, viscosity (Brookfield), solid content, and
IR spectra.

The bio-oil based formaldehyde resin was synthesized according to the optimum
reaction conditions that were determined during the synthesis of phenol
formaldehyde resins. The addition of NaOH during synthesis of the resin, as
described above, is a critical step. During the addition of NaOH solution, the
reaction temperature is being constantly monitored and maintained in the area of
90°C. It is of interest that, by increasing the ratio of phenol substitution with lignin
bio-oil, the reaction temperature increases at a lower rate. This fact indicates that
the phenoxides of lignin being formed from the deprotonation with the NaOH
solution are less reactive compared to the phenoxides deriving from the
deprotonation of phenol by NaOH. Despite this lower activity of lignin phenoxides
species, the amount of free formaldehyde in the final bio-oil based resins was
determined to be low, similar to the level of phenol formaldehyde resins.

The pH of the produced resins is alkaline and, depending on the synthetic
conditions, varies from 9.54 to 10.90. The substitution of phenol with lignin bio-
oil does not seem to have a significant impact on the pH value of the final resin,
as the bio-oil based formaldehyde resins exhibit small differences in the pH
values compared to the phenol-formaldehyde resins.

On the other hand, the viscosity of bio-oil based resins is higher than that of the
phenol formaldehyde resins. Resins with higher bio-oil lignin content show higher
viscosities. A fact that affects the viscosity of the final resin proved to be the
reaction conditions and more specifically the atmosphere under which the resin
is prepared. The use of nitrogen aims to prevent possible oxidations (e.g. the
oxidation of formaldehyde) during the synthesis reaction of resin. The
experimental results showed that under nitrogen atmosphere the final resins had
increased values of viscosity.

The non-volatile content of the produced resins is the range of 42 to 52.5%. The
utilization of lignin bio-oil in resin synthesis seems to cause a slight decrease of
the non- volatile content of the final product. This can be a result of the water
contained in the bio-oil.

Free formaldehyde content is low for all the prepared resins and is not affected
by the replacement of phenol with lignin bio-oil.

The gel times of the resins produced with bio-oil seem to be affected by the
viscosity and the content of lignin. Generally, gel times tend to decrease for resins
with higher lignin content but this is considered for resins with similar viscosities.

Finally, the addition of lignin bio-oil affects the appearance of the final resin.
Phenol-formaldehyde resins have a dark red color, while lignin bio-oil containing
resins have a dark brown color, which is more intense for higher lignin
concentrations.
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The experimental results from the characterization of the produced resins are
summarized in table 7-1.

Table 7-1 Characterization results of resins.

Non

v e MR e T vsesy gn S9TeRC
1 ICB_03 0 44,17 1,68 71 cP 9,70 -
2 ICB_04 0 42,47 1,68 41 cP 9,54 -
3 ICB_05 0 50,15 0,39 74,8 cP 10,40 -
4 ICB_06 0 52,20 0,41 229 cP 10,55 -
5 ICB_07 0 50,95 0,02 103 cP 10,51 -
6 ICB_08 0 51,48 0,18 136,2 cP 10,61 -
7 ICB_09 8,85 48,47 0,05 1142 cP 10,25 195
8 ICB_10 17,7 49,04 0,09 162 cP 10,64 175
9 ICB_11 26,55 47,70 0,05 82,5 cP 10,23 160
10 ICB_12 35,4 48,40 0,09 161,5cP 10,17 150
11 ICB_13 8,85 49,90 0,54 13520 cP 10,90 165
12 ICB_14 10 48,80 0,32 542 cP 10,90 160
13 ICB_15 20 48,70 0,36 142 cP 10,41 170
14 ICB_16 30 48,76 0,27 6820 cP 10,20 180
15 ICB_17 40 49,66 150

ICB_17a 24,38 0,14 194 cP 10,20 180

16 ICB_18 50 49,76 125

ICB_18a 24,18 0,18 110 cP 9,78 165
17 ICB_19 30 48,46 0,31 1570 cP 10,20 165

Samples ICB_17a and ICB_18a were diluted with 50% H20 due to the high viscosity of the final

resin.

Samples of the resins containing lignin bio-oil were sent to Tecnalia for further
characterisation such as tensile shear strength. The next steps will be dedicated
to the further optimization of the synthesis protocol so as to include the maximum
content of lignin possible (50%) in the resin formulation and collaboration with the
partners involved in this Task to select the best performing resin for up-scaling

synthesis trials according to the agreed timetable.
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The second objective of Task 3.5 is the development of thermal insulation wood
fiber board that contains at least 50% of wood coming from recovery.

1 Wood pin chips 5 Pressing and polymerization
A 2 Defibrating phase 6 Cutting/shaping
3 Drying the fiber 7 Packaging
.:' 4 Gluing phase
5
k*’

, S
@ oe o —

Figure 7-1. Synthetic view of the wood insulation fiberboard process.

Actually, the defibrating phase (n°2 above), uses only fresh soft wood pin chips.
Depending of the summer weather, it is known that when the wood raw material
is not fresh enough, the quality of fiber gets not the best level to produce suitable
insulation board. The average moisture level of standard raw material pin chips
is between 40 and 60 wt %.

If we talk about C&D Wood, the moisture content will not be so “fresh” as standard
soft wood pin chips coming from saw-mill’s industry as a by-product. In fact,
moisture content of C&D waste wood will be more around 20wt%. Thus, suitability
for such wood to be defibrated is not the same. It is really necessary to test on
lab scale the defibrating of C&D raw materials.
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7.2.2 First specimens from C&D raw materials.

At the end of 2020, first C&D wood waste shredded specimen were send to
Pavatex (Fig 7-2 below). The objective was to see which one could be the best
candidate for producing wood fiber, at lab scale first.

_—' J > ’Y 3 : {

Figure 7-2 The first six kind of shredded C&D wood waste sample send from VTT.

After discussion, we have indicated that the shape of these raw materials were
not suitable for defibrating phase. By comparison to the standard fresh soft wood
pin chips used commonly in production, the initial shape and geometry is not at
all the same (Fig 7-3, with same photo scale as in Fig 7-2). The initial shape of
pin chips gets a lot of influence on the final size of fiber.

Figure 7-3. At left standard soft wood pin chips; at right wood fiber obtained from standard raw material.

By the same way, the homogeneity on size of raw material is also important. That
will be necessary to make trials with raw materials that contains the minimum
dust or fine particle. Thus, the defibrating phase could be really done with
homogeneous results on fiber.

A set of 2 kg of standard fresh wood pin chips was sent to VTT in order they can
look after the best way to produce C&D wood waste pin chips.
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7.2.3 New development of C&D wood waste shredding for getting pin chips

Purkupiha delivered the sample load of mixed demolition wood to Tiihonen from
demolition site (Figure 7-4). Material samples have been produced for pyrolysis
oil (cf.) and insulation material tests.

Figure 7-4. At left Raw materials from Purkupiha, at right mixed C&D wood waste

Coarse sorting between clean wood and painted/glued wood products was done
by a grapple loader during the pre-crushing process. Metals and mineral particles
were removed from the pre-crushed material by magnetic and gravitational
separation unit.

For insulation material tests, samples have been made from pre-crushed and
cleaned material with disc refiner, double stream impact mill and hammermill.
Further tests with hammermill are ongoing to produce suitable particle size and
shape for insulation material production. The figure 7.5 show the kind of new row
materials obtained from C&D wood waste.

Figure 7-5. At left sorting and pre-crushing; on center and right, sort of Pin chips obtained for defibrating.

A preparation of two new set of raw materials (with different settings) will be
produced in Week 42. Delivery will be done directly to Pavatex in order to choose
the best of the two materials, in order to prepare the defibrating phase at lab
scale.
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8 Formulations and pre-industrial prototype of circular
plasterboards

The ICEBERG circular plasterboard produced by GYPS with their manufacturing
process (Figure 8-1), will be characterized by an increase of the recycled gypsum
content to 35 wt%. It is anticipated that any variations to the production process
can be controlled and managed so that there will be no industrial impact on the
productivity of the plasterboard manufacturing process.

Top Paper Roll

Wet additives
A 3 1
Mxer 3 | i ‘/i
/ (% ”- -

oS

Dry Additives

= i A &
Bottom Paper Roll ’ - 3
Take Off Paint \'{/ 5 <4
’ N>
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: »
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<3 ! /‘
"y) Palletiser
i
l/ Finished Boards to

Warehouse
N
- 2

Figure 8-1. Flow diagram of the plasterboard manufacturing process at British Gypsum (GYPS), adapted
from the Environmental Product Declaration document (https://www.british-gypsum.com/products/gyproc-
wallboard?tab0=1).

The main impact of increasing the recycled gypsum content to 35 wt% will be
lower use of natural gypsum, and therefore, lower costs for its transportation and
reduced emissions. The ongoing gypsum purification testing will provide insight
into the suitability of the recycled gypsum and determine if there will be any
additional testing requirement prior to production. It is believed that there will be
no need to do additional quality control of the incoming recycled gypsum or reject
part of the material because its purity will be 96 wt% or higher. It is envisaged
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that it could be difficult sourcing the required amounts of waste gypsum to
maintain the 35 wt% share of recycled gypsum in the plasterboard. This is due to
uncertainties of LU’s refurbishment program due to the impact of COVID19 on
the LU’s Estates and Facilities Management operations and budget. Failing that,
both GYPS and ENVA have confirmed that EoL plasterboard could be sourced
through their clients.

The compositions of the ICEBERG circular plasterboard with 35 wt% recycled
gypsum and the business-as-usual (BAU) standard plasterboard manufactured
by GYPS that contains on average 10 wt% recycled gypsum are presented in
Table 8-1. The main impacts of increasing the recycled gypsum content to 35
wt% will be a 20 wt% reduction in the use of natural gypsum. No rejects will be
produced during the manufacturing process of either ICEBERG or BAU
plasterboards because any trimmings will be recycled back into the process.

Table 8-1Composition and amount of rejected products for the new ICEBERG plasterboard (35 wt%
recycled gypsum) and BAU plasterboard (10 wt% recycled gypsum on average).

New ICEBERG Gyproc wallboard
plasterboard (35 wt% | standard plasterboard
recycled gypsum) (10 wt% recycled
gypsum on average)
Natural gypsum (wt%) 60 81
Additives (wt%) <1 1.1
Paper liner (wt%) 4 3.6
Gypsum from scrap (wt%) 0 14.3

It is envisaged that the introduction of circular silica aerogels in new ICEBERG
plasterboards will lower the thermal conductivity of the plasterboard without
impacting the productivity of the manufacturing process. However, further testing
will be conducted to establish if there are any factors that affect the standard
production process. Furthermore, circular silica aerogels could potentially be
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difficult to separate during the recycling process, and therefore, accumulate in
waste gypsum from EoL plasterboard after several recycling cycles. This could
potentially have an impact on the productivity of the manufacturing process, as
the properties of the circular plasterboard might be affected that could require
corrective measures for the process and/or final product.

Currently, the binding systems used to attach the plasterboard to wall and ceilings
and facilitate its assembly and disassembly are metal screws (metal and timber
frame) and drywall adhesive (gypsum-based product). Screws can be easily
removed from EoL plasterboard using magnetic separators. Drywall adhesive is
attached to the plasterboard’s paper surface that needs to be chipped away,
which might cause contamination of the EoL plasterboard with pieces of masonry.
The use of metal screws could be used regardless of the percentage of recycled
gypsum in the plasterboard. Additionally, using drywall adhesive should be
unaffected as the effect use of adhesive is primarily affected by the suction level
of the paper lining, which is not expected to change with the higher percentage
of recycled gypsum.

Table 8-2 presents available data for the properties of the new ICEBERG
plasterboards with and without silica aerogel and BAU plasterboard. The
geometric regularity of the plasterboards should be able to be managed within
the production process and should not be affected by the share of recycled
gypsum. However, there is no prior data or experience of including silica aerogels
within plasterboards. Therefore, while it is believed that the productivity will be
unaffected, this requires data collection from testing.

Table 8-2 Properties of the new ICEBERG plasterboard (35 wt% recycled gypsum), with and without circular
silica aerogel, and BAU plasterboard (10 wt% recycled gypsum on average).

Property

New ICEBERG
plasterboard (35
wt% recycled

New ICEBERG
plasterboard (35
wt% recycled

Gyproc wallboard
standard
plasterboard (10

gypsum) gypsum) wt% recycled
containing circular | gypsum on
silica aerogel average)
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TARGET VALUES | TARGET VALUES | VALUES (British
Standard EN 520)
Geometric Width: Width: Width:
regularity nominal width nominal width nominal width
+0 -4 mm +0 -4 mm +0 -4 mm
Length: Length: Length:
nominal length nominal length nominal length
+0 -5 mm +0 -5 mm +0 -5 mm
Thickness: Thickness: Thickness:
nominal thickness | nominal thickness | nominal thickness
+0.5-0.5 mm +0.5-0.5 mm +0.5-0.5 mm
Squareness of Squareness of Squareness of
ends: ends: ends:

below 2.5 mm per
meter of width

below 2.5 mm per
meter of width

below 2.5 mm per
meter of width

Surface hardness

There is no current

<15 (BSEN requirement at

15283) GYPS for surface
hardness testing
for standard
Wallboard

Thermal

conductivity 0.19W/mk 0.076W/mk 0.19 W/mK

(A<0.076 W/mK)
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KEEY has developed a PU based aerogel product aiming the best synergy
between the thermal conductivity and mechanical properties. Due to a meticulous
engineering of the fine porous structure with our expertise in lean aerogel
manufacturing technology, the PU aerogel products can be tailored to show
different performances matching with various application requirements: low-
thermal conductivity (A =0.015 W/m.K), good mechanical properties, improved
sound insulation (100-300 m/s), cost effective, easy to handle, no dust release
and suitable for 3D shaping.

Polyols are one of the most important raw material for PU based aerogel
production which contribute to the properties such as pore structure, flexibility,
and mechanical properties etc. Recently, RAMPF developed a method for PU
recycling called Glycolysis. The glycols react with the urethane group of used
polyurethane products under the specific reaction conditions with higher reactivity
during the addition of a catalyst resulted in recycled polyols. This could be an
advantage to produce cost effective PU aerogel from recycled polyols.

The objective of this task is to optimize and industrial scale up of PU based
aerogel (A < 0.018 W/mK) using the recycled polyols from RAMPF (> 10wt.%).

The methodology of research approach is described as follows;

In this preliminary study, KEEY obtained 3 different types of polyols from RAMPF.
The specifications of each polyols are shown in the Table 1. In general, the
properties of polyols are comparable to commercial products except the water
and MDA content which are slightly higher than the aim specification. We
observed some particles non-soluble in PUR_V4 before using it as shown in Tab
9-1.

Table 9-1 The specifications of each polyols

Speca'l‘;'rf]a“o” Commercial  PUR_V4 PIR_V8 PIR-V9-2
Hydroxyl- 550+ 50 380 482 505 486
Value
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(mg KOH / g)
Acid-Value
(mg KOH / g)

Viscosity 2500

\ i 9938 | 5500 | 4390
(mpaoé)@ 25| 42500

Water
content <0.1 <0.1 0.44 0.31 0.19

(wt.%)
MDA content
(wt.%)

- - - 6.67 1.68

<0.1 N/A 0.3 2.61 151

Figure 9-1 Polyols PUR_V4

9.1.2 Integration of selected recycled polyols (>10 wt%) in the current
formulation of PU aerogel

Polyurethane gels were synthesized through a sol-gel route based on
polyaddition reactions between polyols and polyisocyanates according to the
following classical chemical scheme for generic diol and di-isocyanate as
presented in Figure 9-2. The different types of recycled polyols from RAMPF were
integrated in the synthesis. The reactants were first dissolved in a suitable organic
solvent in which both monomers and the growing polyurethane particles are
soluble.
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Figure 9-2 Polyaddition between polyols and polyisocyanates

At the beginning, the polyols from RAMPF were dissolved in commonly used
solvents for polyurethane aerogel such as methylethylketone (MEK) and acetone.
It was observed that the polyols were soluble in MEK but not in acetone. There
were some precipitations even when the polyols were highly diluted in acetone.
According to these results, MEK will used as a solvent for PU aerogel synthesis.

PU aerogels were prepared in 60 ml polypropylene containers using different
types of polyols (22 wt.%), diisocyanate, and catalyst. The reactions were carried
out at the same reaction conditions (temperature, liquid/solid ratio, NCO/OH ratio,
and catalyst). Both polyols and isocyanates were diluted in MEK and well mixed,
the catalysts were added and the gelation time was noted. MEK was added on
the PU gels surface to prevent the gels from drying and kept standing at room
temperature overnight. PU gels were washed several times in MEK to remove
some organic residue and then dried using Low temperature supercritical drying
process with Carbon Dioxide as solvent. The process was carried out at
homogeneous conditions of supercritical carbon dioxide and MEK. Dynamic
drying time varied with the thickness of the samples for each batch.
Depressurization was carried out at a max. speed of 0.3 bar/min.

During the synthesis, some precipitations were found in samples PUR_V4 and
PIR_V9-2 and some parts of PIR_V8 were not well dissolved. The gelation time
of samples PUR-V4, PIR_V8, and PIR_V9-2 were 4, 2, and 11 minutes
respectively. The appearance of the PU aerogels are shown in Figure 9-3. PU
aerogels showed slightly shringkage. The density of PU aerogel was calculated
from the mass divided by the volume of each sample. The values were between
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0.12-0.13 g/cm3 which are in the range of PU aerogel. PUR_V4 and PIR_V9
were dense and homogeneous while PIR_V8 was foam-like. The monolith PU
aerogel with dimension 10 x 10 x 1 cm. will be prepared to measure the thermal
conductivity at Tecnalia. As the lower thermal conductivity of aerogel may occur
when the density increases resulted in the decreasing of gas conduction and
radiation heat transfer. However, as the density increases the conductivity of the
solid clearly becomes the dominant heat conduction mechanism, and
consequently, the thermal conductivity values of aerogel increase. It's necessary
to vary the density of PU aerogel to find the optimum point where achieve the
lowest thermal conductivity.

. PUR_va PIR_VS  PR.VO

Figure 9-3 Obtained PU aerogels with different polyols

9.1.3 Optimization of the reaction conditions of recycled polyol-based PU
aerogels

In this step, the reaction conditions will be optimized to obtain the lowest thermal
conductivity. The solid content (weight %of reactant per weight of solvent) can
play an important role in term of density, physical properties resulted in the
different in thermal conductivity. The effect of %solid content on the PU aerogel
properties were investigated. The polyols PIR_V9 2 was chosen for this study
because it has less water content and the obtained PU aerogel was dense and
homogeneous. PU aerogels were prepared by dissolving the reactive
components in MEK as a solvent at a given weight percentage % solid. The
compositions of PU aerogel were the same. The results of PU aerogels prepared
with different % solid content are shown in Table 2. It was observed that the
gelation time depends strongly on the solid content. By increasing MEK amount
resulted in longer gelation time. The density of aerogel increases with increasing
%solid content. It was suggested that the final aerogel density can be controlled
by varying the quantities of reactant and solvent. Please note that the samples is
still under supercritical drying process (SCD).
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Table 9-2 The conditions of PU aerogels prepared by varying the solid content

Sample %solid Gelation Density Characteristic after SCD
content time (min.) (g/cm3)
PIR_V9-S10 10 13 n/a under SCD
PIR_V9-S15 15 11 “ “
PIR_V9-S20 20 8 “ “
PIR_V9-S25 25 5.30 “ “

In this step, the reaction conditions will be optimized to obtain the lowest thermal
conductivity. The solid content (weight %of reactant per weight of solvent) can
play an important role in term of density, physical properties resulted in the
different in thermal conductivity. The effect of %solid content on the PU aerogel
properties were investigated. The polyols PIR_V9_2 was chosen for this study
because it has less water content and the obtained PU aerogel was dense and
homogeneous. PU aerogels were prepared by dissolving the reactive
components in MEK as a solvent at a given weight percentage % solid. The
compositions of PU aerogel were the same. The results of PU aerogels prepared
with different % solid content are shown in Table 9-3. It was observed that the
gelation time depends strongly on the solid content. By increasing MEK amount
resulted in longer gelation time. The density of aerogel increases with increasing
%solid content. It was suggested that the final aerogel density can be controlled
by varying the quantities of reactant and solvent. Please note that the samples is
still under supercritical drying process (SCD).

Polyols are the other important components for PU aerogel synthesis which
contribute in properties of PU aerogel such as flexibility and softness etc. We
studied the effect of polyols content on the properties of PU aerogel. The total
volume of aerogel was constant, and the composition between polyols (PIR_V9-
2) and diisocyanate were varied. It was found that the gelation time slightly
decreases as the weight content of polyols increased. It was suggested that there
are more OH group which reacted with isocyanate. For the properties of obtained
PU aerogels, the increasing of % polyols did not show a significant effect on the
density of aerogel but it effects in terms of flexibility. At higher %polyols, the PU
aerogels became harder and denser. It may be related to the increase of
polyurethane in the formulation. Please note that the synthesis will be repeated
the check the reproducibility in synthesis and SCD process.
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Table 9-3 The conditions of PU aerogels prepared by adjusting the wt.% of polyols

Sample wt.% Gelation Density | Characteristic after SCD
PIR_V9-2 | time (min.) (g/cm3)
PIR_V9-W23 23 8 0.155 Flexible and more shrinkage
PIR_V9-W28 28 8 0.156 Flexible
PIR_V9-W34 34 7 0.132 Hard and less shrinkage
PIR_V9-W45 45 5 0.165 Hard and more shrinkage

The properties of PU aerogel at different conditions will be characterized. The
BET surface area, pore volume, average pore size, and pore size distribution
were measured by using liquid nitrogen absorption method. Microstructures were
measured by using a field-emission scanning electron microscope. Thermal
conductivity at a single mean temperature of 23 °C was measured using hot plate
method.

The continuous aerogel production using jet cutting has been validated in lab
scale. The formulation of recycled polyols-based PU aerogel with the lowest
thermal conductivity will be selected for the optimization. The process conditions
such as solvent, temperatures, and cutting parameters will be optimized in
November.

This part did not start yet. The meeting between partners (KEEY, RAMPF and
SOPREMA) will be determined to discuss in detail for the production of PU
aerogel. The final properties, quantities of recycled polyols from RAMPF will be
specified. The properties of PU aerogel will be required from SOPREMA, so
KEEY will produce the suitable PU aerogels for the applications.
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Keeping in mind the production step of the circular PU-based panels, a polyol
book of specifications has been established (Figure 9-4). The aim is to introduce
into standards formulations, polyols resulting from chemical recycling of
polyurethane panels. By the results, specifications for the eco-sourced polyols
are similar to standards polyols commonly used in production.

For standard productions, two types of polyols are used: polyether polyols with
an OH value between 500 and 600 mgKOH.g* and polyester polyols with an OH
value between 150 and 250 mgKOH.g*. Polyether polyols are used for PUR
formulations and polyester polyol are used for PIR formulations.

Regarding viscosity, due to processability matters, it must be between 1000 and
5000 mPa.s at 25 °C.

Acid value and water content must be close to the polyols commonly used in
production and should not vary from one batch to another because those two
parameters have an impact on the reactivity of the polyurethane formulation.
Consequently, acid value is set to 3 + 0.5 mgKOH.g! and water content must be
lower than 0.4 wt %.

Eventually, due to regulation matters, amine or MDA content must be lower than
0.1 wt %.

Viscosity: 1000 - 5000 mPa.s at 25°C Acid value: 3+ 0.5 mgKOH.g-1

QH valve:  500-600 mgKOH.g! Water content: <0.4 w%
or 150-250 mgKOH.g"

MDA content: <0.1 w%

Figure 9-4. Polyol book of specifications

According to the polyol book of specifications, several polyols were synthesized
by RAMPF. 3 types of polyols were produced, resulting from PIR panels
recycling, PUR panels recycling or a PUR and PIR mix panels recycling. Up to
now 15 polyols were synthesized (Table 9-4).
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Table 9-4. Properties of the recycled polyols synthesized

ICE-PIR-V2
ICE-PIR-V3

From PIR panels ICE-PIR-V4
ICE-PIR-V8-2

ICE-PIR-V9
/ ICE-PIR-V14

ICE-PIR-V15

ICE-PUR-V1

ICE-PUR-V2
Jtypes === From PUR panels ICE-PUR-V3

ICE-PUR-V4-2
ICE-PUR-VT
ICE-PUR-VI

\ From PIR/IPUR panels

Polyols were received in 3 series:
- The first series includes 6 polyols:

o ICE-PIR-V2, ICE-PIR-V3, ICE-PIR-V4, ICE-PUR-V1, ICE-PUR-V2

and ICE-PUR-V3.
- The second series includes 6 polyols:

o ICE-PIR-V8-2, ICE-PIR-V9, ICE-PIR-V14, ICE-PUR-V4-2, ICE-

PUR-V7 and ICE-PUR/PIR-Mix-V2.
- The third series includes 3 polyols:

668
655
678
502
496
503
541

460
475
470
515
560
565

ICE-PUR/PIR-Mix-\V2 524
ICE-PUR/PIR-ME-VA 574

{mPa.s)

1780
1700
1590
5100
4250
3530
4600

8220
8430
8640
8180
2395
2500

3530
3010

o ICE-PIR-V15, ICE-PUR-V9 and ICE-PUR/PIR-Mix-V4.
All polyols appeared as brown viscous liquid (Figure 9-5).

OH value Viscosity MDA content
(mgHOH.g)

(%)
227
219
1.97
2.09
1.10
0.154
0107

0.42
0.54
0.62
0.36
0101
0.096

0.105
0.105
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PUR-PIR_V2

ICE ICE
PIR_V15 PUR-PIR_V4

Figure 9-5. Pictures of the polyols synthesized by RAMPF

e Viscosity measurements

The viscosities of the first series of 6 polyols were measured (Figure 9-6).
According to the results, polyols resulting from the recycling of the same type of
foam showed similar behavior. Polyols based on PUR foam show viscosities
much higher compared to the viscosity of the reference polyol. At 25 °C,
viscosities are between 10 000 mPa.s and 15 000 mPa.s. PIR-foam based
polyols exhibits similar viscosities compared to the reference polyether polyol.
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Figure 9-6. Viscosity measurements of the first series of 6 polyols received
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Regarding the viscosities of the second series of 6 polyols, at 25 °C,
ICE_PUR_V7 polyol, has the closest viscosity to the reference polyether polyol.
ICE_PIR_V14, ICE_PUR-PIR-mix_V2 and ICE_PIR_V9 have higher viscosities
but still remaining below 5000 mPa.s. ICE_PUR_V4-2 et ICE_PIR_V8-2 have
higher viscosities at 25 °C, between 7000 and 9000 mPa.s (Figure 9-7).
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Figure 9-7. Viscosity measurements of the second series of 6 polyols received
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For a first evaluation, indeed, the OH value of all the polyols synthesized is above
450 so all polyols were tested in PUR formulation. Expansion profile and reactivity
were carried out keeping the index of the formulation constant. 10, 25 and 50 %
substitutions of the reference polyether polyol for each polyol were tested.

¢ Reaction times

Reaction times of the first series of 6 polyols were determined (Table 9-5). The
kinetic times of the test formulations are faster than the reference formulation. In
addition, the increase in substitution leads to a decrease of the kinetic times. At
the same percentage of substitution, the formulations made with polyols based
on PUR foam give slower kinetic times. For polyols based on PIR foam, the 50%
substitution study was not possible due to high reactivity.

Table 9-5. Reaction times of the first series of 6 polyols

ICE_PUR_V1 ICE_PUR_V2 ICE_PUR_V3
10% | 25% | s | 10% | 25% | S0
11 10 E) 11 10 9
16 EL] 28 40 34 33
58 49 38 55 48 44

10
37
49

Cream Time (s)
Gel Time (s)
Tack-free Time |s))

¥ & 5|8
TR

3 &K

Regarding the second series of 6 polyols, it appeared that polyols are less
reactive than the first series of polyols but still more reactive than the reference.
A decrease in kinetic times was measures from 10% substitution. Unlike it was
observed in the first series of polyols, the nature of the recycled foam does not
seem to have an impact on reactivity because all polyols have similar behaviour
for the same percentage of substitution.

Table 9-6. Reaction times of the second series of 6 polyols

ICE_PIR_VE_2

25% | SO% | 10% | 5% | S0% | 10% | 25%

ICE_PUR V7 ICE_PIR_V14 ICE_PUR/PIR-Mix_V2

1 10 11 11 1 12 12
39 33 42 35 34 42 39
54 43 62 49 45 52 52

Cream Time 13 11 11 9 11 10 9
Gel Time 49 43 38 32 43 37 38
Tack-free Time 64 57 49 33 61 48 45

e Expansion profiles

Expansion curves were obtained using a Foamat equipment (Figure 9-8). This
equipment allows to follow and study the foam expansion. Thanks to all the
sensors, this equipment gives temperature, foam height curve and expansion
rate curves.
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Figure 9-8. a. Foamat equipment and b. example of curves obtained

Expansion profiles of the first series of 6 polyols were determined. An example
of the curves obtained for one polyol resulting from the recycling of PUR foam
and one polyol resulting from the recycling of PIR foam is given Figure 9-9.
Polyols resulting from the recycling of the same type of foam (PUR or PIR) have
very similar behaviour. Polyols synthesized with PIR foams appeared to be more
reactive than the polyols synthesized with PUR foams. For the same percentages
of substitutions, the expansion curves are similar.

At 10 % substitution, differences are observed on the expansion rate curve
(Figure 9-10). The peaks are slightly shifted towards faster times compared to
the reference formulation. The maximum expansion rate values are higher than
the reference formulation for all the tests but more importantly for the formulations
using PIR-foam based polyols.

At 25 % substitution, differences made at 10 % substitution on the expansion
rate curves are more marked at 25% substitution (Figure 9-11). Other differences
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appear. the maximum height of the tests is reached more quickly, and the
maximum temperature is higher. These differences are more noticeable for the
substituted tests based on polyol obtained from PIR foam.

At 50 % substitution, the same differences as for the 25% substitution are
observed but even more importantly (Figure 9-12).

Pictures of the corresponding foams resulting from the evaluation of the first
series of 6 polyols is given Figure 9-13.

Recycled PUR panels Recycled PIR polyols
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Figure 9-9. Examples of expansion curves obtained from the recycling of PUR and PIR foams.
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Figure 9-10. Expansion curves of the first series of polyols at 10 % substitution
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Figure 9-11. Expansion curves of the first series of polyols at 25 % substitution
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Figure 9-12. Expansion curves of the first series of polyols at 50 % substitution
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Figure 9-13. Pictures of the foams resulting from the evaluation of the first series of 6 polyols

Regarding the second series of polyols, as for the kinetic study, polyols based
on PIR or based on PUR foams have similar behaviour. Results confirmed that
polyols of the second series are less reactive than the first series of polyols

At 10 % substitution, the foamat curves of the polyols tested are similar to those
of the reference formulation (Figure 9-14). A slight shift of the peak towards faster
times was observed and the rate of expansion was more important.

At 25 % substitution, the tests still behave similarly to each other (Figure 9-15).
An increase in reactivity compared to the reference was observed:

The temperatures reached by the tested polyols are higher

The maximum heights are reached more quickly

The peak is shifted to faster times and the expansion rate increased.

At 50 % substitution, regarding ICE_PIR_V8-2, the differences to the reference
formulation remain close to the 25 % substitution. But differences are much more
marked for the other polyols evaluated (Figure 9-16).

Pictures of the corresponding foams resulting from the evaluation of the second
series of 6 polyols is given Figure 9-17.

The study of the third series of polyol is in progress.
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Figure 9-14. Expansion curves of the second series of polyols at 10 % substitution
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Figure 9-15. Expansion curves of the second series of polyols at 25 % substitution
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Figure 9-16. Expansion curves of the second series of polyols at 50 % substitution
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Figure 9-17. Pictures of the foams resulting from the evaluation of second series of 6 polyols
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e Selection of the most suitable candidate:

One polyol will be selected to continue the study. But currently, the
evaluation study continues in order to select the right polyols.

Up to now, ICE-PUR-V7 polyol appears to be best candidate. Indeed, the polyols
of the second series appear to have a closer reactivity to the reference polyol
than polyols of the first series. Among the other polyols, ICE-PUR-V7 appears to
be a good candidate because it showed a viscosity and a reactivity close to that
of the reference polyol.

The next step will be to produce a lab sample on a larger scale in order to
characterize the foam.

Also, we wait for still some samples from RAMPF. These polyols should be have
a better performance for our application.
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