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Effect of glass sand used as aggregate on micro-concrete properties

Micro-concrete (MC) can be defined as a high-performance cement-based material produced
using microaggregates and cement in the required proportions. Owing to its high performance,
it has the potential to be used in the structural repairs of existing building elements. Within
the scope of this study, an evaluation was conducted by creating a usage scenario under
which glass, which is a waste product, can be reduced and applied in a way that provides a
sufficient MC performance. There are four different binder contents in the mixtures within
the scope of the present study, i.e, 570, 580, 599, and 658 kg/m?. From these mixtures,
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Management together with the control mixture, 12 %, 27 %, and 50 % microaggregates were replaced
serkanetli@munzur.edu.tr with glass sand and 16 different mixtures with a total of 4 different aggregate contents
Corresponding author were produced. For the mechanical, physical, and durability tests, 40 x 40 x 160 mm sized

prisms and 50 x 50 x 50 mm sized cubes were produced. For the purposes of this research,
mechanical tests were carried out on 144 7-, 28- and 56-day old prismatic specimens. In
addition, the effects of a freeze-thaw and temperature on the mechanical properties were
investigated on 192 prismatic samples. In determination of the durability, physical properties
such as the porosity, sorptivity, and specific gravity were tested and determined using cubic
samples. The test results show that the replacement of MA with GS has positive effects on
all mechanical behaviours of MC.
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Ucinak recikliranog stakla kao agregata na svojstva mikrobetona

Mikrobeton je visoko ucinkovit materijal na bazi cementa koji se proizvodi upotrebom
mikrogregata i cementa u tocno odredenim omjerima. Zbog iznimno visokih performanci,
taj materijal ima potencijal za koriStenje kod konstrukcijskih popravaka postojecih
gradevinskih elemenata. U sklopu ovog rada provedena je evaluacija izradom scenarija
uporabe prema kojem se staklo, koje je otpadni proizvod, moze usitniti i primijeniti na
nacin koji osigurava dovoljnu izvedbu mikrobetona. Postoje Cetiri razlicita udjela veziva
u smjesama u okviru ovog istrazivanja, tj. 570, 580, 599 i 658 kg/m?. U spomenutim je
smjesama, kao i u kontrolnoj smjesi redom 12 %, 27 % i 50 % mikroagregata zamijenjeno
recikliranim staklom, te je na taj nacin proizvedeno ukupno 16 razli¢itih mjesavina sa cetiri
razli¢ita udjela agregata. Za mehanicka i fizikalna ispitivanja te ispitivanja svojstva trajnosti
proizvedene su kocke velicine 50 x 50 x 50 mm i prizme velicine 40 x 40 x 160 mm. Za
potrebe ovog istrazivanja provedena su mehanicka ispitivanja na 144 uzorka starosti 7,
28156 dana. Osim toga, na 192 uzorka prizme ispitan je utjecaj smrzavanja i odmrzavanja
i opCenito ucinka temperature na mehanicka svojstva. U odredivanju svojstva trajnosti
ispitivana su fizikalna svojstva kao Sto su poroznost, sorptivnost i specificna gustoca, a
odredivana su testovima na uzorcima u obliku kocke. Rezultati ispitivanja pokazuju da
zamjena mikroagregata s recikliranim staklom ima pozitivne ucinke na sva mehanicka
ponasanja mikrobetona.

Klju€ne rijeci:

reciklirano staklo, mikrobeton, smrzavanje/odmrzavanje, mehanicka svojstva
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1. Introduction

The aim of this research is to contribute toward the protection
of the natural environment by absorbing the waste in micro-
concrete (MC). A large amount of cement is used to improve
the mechanical properties and utilisation of cement-based
materials. Portland cement, the energy use of which is intense
during production, accounts for approximately 5 % of global
anthropogenic carbon dioxide emissions. Pozzolanic additives
consisting of waste glass derivatives, which are randomly stored
or placed in landfills, make a significant contribution to the
sustainability of concrete production and thereby the cement
industry. In addition, the glass waste produced, which has an
amorphous structure and is non-biodegradable, as a harmful
effect on natural environments. Glass bottles and containers
used for the storage and protection of food and beverages
are also left to nature as domestic waste after such products
are consumed, taking glass waste a ubiquitous by-product.
In addition, fine glass dust, even in soil, seriously harms living
organisms. More importantly, the qualities of glass powder, if
ground to a certain degree, create a new understanding of its
intended use.

The development of high-performance materials such as self-
compacting concrete and reactive powder concrete have elicited
the attention of researchers. Considering the effectiveness of
superplasticizers, which are frequently used in the development
of cement-based building materials, another production
parameter, microaggregates (MA), has been intensively studied.
Self-compacting concrete and reactive powder concrete require
the use of fine materials supplied in large quantities directly
from nature or soil through processing. Owing to the use of
superplasticizers, mixtures can be added to a fresh mixture
without segregation, the grain packing density can be improved,
and the workability can be increased. Increasing the workability
also helps in creating the desired rheological properties.
With such material, a noticeable increase in the mechanical
properties can be observed by reducing the water—cement
value, which represents the basic strength parameter. This also
increases the durability of the concrete derivative by improving
the distribution of the micropores and nanopores formed in the
matrix. In this way, it can be applied with concrete having finer
micro-materials (concrete with producible application materials)
[1-4]. Concrete with a thinner material (micro concrete) can also
be produced, applications can be made at the desired depth
during repair and during a surface application, and micro-cracks
can be easily repaired.

Some of the above-mentioned fine or regular powders
obtained as a natural or processed material are unprocessed or
industrially produced by-products. Industrial waste by-products
can cause problems, including an expensive or impossible
recycling process. It is also important to reduce emissions
released into the atmosphere during cement production, which
are dangerous for human health and the environment. To do so,
it is important to use binder materials that can be disposed of
as waste instead of cement. In addition to saving energy during

the production process, such materials can be easily recycled,
decreasing the amount of environmental pollution by saving raw
materials and reducing the effects of environmental pollution
[5-8]. Glass powder has been successfully used as a mineral
additive in place of cement (up to 30 %) [8-12]. Aliabdo et al.
[13] stated that the use of 10 % glass powder instead of cement
increases the compressive strength of mortar by approximately
9 %. Similar study results were obtained by Grdic et al. [14], who
demonstrated almost a 6.5 % increase in compressive strength
using a glass substitution.

In addition, when considering high-performance concrete
designs, it should be noted that semi-inert MA including finely
ground limestone or quartz can be used. This activity has been
consistently observed in studies on the rheological properties
of high-strength concrete applying MA. More importantly, a
concrete matrix, owing to its tendency to increase the amount
of MAina system, can help reduce or eliminate the use of coarse
aggregates and sand if its feasibility and engineering suitability
are proven [2, 15].

It has been determined that the use of various natural pozzolanic
materials in cement and urban structures may gradually
increase, along with durable waste containing siliceous and
aluminous substances produced as commercial by-products.
Owing to their strength, it is understood that such materials
provide significant improvements in the mechanical properties
of concrete mixtures [16]. Industrial waste such as blast
furnace slag, fly ash, silica fume, and slag have been used as
raw materials and components in the cement industry for
many years. Agricultural residues such as rice husk ash in the
production of concrete and cement is a striking example of such
use. However, there are many types of industrial waste, including
glass products, that have yet to be used in this sector or that
do not contain sufficient data despite their application. In fact,
successful studies on the potential uses of finely ground waste
glass have been conducted, and an enhancement in the strength
of concrete derivatives when this material is used as an alkali-
silica reactivity-based pozzolanic material has been observed
[17, 18]. Examining its manufacturing procedure, such glass is
shaped using aggregates of multiple raw inorganic minerals that
become a hard, homogeneous, stable, inert, amorphous, and
isotropic fabric after a managed cooling procedure. Looking at its
significant composition, glass can be divided into many different
categories. In addition, soda-lime glass is normally used in the
manufacturing of tin and flat glass. As a result of this type of
manufacturing, more than 80 % of waste glass is formed at the
end-of-life stage based on weight [17]. Such glass can be used
for damage (macro- or micro-cracks occurring in concrete shells
and spills) that occurs in the structural elements of reinforced
concrete systems at a certain stage of their service life. Owing
to the material use and production of MC, such damage can be
easily repaired [19]. In addition, owing to its high binding feature,
it can also be used for the sewing reinforcement anchors during
reinforcement operations [20].

The main purpose of this study is to investigate the changes in
the mechanical and durability properties of MC, which contains
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Table 1. Chemical composition of Portland cement and tile dust

Chemical Portland cement Silica fume Glass sand Limestone powder

composition [%] (0.063-0.125 mm) (0-1 mm)
SiO, 19.79 90.75 70.85 0.56
AlO, 396 | - e e
ALO, 3.85 0.72 0.85 0.16
Fe,0, 4.15 2.29 0.23 0.14
Cao 61.84 0.56 8.84 579
MgO 322 e 0.7
Ko | - 1.51 024 e
NaO | e 0.55 war e
S0, 2.32 0.57 023 e
PO, | e e 055 | e
170 e
o, e e e e
MnoO, | - e e e
MgoO - s 8 ==
Loss of ignition 0.87 T i T e
Blaine [m?/kg] 326 21080 | e s

four different GS substitutes and four different binder dosages.
In addition, the effects of temperature on the mechanical
properties of the samples were also evaluated for the produced
binders and the substituted GS. A total of 16 mixtures produced
were subjected to testing. After grinding the waste glass
products, a 0.063-0.125 mm material sieve gap was used.
Sand obtained by crushing limestone-based rocks was used
as MA. By contrast, MA produced within a sieve range of 0-4
mm was used by sieving this sand through a 1-mm sieve. Axial
compression and flexural tensile strength tests were conducted
on the samples produced on the 7th, 28", and 56th days. In
addition, the freeze-thaw effect (between -18 °C and +5 °C)
and the absorbency properties were tested in terms of the
durability. The porosity and specific gravity were investigated
for changes in the physical properties.

2. Materials and experimental campaign

The methodological procedure regarding the materials used in
this study and the proportions of the mixtures produced are
included in the sub-headings. A brief flowchart of the study
methodology is given in Figure 1. The mixtures were produced in
four groups. Silica fume (SF) was used at 18 % of the total binder
content in each batch of mixture. The SF content chosen was
within the ratios obtained from other studies in the literature
[2, 21, 22]. Binder (cement + silica fume) dosages of 570, 580,
599, and 658 kg/m?* were used in each mixture group. In the
mixtures produced, 0 %, 12 %, 27 %, and 50 % GS (0.063-0.125
mm) by weight was used instead of MA (0—1 mm). As a result,
a total of 16 mixtures were produced within the scope of the
study. In the group of mixtures produced, 40 x 40 x 160 mm?

sized prism samples were produced for the mechanical testing
of each mixture. In addition, three cube-shaped samples with
dimensions of 50 x 50 x 50 mm? were produced from each
mixture for the absorbency tests. The mechanical properties,
temperature curing effect, freeze-thaw, sorptivity, and physical
properties were investigated. A total of 336 prism-shaped
samples and 48 cube-shaped samples were used in the
experiments.

Durability test

Figure 1. Experimental workflow
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2.1. Materials

Silica fume and CEM-I 42.5R Portland cement were used
as binders in the mixtures produced within the scope of the
present study. Crushed sand obtained from limestone in the
mixtures was sieved through a 1-mm perforated sieve and
separated into MA. The chemical properties of silica fume, MA
(limestone dust), and cement are given in Table 1. In addition,
glass bottles that accumulate as domestic waste in nature,
particularly bottles where liquid substances are stored (such
as soda/mineral water) were collected and were ground into
glass sand (GS). The resulting powder was sieved and used as
MA. Sieve analyses of the MA obtained by sieving and the GS
obtained from recycling are given in Figure 2.
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Figure 2. Sieve analysis of materials

In addition, water and a superplasticizer, namely a
polycarboxylate ether-based water reducing chemical additive

Table 2. Mixture design

(HRWRA), were used to increase the workability of the mixtures.
In this way, the aim is to maintain the homogeneity of the
produced mixtures as well as achieve high fluidity capacities.
Cement, silica fume, MA, GS (Figure 3), and HRWR were used in
the mixtures produced as MC. The specific gravity values of the
cement, silica fume, MA, GS, and HRWR are 3.1, 2.2, 2.65, 2.56,
and 1.055 t/m?, respectively.

Figure 3. Mixture materials: a) cement, b) silica fume, c) MA, and d) GS
2.2, Mixture design

The MCs produced were homogeneously produced with the aid
of a standard mortar mixer meeting the requirements of the
current standard [23] until the total homogeneity of the mixture
was observed during the preparation of the components. As
summarised in Table 2, the water/binder (w/b) ratio was at a
constant value of 0.535 in the mixtures. Mixtures were basically
produced in four groups, and among these groups, the binder
dosage was changed along with the aggregate content. The
mixtures can be divided into four groups: MC1-MC4, MC5-
M(C8, MC9-MC12, and MC13-MC16. The amount of water was
calculated as 371.8, 378.2, 390.8, and 429.3 kg/m3 for MC1-
MC4, MC5-MC8, MC9-MC12, and MC13-MC16, respectively.

Mixture Cement Water Silica fume HRWR Micro aggregate Glass sand
mark [kg/m?3] [kg/m?] [kg/m?3] [kg/m?] [kg/m?] [kg/m?]
MC1 570 371.8 125 12 996.7 0
MC2 570 371.8 125 12 877.1 119.6
MC3 570 371.8 125 12 727.6 269.1
MCsa 570 371.8 125 14 498.3 498.4
MC5 580 378.2 127 13 966 0
Mce 580 378.2 127 13 850.1 115.9
MC7 580 378.2 127 13 705.2 260.8
MC8 580 378.2 127 14 483 483
Mco 599 390.8 1315 14 908.8 0
MC10 599 390.8 1315 14 799.7 109.1
MC11 599 390.8 1315 14 663.4 245.4
MC12 599 390.8 1315 14 4L54.4 454.4
MC13 658 4293 144.5 15 738 0
MC14 658 429.3 144.5 15 649.4 88.6
MC15 658 4293 144.5 15 538.7 199.3
MC16 658 4293 144.5 15 369 369
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The chosen binder contents in the mixtures were 695, 707,
730.5, and 802.5 kg/m?® for the same group arrangement,
respectively. Inaddition, the amount of MA in the mixtures varies
at 996.7, 966, 908.8, and 738 kg/m?* for MC1-MC4, MC5-MC8,
MC9-MC12, and MC13-MC16, and the rate of change between
MA and GS used was 0 %, 12 %, 27 %, and 50 % by weight of the
mixtures in each produced group (Table 2), respectively.

2.3. Sample facture and mixing procedure

The standard mixer shown in Figure 4a was used to produce
the micro-concrete. During the production of the mixtures, the
first dry mixture was made, and the mixer was operated for 1
min. Then, 2/3 of the required water amount was added to
the mixture, which was mixed for 1 min. The required HRWR
was added to the remaining 1/3 of the water and then added
to the mixture and mixed for another 1 min. The mixture was
then allowed to rest for 1 min and stirred for an additional 1
min. Finally, the mixtures, whose fresh property tests were
completed, were placed in the moulds. A total of 5 min was
required to produce the mixture. In addition, the flowability of
the produced mixtures was checked, and the workability was
measured using a mini-slump flow test. Images obtained during
the mini-slump flow test are given in Figure 4b. The mini-slump
flow test apparatus was manufactured as a truncated cone with
a height of 60 mm and upper and lower diameters of 70 and
100 mm, respectively. The results of the mini-slump flow test
increased with an increase in the GS substitution rate within the
190-240 mm diameter range. These values are close to those
of the self-compacting cement paste results described in the
literature [24]. The mixtures produced were filled into metal
prism-shaped moulds with dimensions of 40 x 40 x 160 mm and
cubic-shaped moulds of 50 x 50 x 50 mm in size (Figure 4c). The
samples were removed from the moulds after 24 h (Figure 4d)
and placed in curing tanks to cure with water at 20+2 °C (Figure
Le). The samples were cured at two different ages. Samples with
a curing age of 7 days, representing an early age, and 28 days,
indicating a normal age, were experimentally tested. For the first
batch of testing, only 7-day cured samples were removed from
the curing tank and tested. All remaining samples were removed
when the normal curing time reached 28 days. Age tests of 28
and 56 days were conducted on these samples.

» 14

Figure 4. a) Mixer, b) slump flow c) moulding, d) demoulding, and e)
water curing

2.4. Hardened state testing procedure
2.4.1. Mechanical testing procedure

The mixtures produced were removed from the moulds one day
after being filled into metal moulds and cured in water saturated
with lime at 20+2 °C. Within the scope of the present study,
7-, 28- and 56-day old samples were subjected to mechanical
tests. For experimental studies at 7 and 28 days of age, samples
taken from curing tanks at the relevant ages were taken to the
laboratory environment and subjected to experiments. The
remaining samples for the 56-day test were removed from the
curing tank at the end of the 28-day curing period and stored in
a laboratory environment until reaching 56 days. Three prisms
were randomly selected from each design set for the test ages
and subjected to a flexural strength test according to ASTM
348 [25]. An axial compressive strength test was conducted
on parts consisting of broken prisms according to ASTM (349
[26] (Figure 5b). Test views of the hardened prisms are shown
in Figure 5a.

Figure 5. a) Prisms for flexural strength and b) broken prisms after testing
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2.4.2. Temperature cure effect

For the samples examined in the second group, the effect of
temperature on the samples that completed the 28-day curing
period was experimentally investigated. Nine prismatic samples
were taken from each mixture in the curing tank, placed in a
furnace, and exposed to heat, as shown in Figure 6. Temperature
levels of 150 °C, 160 °C, and 180 °C were chosen for the
thermal effects. During the experiment, all samples were placed
in the furnace at the same time. To evaluate the temperature
effect, the samples were removed from the furnace in three
stages. The first batch of samples were tested by removing
them from the oven 24 h after the oven had reached 150 °C.
The second set of samples was tested 24 h after the oven
temperature reached 160 °C. The last batch was removed
and tested 24 h after the oven temperature had reached 180
°C (Figure 6). Three samples extracted for each temperature
group effect were subjected to flexural tensile and compressive

strength tests, and their averages were calculated.
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Figure 6. Temperature change
2.4.3. Freezing-thawing effect

The changes in strength of the MC mixtures produced under the
influence of the freeze-thaw cycle were investigated. For this
purpose, a freeze-thaw device with the cycle capacity to freeze
in air and thaw in water was used. Within the scope of the study,
the ASTM (666-97 "Standard Test Method For Resistance of
Concrete to Rapid Freezing and Thawing” [27] was used for the
freeze-thawing test of the MC samples. The test procedure
requires that the concrete samples be subjected to the rapid
freezing and thawing method in either water (Procedure A) or
air (Procedure B). Within the scope of this test, the temperature
during the freezing phase varies between 4 °C and -18 °C. It
varies between -18 °C and 4 °C during the thawing phase.
These cycles, consisting of freezing and thawing stages, take
place between a period of 2-5 h (Figure 7). After the samples
completed the 28-day water curing, three prism samples were
taken from each mixture and placed in the device. After 100
cycles, the samples were removed from the instrument. For
each mixture group, three prism samples were subjected to

a test of their bending tensile strength, and the broken prism
piece formed was then subjected to a compressive strength
test of the samples.

Temperature [°C]

Time [h]

Figure 7. Frozen-thaw cycles
2.4.4. Sorptivity

A sorptivity test is used to measure the capillary water absorption
for mortar or concrete. In other words, it is the measurement of
the passage of water through the capillary structures formed
between the internal structure and the surface in dry concrete
or its derivatives. The measurement of this water transfer, also
known as water absorption, is achieved by measuring the changes
over time and plotting them on a graph. In products such as mortar,
this test is typically conducted on cube-shaped samples. As a
result, the measurements of the time-dependent changes in water
absorbed from the element surfaces by the capillary structures
formed by the combination of macro- and micro-voids in materials
such as concrete or mortar can be defined as a sorptivity test
[28, 29]. The absorbance test was carried out according to ASTM
C1585-13 [30], and the cubic samples produced were removed
from the curing tank after 28 days of water curing and subjected
to this test. These samples taken from the curing tank were kept
in an oven at 100+2 °C for 24 h until the sample weight remained
constant. The main reason for this application is the evaporation
of the existing water content in the sample followed by capillary
water absorption. The samples were taken from the furnace and
cooled at room temperature. Next, the four sides of the samples
were coated with a waterproof material (e.g. paraffin). The upper
and lower surfaces of the coated samples were left open. One of
these two open surfaces is in contact with water, and the other
surface is left in contact with air. The water absorption weights
formed by the capillary system are then measured (Figure 8).

Figure 8. Sorptivity test set-up

44

GRADEVINAR 75 (2023) 1, 39-51



Effect of glass sand used as aggregate on micro-concrete properties

After the sample met was placed in water, it was removed from
the tank at the 5th, 10th, 30th, 60th, 240th, and 1440th minutes
and weighed with an accuracy of 0.01 g. The relationship
between the water absorption Q (m?3) and the square root of the
measurement time is usually obtained as a graph, showing an
almost linear variation. The capillary absorption coefficient (k) is
givenin Eq. (1) [30, 31]:

Q

= 1
Axdi (1)

To determine the sorption coefficient, the mass of water
absorbed on the surface according to the change in the
determined water absorption times are plotted on the graph.
With the help of this diagram, sorption coefficients were
determined using the values given in Eq. (2).

w

Axp:S"ﬁ”O (2)

Here, W, A, and t are given as an increase in mass (kg), the area
checked (m?), and the time variable (min). By contrast, the S
is the sorption coefficient at an early age (mm/min'?), and
the value t is between 1 min and 7 h. The later age sorption
coefficient is used when the t-value is more than 1 day. In Eq.
(2), I is defined as the initial sorption (mm), and is the water
density (kg/m?3) [31].

2.4.5. Porosity, specific gravity, and bulk density tests

In previous studies, the porosity and density were shown to be
effective in the evaluation of properties including the cohesion,
discontinuity, and porosity of elements produced with
concrete-derived materials [32, 33]. For MCs produced into
16 mixtures, the porosity, density, and specific gravity were
calculated through experimental methods applied according to
ASTM C-642 [34] on three cubes produced for each mixture.
To calculate the porosity, density, and specific gravity values,
the weights of the cube-shaped samples produced for all
mixtures in saturated water were first measured, followed by
the dry weights of the saturated surface. It was then left to
dry in an oven at 100+2 °C for 24 h, and this drying process
was continued until the weights stabilised. Experimental
measurements using the mentioned standard have been
conducted by researchers in other studies [35]. The following
equations were used to calculate the porosity (Eq. (3)), specific
gravity (Eq. (4)), and bulk density (Eg. (5)) of the samples
according to ASTM C-642 [34].

Porosity [%] = (3)
W3 —Ws
w
Specific gracity = —1— 4
pecific gracity pr— (4)
Bulk density = —1— (5)
Wi —Wws

Here, w, is the final weight of an oven-dried sample in air, w, is
the measured weight of a fully saturated sample, and w, is the
weight of a surface-dried saturated sample (Egs. (3)—-(5)).

3. Results and discussion
3.1. Flexural strength test results
3.1.1. Flexural strength for standard age

Within the scope of this study, the samples produced with micro-
concrete were evaluated in three groups. The main reason for this
is to test the usability of the samples produced by evaluating the
impact of the environmental influences on the samples. In the first
group, 7-, 28-and 56-day old samples were tested for their flexural
tensile strength and evaluated mechanically depending on age. For
the second group, 28-day samples were exposed to temperatures
between 150 °C and 180 °C and then tested for their flexural
tensile strength. For the third group, the flexural tensile strength
after freeze-thaw effects was tested, and the changes in strength
were compared with those of the 28-day samples.

The flexural tensile strength results under laboratory conditions
for the first group of samples are examined within the scope of
this section. To do so, tests were carried out on three samples
produced for each mixture at ages of 7, 28, and 56 days. The
results from these samples are presented in Figure 9 as the
mean of all three samples for all MC mixes.

The MC13 mixture had the lowest flexural tensile strength among
the 7-, 28-, and 56-day tests. The flexural tensile strength
values obtained for the MC13 mixture for the 7-, 28- and 56-
day experiments were calculated as 1.41, 2.88, and 3.01 MPa,
respectively. In this mixture, the MA content is the lowest at 726
kg/m3, and the binder content is the highest at 803 kg/m?. As the
result of the tests conducted at 7, 28, and 56 days of age indicate,
among the mixtures produced, the maximum flexural tensile
strengths of the samples produced from the MC4 mixture were
reached. As the results of the experiments conducted on the MC4
mixture at 7, 28, and 56 days show, the flexural tensile strengths at
these ages were found to be 1.97, 4.34, and 4.58 MPa, respectively.
The MC4 mixture has the highest MA content of 985 kg/m?® and
contains 50 % GS. In addition, this mixture has the lowest binder
content of 701 kg/m? (Figure 9).

5.0

W 7-day
4.5 ||m 28-day
40 56-day

35
30
2:5
20
1:5
1.0
0.5
0.0

Flexural tensile strength [MPa]

MC1
MC2
MC3
MCa
MC5
MCe
MC7
mcs
MC9
MC10
MC11
MC12
MC13
MC14
MC15
MC16

Figure 9. Flexural strength test results
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A total of 16 mixtures were produced using four different GS
and MA substitution ratios and four different binder contents.
The groups produced were labelled as MC1-MC4, MC5-MC8,
MC9-MC12, and MC13-MC16 mixtures, respectively, and
MC1, MC5, MC9, and MC13 mixtures were designed as the
control mixtures within each respective group. Within the
scope of this section, samples produced from all mixtures
were evaluated in terms of the tensile strength. Despite the
increased binder content in the 7-day experiments, the control
mixtures showed 1.3 %, 2.7 %, and 6 % reductions in the MC5,
MC9, and MC13 mixtures, respectively, compared to MC1. In
the 28-day experiments, the MC5 and MC9 mixtures showed
an increase of 12 % and 8 %, respectively, compared to the MC1
mixture, whereas a decrease of 8.4 % was calculated for the
MC13 mixture. In the 56-day experiments, the increase in the
MC5 and MCS mixtures reached 17 % and 18 %, respectively,
compared to the MC1 mixture, whereas a 3 % decrease in the
MC13 mixture was calculated (Figure 9). The GS-substituted
mixtures among the MC1-MC4, MC5-M(C8, MC9-MC12, and
MC13-MC16 groups were compared with the control mixture
in terms of their respective flexural tensile strengths obtained
from the experiments. Increases of 16 % to 31 %, 18 % to 32 %,
18 % to 34 %, and 18 % to 34 % were calculated in the 7-day
experiments, and increases of 47 % to 66 %, 25 % to 29 %, 13 % to
19 %, and 36 % to 45 % in the 28-day trials for the above groups,
respectively. The results of the 56-day experiment also showed
increases of 29 % to 48 %, 10 % to 23 %, 8 % to 22 %, and 33 % to
37 % over the control mixes, respectively.

3.1.2. Flexural strength testing for temperature effect

To evaluate the flexural tensile strength of the samples under
the influence of temperature, the samples left to water cure for
28 days were taken from the curing tank and exposed to the
temperature effect in an oven. After the samples were exposed
to temperatures of 150 °C, 160 °C, and 180 °C, the values of
the tests conducted with the samples taken from the curing
tank (at a room temperature of 22 °C) were compared. The
lowest flexural tensile strength values of the samples under
the influence of 150 °C, 160 °C, and 180 °C temperatures were
calculated as 2.45, 2.73, and 2.75 MPa, respectively (Figure
10). These values were obtained from the MC13 mixture, which
is the control mixture with the highest binder dosage. At the
maximum flexural tensile strengths, the tensile strengths were
calculated as 4.45, 4.52, and 4.61 MPa for 150 °C, 160 °C, and
180 °C, respectively (Figure 10). These values were obtained
in the MC4 mixture, which has the lowest binder dosage and
the highest aggregate content. In addition, the change in the
replacement ratio of the aggregate and GS in this mixture is
50 %. Compared to the control sample not exposed to heat, it
was observed that the tensile strength at the minimum flexural
tensile strength increased by 2 % to 15 % at 150 °C, 160 °C,
and 180 °C. It was observed that the tensile strengths at the
maximum flexural tensile strength at 150 °C, 160 °C and 180

°Cincreased by 3 % to 6 % compared to the control sample not
exposed to heat (Figure 10).
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Figure 10. Temperature effect on flexural tensile strength

Mixture groups MC1-MC4, MC5-M(C8, MC9-MC13,and MC14—
MC16 were subjected to temperatures of 150 °C, 160 °C, and
180 °C, and the flexural tensile test results were then compared
with the samples tested under laboratory conditions. Average
increments of 1.4 %, 3.2 %, 3.5 %, and 2.0 % were calculated for
the mixture groups MC1-MC4, MC5-MC8, MCS-MC13, and
MC14-MC16, respectively, for samples extracted at 150 °C. At
the end of 160 °C, average increases of 5.5 %, 7.3 %, 14.6 %, and
11.4 % were calculated for the same group ranking, respectively.
Average increases of 10.1 %, 10.2 %, 16.8 %, and 14.1 % were
respectively calculated after exposure to the final temperature
step of 180 °C (Figure 10). The test results show that because
the non-hydrated water in the mixture increases the hydration
of the cement, the adhesion and compressive strength increase
along with the temperature increase (25 °C to 180 °C) owing
to the bond structure formed between the cement mortar and
the GS and MA used. This shows that beyond 200 °C, this bond
structure may decrease with an increase in temperature [36].

3.1.3. Flexural strength testing for freezing-thawing
effect

A comparison of the flexural tensile strength results obtained at
the end of the freeze-thaw test and the flexural tensile strength
results obtained at 28 and 56 days for each sample set is shown
in Figure 11. The MC13 and MC4 mixtures were calculated as
having the lowest and highest flexural tensile strengths among
the samples whose freeze-thaw tests were completed. The
MC4 mixture has the lowest binder dosage but the highest
microaggregate content. By contrast, the GS contentin this mixture
is 50 %. The MC13 mixture has the highest binder dosage but no
GS content. At the end of the freeze-thaw cycles, the freeze-thaw
strength loss varies between 3 % and 17 % compared to the 28-
day samples. The lowest change calculated was for MC1, and the
highest change occurred in MC16. However, MC1 was designed
with the lowest binder dosage, whereas MC16 used the highest
binder dosage. MC1 has no GS content, and MC16 has the highest
GS substitution model the MC13-MC16 group (Figure 11).
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In the samples with the highest GS content, there are surface
cracks that can be observed on the outer surfaces of the samples
because of the freeze-thaw cycles (Figure 12). By contrast, the
freeze-thaw strength loss at the end of the freeze-thaw cycles
varied between 9 % and 38 % compared to the 56-day samples.
The lowest change was calculated in MC3, whereas the highest
change was calculated in MC14. However, MC3 was designed
with the lowest binder dosage, whereas MC14 used the highest
binder dosage. The M(C3 mix was designed to have a GS content
of 27 %. The MC13 mixture, by contrast, has the highest binder
content among the mixture groups produced with 12 % GS
(Figure 12).

Figure 12. Samples after frozen-thaw cycles
3.2. Compressive strength
3.2.1. Compressive strength for standard age

After testing the flexural tensile strength values of the
mixtures produced for 7-, 28-, and 56-day old specimens, the
compressive strength test was applied to the parts obtained
from the samples on the same day. The data obtained are
presented in Figure 13. The minimum compressive strengths
obtained for the 7-, 28- and 56-day samples were calculated
as 42.57, 60.69, and 70.82 MPa. These compressive strengths
were obtained from the samples produced from the MC8
mixture. In this mixture, the GS substitution rate used was 50 %.
The maximum compressive strengths obtained for the 7-, 28-,
and 56-day samples were calculated as 59.58, 68.07, 75.49, and
85.5 MPa (Figure 13). These strengths obtained were calculated
in the MC13 mixture, and although it has the highest binder
ratio in this mixture, there is no GS substitution. The changes
in compressive strength were evaluated based on the control
mixtures (MC1, MC5, MCS, and MC13) in the mixture groups.
The changes in compressive strength obtained for 7 days of

aging decreased between 4 % and 26 % with an increase in the
GS substitution. However, these values varied between 1 % and
9 % for the 28-day age group, and between 3 % and 15 % for
the 56-day age group. More importantly, an average reduction
in compressive strength of 15 % was observed in mixtures with
50 % GS replacement (MC4, MC8, MC12, and MC16) (Figure 13).
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Figure 13. Compressive strength test results
3.2.2. Compressive strength for temperature effect

The samples obtained from the mixtures produced were evaluated
in terms of the change in compressive strength after the effect
of temperature at 150 °C, 160 °C, and 180 °C. The changes
in compressive strength according to
the 28-day old samples tested in the
laboratory are presented in Figure 14.
The lowest compressive strength of
62.22 MPa was obtained in MC4 at 150
°C. The lowest compressive strengths at
160 °C and 180 °C were observed in the
MC12 mixture. As a common feature of
the MC4 and MC12 mixtures, they have
the highest GS content. The highest compressive strengths were
obtained in the MC13 mixture samples tested after the effects of
150 °C, 160 °C, and 180 °C temperatures. These strengths were
calculated as 72.34, 85.01 and 81.46 MPa, respectively (Figure
14). The samples that were dried in the laboratory environment
were accepted as control samples within each group. These
samples were evaluated in comparisons with the temperature
effect. In this context, an increase in the samples of 1 % to 11
% 2 % to 25 %, and 1 % to 20 % was observed at 150 °C, 160 °C,
and 180 °C, respectively. As the GS content increased at 160
°Cand 180 °C, the observed increases in compressive strength
decreased from 20 % to 25 % to 2 % to 6 % (Figure 14). This might
be due to the reaction of the Ca(OH), compound, which can be
formed from CaCO, in limestone sand, with SiO, in pozzolans (in
GS and the addition of silica fume). As a result, the formation of
calcium silicate hydrates, a by-product of the hydration reaction,
is expected. As a result of these chemical reactions, the amount
of Ca(OH), may decrease and the available C-S-H increases [37-
391 Itis thought that improving this situation with the effect of
temperature may increase the performance of the MC within
certain temperature ranges.
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Figure 14. Temperature effect on compressive strength
3.2.3. Compressive strength for freezing-thawing effect

Prism-shaped samples obtained from the produced mixtures
were subjected to the flexural tensile test described in the
previous section after the freeze-thaw cycle, and compressive
strength tests were then conducted on the broken prisms
obtained. The compressive strength results are given in Figure
15, along with the 28- and 56-day results.
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Figure15. Compressive strength test of frozen-thaw cycles

The compressive strength results obtained after the freeze-
thaw cycle showed 19 % to 41 % losses in compressive strength
compared to the samples tested at 28 days. By contrast, when
the same evaluation was made according to the results of the
56-day samples, a loss of compressive strength of between 31
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Figure 17. Sorptivity test results, 1t part of the figure

% to 53 % was calculated. In addition, the change in compressive
strength of the samples produced from the mixtures containing
50 % GS (MC4, M(C8, MC12, and MC16) was calculated
respectively as 20 %—34 %, 18 % to 30 %, 20 % to 31 %, and 19 %
to 31 % lower than the other mixtures among the group. These
changes were calculated as having the lowest compressive
strength loss owing to the freezing and thawing in their groups.
Test images of the samples after a fracture are shown in Figure
16.

Figure 16. Compressive strength test samples of frozen-thaw cycles

3.3. Durability test results
3.3.1. Sorptivity

In the capillary water absorption test, the development of water
movement from the concrete surface to the interior of the
capillary systems formed by micro-sized voids was measured.
This test is an important factor indirectly showing the
permeability of concrete, that is, its durability. The absorbency
graphs for mixture groups MC1-MC4, MC5-M(8, MCS-MC12,
and MC13-MC16 are shown in Figure 17. Here, the S and |
values are calculated on the graphs obtained. The results of the
obtained values are given in Figure 18. Regression coefficients
were calculated as between 0.953 and 0.982. The lowest and
highest sorption coefficients for the early age (S) were calculated
as 0.013 and 0.046 (mm/min 0.5), respectively. In addition, the
other calculated parameter, the first sorption (I ), was calculated
as having lowest and highest values of 0.081 and 0.292 (mm),
respectively (Figure 18). The mixtures with the lowest and
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Figure 17. Sorptivity test results, 2" part of the figure

highest values are MC4 and MC16, respectively. Both mixtures
had the highest GS ratio (50 % substitution), whereas the latter
had the highest binder dosage among the mixture groups.
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Figure 18. Sorptivity test results (Sand 1)
3.3.2. Porosity and specific gravity

The porosity values were calculated by dividing the difference
between the saturated surface under a dry state and the oven
dried state of the samples and their weightin water. These values
were calculated by taking the average of three cube samples for
each mixture within the scope of the present study. The results
obtained were compared with the flexural tensile strengths
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Figure 19. Porosity versus: a) flexural and b) compressive strengths
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of the 28-day samples and are given in Figure 19a. When the
results were examined, the highest tensile strength was found
to be 4.34 MPa for the 28-day samples, with a porosity value of
12.5 %. It was also demonstrated that the lowest flexural tensile
strength corresponds to the highest porosity values among the
groups of mixtures, and the lowest tensile strengths correspond
to the lowest porosity values (Figure 19a).

The graph in Figure 19b examines the relationship between
the compressive strengths and the changes in porosity. The
graph shows that, among the results in the mixture groups,
a decreasing porosity occurs in parallel with the decrease
in compressive strength. The MC13 mixture, which has the
highest compressive strength of 68.07 MPa, has a porosity
of 20.7 %; however, this porosity corresponds to the lowest
flexural tensile strength (Figure 193, b).

In addition to the porosity test, bulk density calculations
were also conducted on the samples produced within the
scope of the present study. The resulting bulk density values
varied between 2.2 and 2.41. In Figure 19a, which is a graph
in which the flexural tensile strength and the bulk density are
given together, the MC13 mixture shows the lowest flexural
tensile strength, and the mass density converges at 2.4. In
the MC4 mixture, where the highest flexural tensile strength
is calculated, the mass density approaches 2.2 (Figure 19a).
In addition, whereas the mass density converges to 2.4 in
MC13, the mixture with the highest compressive strength,
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Figure 20. Bulk density versus: a) flexural and b) compressive strengths

it converges to 2.2 in the MC8 mixture, which has the
lowest compressive strength (Figure 19b). The bulk density
values decrease in parallel with the decreasing compressive
strength among the mixture groups.

4, Conclusion

In this experimental study on the use of GS instead of

MA in micro-concrete, the changes in flexural tensile and

compressive strengths in terms of age, temperature, and

freeze-thaw effect were examined and the following results
were reached.

- Although having the same w/b ratio under a high binder
dosage, it was observed that the GS substitute is effective
in the bending tensile strengths at almost all ages.
Moreover, considering the effect of increasing binder
dosage, a slight decrease occurs in comparison to samples
with a low binder dosage.

-GS substitution improves the flexural tensile strength as
the substitution rate increases in mixtures within groups
having the same binder dosage.

- Under the influence of applied temperatures of 150 °C,
160 °C, and 180 °C, significant increases in flexural
tensile strength were observed, particularly at 160 °C and
180 °C.

- After 100 freeze-thaw cycles, the flexural tensile
strengths of the samples exposed to this effect were
calculated to decrease by 10 % on average compared to the
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