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Executive Summary

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

These prototypes are:

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

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

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

4) Gypsum-based product (circular plasterboards)

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

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

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

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

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

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

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

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

Materials and Methodology

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

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

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

Original Crushing Grinding
Form Stage Stage

- 5
s

(c)

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

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

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

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

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

Table 2-3 XRF analysis of Cem | 42.5 cement

Chemical analysis

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

Cem[425R

19.37 5.12 2.79 63.51 258 0.87 0.28 3.05 - 2.65
cement

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

gypsum.

Table 2-4Blended cement trial mixes rates

Blended Cement Mix Ratios (min %30 EBM)

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

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

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

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

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

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

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

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

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

Table 2-5 XRF analysis of Blended cements

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

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

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

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

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

Counts

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

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

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

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

Chemical analysis

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

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

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

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

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

Table 2-9 Eco-hybrid cement trial mixtures

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

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

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

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

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

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

Figure 2-8 Vicat Tool

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

Figure 2-9 Cement Mortar Setting time test

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

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

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

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

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

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

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

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

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

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

Water

amount for 306 31 306 314 31 316 314 302 20.4
setting(%)
Flow(cm) 15 15 15 15 15 15 15 15 15
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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 42,5 R - Portland cement used in the preliminary studies was supplied by
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CKMSA. The chemical composition of cement

Table 3-1 The chemical composition of Portland cement

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

Lol: Loss of Ignition
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Eco-hybrid cement

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

Aggregates

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

ML

Figure3-1The i mages of RCA6s collected from different demol it

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

Figure 3-2 Sieves used for aggregate gradation.
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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 aggr egmag redsso)lvere calculated using the following formulas:

Mm M — (1)
Mm M — (2
M m — €))
where,

} a: Apparent density, g/cm?3 J rd: Oven Dry density, g/cm?
J ssp: SSD density, g/cm? | w: Density of water, g/cm?3
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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
} a 2.64 2.62 2.63 2.60 2.65 2.56
}rd 2.25 2.04 2.14 2.05 2.31 1.99

} ssd 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.

wo _ (4)

where,

w0 = 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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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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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

49



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

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.

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.

Splitting-Tensile Strength (MPa
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%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 3-11 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.
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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%.
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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.
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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:

T

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.

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.

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.

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
const r §lO]t In eermd of structural engineering, the current challenges
mainly rely on two themes: 1 1 the incorporation of waste products in materials,
so a full recycled production can be achieved [11]; and 2 T 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 struct ur e6s | i fe, without
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.

a
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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 1 dowel shear
connections; and 2 T 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 3-20 Moment-resisting semi-dry connection, with welded continuity reinforcement, between a beam
and a column of a precast reinforced concrete structure. Reprinted from Xiao et al. [27].

\
\
\
-
\

i < | &g T q &
Type-1: End plate connection Type-2: Angle connection Type-3: Tube connection

(@)

7.\3}» L
600 Pr 1 teel angle or tube =
> ecast column | > o b (S = 74
r st AghH A7 a7
& =H"_Steel end plate sk 100,75 - v ¢ ¥
7 8 / N 2 i 3
/ . - el
« < | } il | < | 100 |
- V= + ~ 350 I
L | 2 i * 4}4}8ﬁ
8 L= = = 8* g
o~ , | - F —} - o /"$>$—r‘: =
g7 |1 | 1111 S A AL
2 /Z i & Séction B-B '
Y / i recast beam ,/ * i i ¢
hreaded rod % i
P Backing plate >
“ i)
\ | I W
A \
Type-1 Type-2 and 3 Section A-A

(b)

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
connectionhasthebeamés main reinforcement wel ded
consequently, the tensile force in the reinforcement was easily transmitted via the
connection.
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(b)

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 t
[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 connecti on, tensile force 1is
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:

1 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;

9 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

1 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).

Mor e recentl vy, P36]| studeedh d& bekne/aolungnr pkecast 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 beamds main reinfor
in the column (ride plate) is wedtdthked t o t h
columnés ride plate are high nuts that act
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 [Bludoesaohhdve bretension apklied 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 columnésetaloncrete
[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

1 a non-prestressed solution was ¢ optimization of the solutions
achieved with a similar proposed through nonlinear
behaviour compared to the finite element modelling and
monolithic connection parametric ana|yses

beam/column 1 Prestress can be replaced by ¢ inclusion of a shear key in the

bolts and embedded steel plates connection to prevent S||p
with very good results more effectively

1 behaviour of prestressed 1 definition of design
solutions was close to the recommendations

monolithic connection

1 a solution was achieved where 1 there is still a significant margin

failure occurred away from the for optimization of the
wall/wall connection zone, with a good connection through parametric
and performance in terms of ductility =~ analyses
wall/foundation 1 a finite element model was 1 the definition of design
implemented to assess and recommendations

verify the structural behaviour

beam/beam,

column/column,

beam/slab, 1 no research could be found on these connections
slab/slab and

column/foundation

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

uni ts cont ain steel duct s to accommodat e

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 i solution 1.

The second solution (Figure 3-25) is inspired by the connection studied by Pul

and ke aeattal [3% (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 iswelded to the columnds stirrups so
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 t o t he beeamébwhiecnhd hsatseet hepl Beam
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 beambés end to allow pl ac
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the torque) and the absence of ribs in the
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
(wel ded to the wall 6s reinforcement) and
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 i 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
i's similar, the beam/ col umetald3bnFigwe3t2?
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 T solution 1.
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Figure 3-28 Schematic representation of a slab/slab concrete dry connection i 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:

1 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.

1 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;

1 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.

1 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.

1 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.

1 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

*40 mm width
nd height all

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
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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 slab ID connection key at the embedded number equal number of bolts 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
10 C-4-20-K-B 5 yes yes 2 no 4 20 second
11 REF - - - 1 - - 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
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x
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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 - ~
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) |G - vl ': " ':{.
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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"
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reinforcement # 4-J A
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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 s e gheghttl6@mn2 6Widh =rB00;mm
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reinforcement QJ A
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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 s e gheghttl6@mn2 6Widh =rB00;mm
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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 1s procured in | arge quantiti
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 135J 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.

105



D3.3 Intermediate integrated report about the new circular

!vclezbef 9 building prototypes

ircul conomy of
Building Materials

ﬂﬁ 2@6,5

2 |
(=]
&
2@10
Tie spacing for Flexure-dominant Tests
I 150 |
Cross-section
——
= ecssannnlll —
el
200 40
00 /)__z_o.i—-/—""'
zoo/,_//if”’“_
f ZWM
W

Tie spacing for Shear-dominant Tests

3

\

Dimensions of Beam Specimens

Figure 3-44 Reinforcement Details of the Test Specimens

* All dimensions are given in mm.
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Vertical
LVDT

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) , t he di s pl:aw/ eynehe tultimdte anvaturei (€uy
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
i n FEMA356), the ¢ wrwathelemesy dissipation dapacity
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