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1. INTRODUCTION

ABSTRACT

Sustainability is a growing area of concern, especially amid the concrete industry. Concrete,
especially traditional concrete, which contains Portland cement, is extremely harmful to
the environment producing mass amounts of carbon dioxide. Additionally, the mining of
the concrete materials, like lime, cause significant damage to waterways and ecosystems.
For years, studies have found more sustainable alternatives that are structurally equivalent
to traditional concrete. The Connecticut Department of Transportation does allow for the
use of alternative “green” concretes if the mix designs meet the required specifications. Nev-
ertheless, heavy highway construction seems reluctant to experiment with new substances
and continues to fall back on the use of fly ash concrete. This solution, however, is not per-
fect, as fly ash is a finite material. By conducting a nationwide survey to the Departments
of Transportation (DOT), the reliance on fly ash was evident. It was also found that the
biggest concerns for DOTs was the cost and availability of the material. This study inves-
tigates presently accepted alternative concrete mixture designs and explores the solutions
of volcanic ash concrete and ground glass concrete. Based on the results of the survey and
construction practicality, this study suggests the incorporation of ground glass concrete for
heavy highway construction. This solution provides the needed strength requirements per
DOT specifications and is within the same price-range as fly ash concrete.

Cite this article as: Babcock, R., & Salama, T. (2022). Analysis of alternative sustainable ap-
proach to concrete mixture design. J Sustain Const Mater Technol, 7(2), 40-52.

fic delays. Current concrete mixture designs are up to the
supplier who has the freedom to experiment as they see fit

The Connecticut Department of Transportation cur-
rently adheres to the Federal Highway Administration’s
catchy slogan of “get in, get out, stay out’, leaving them
reluctant to experiment and possibly gamble with new
concrete design mixtures that may not have the same lon-
gevity as traditional concrete mix designs or those that
may require longer time to set risking unnecessary traf-

*Corresponding author.
*E-mail address: talats@ccsu.edu

as long as they meet the strength specifications set by the
Connecticut DOT [1]. Nevertheless, alternative concrete
mixtures have been slow to make gains in heavy highway
construction. Currently, the Connecticut DOT’s most
used sustainable concrete is fly ash concrete since it helps
with concrete workability. However, while this is more
eco-conscious than traditional concrete, it is not an in-
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definite solution. As climate change is a growing concern,
the burning of coal, which produces fly-ash has declined,
as this process also causes significant harm to the envi-
ronment [2]. Further, even if countries were to continue
to burn coal, the current rate of consumption will likely
deplete coal by 2090 [3]. In turn, coal slag will become
scarcer, and the cost will inevitably increase as well.

Therefore, with this future date in mind, it is now more
critical than ever to explore alternative concrete mixture
designs that will prove to have similar material properties
as traditional concrete but will be more sustainable in terms
of the environment and economy. Two alternatives to be ex-
plored are volcanic ash concrete and ground glass pozzotive
concrete. With strengths able to meet DOT specifications, it
is surprising that Departments of Transportations have not
attempted to use the material in their heavy highway builds
[4]. This prompts questions involving practicality and sup-
ply to determine how these materials, or any other alter-
native materials, may become a solution for Connecticut
highway infrastructure. By surveying the Departments of
Transportation nationwide as well as investigating concrete
suppliers, it may be possible to see if this reluctance is lim-
ited to Connecticut, or if it is nationwide. In all, this project
attempts to gather data on alternative concrete mixtures
used by the Departments of Transportation nationwide in
an effort to offer more sustainable long-term solutions to
the Connecticut DOT.

2. SYNOPSIS OF EXISTING LITERATURE

The plan for this project initially began as a survey to
the Departments of Transportation nationwide to gain in-
sight on concrete usage, specifically pertaining to cost and
composition in the heavy highway construction industry.
Following the surveys, this project’s focus has morphed
in response to the survey replies and targeted two alter-
natives for fly ash concrete. Of the two options discussed,
ground glass pozzolan concrete is much more likely to
take off in the New England and Tri-State regions com-
pared to the volcanic ash concrete. To assess these mixture
designs more clearly in comparison to fly ash concrete, a
literature review was performed.

Fly ash, which is the resultant of burning coal, is one
of the most frequently used additives in concrete compo-
sition to offset the amount of Portland cement, which not
only makes concrete stronger, but also benefits the envi-
ronment. Nevertheless, this material will not be around
forever, as coal powered plants have experienced a severe
decline. In the past 60 years alone, the coal production in
the United States dropped 24%, with only 535 million short
tons produced [5]. The labor force has shrunk as well, with
only 37,000 coal miners working today, as compared to
178,000 miners in 1985 [6]. Figure 1 shows the drastic de-
cline in coal plants from just 2007 to 2016 as wind, solar,
natural gas, and hydrothermal plants have become more

prevalent [7]. Further, recent environmental movements
have pushed against coal production in support of greener
energy sources [3, 8, 9]. Additionally, one study explains
that the American coal supply has been largely overstated,
and as coal production declines this will become more ap-
parent, with the U.S. only recovering roughly 20% of the
government’s reported coal reserves [10]. This informa-
tion is startling when considering the significant reliance
on fly ash for so many concrete suppliers, and the apparent
lack of acknowledgment of this information is just as wor-
risome. New studies are needed to gain industry insight
on this decline and investigate alternatives that suppliers
may be looking into to combat future shortcomings.

To underscore the significance of the need for an alter-
native concrete mix design that is more sustainable, one
must recognize the damage of traditional concrete design,
chiefly, the incorporation of Portland cement. The damage
and devastation the Portland cement industry causes on
the environment is well known. Research shows concrete
production, specifically the Portland cement industry, to be
one of the leading contributors of Carbon-Dioxide (CO,)
emissions, with estimates ranging roughly around 5% to 7%
of global CO, emissions stemming from Portland cement
production [11]. Author Jonathan Watts, of The Guardian,
paints the picture of the crisis we face, stating: “If the ce-
ment industry was a country, it would be the third largest
carbon dioxide emitter in the world with up to 2.8 billion
tons, surpassed only by China and the US” [11]. Consider-
ing this fact, and how the construction industry is just one
small facet of life, it is imperative we change.

Further, the making of cement is not the only factor
in the concrete process that causes harm to the environ-
ment. The harvesting of natural materials causes significant
irreparable damage to the Earth [12]. In one study, titled
‘Green Concrete Mix Using Solid Waste and Nanoparticles
as Alternatives- a Review; the researchers argued for the
implementation of natural waste materials to form Green
Concrete [13]. Examining the currently used avenues of
solid waste management, they focused on the harmful ef-
fects of landfills and recycling costs, as well as the harmful
damage from cement manufacturing [12]. Breaking down
the significant harmful effects of the concrete industry on
the environment, it is clear the construction industry needs
to strive for a more eco-conscious alternative concrete that
will not wreak havoc on natural resources or pollute the
Earth [13]. With these facts in mind, there is no turning
back to traditional Portland cement concrete.

While States have their own specifications for concrete
mixtures, the Federal Highway Administration (FHWA)
sets general parameters that must be followed. The FHWA
also advises on the general benefits of the incorporation
of fly ash concrete, touching on improved workability, de-
creased water demand, reduced permeability, and improved
durability [14]. While these points are all valid, it is import-
ant to address a difference between Connecticut State and
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Figure 1. Map of Decline of Coal Power in the United States 2007 (top) and 2016 (bottom) [7].

Federal guidelines. Per the FHWA, “Fly ash is used to lower
the cost and to improve the performance of PCC. Typically,
15% to 30% of the Portland cement is replaced with fly ash,
with even higher percentages used for mass concrete place-

ments. An equivalent or greater weight of fly ash is substi-
tuted for the cement removed. The substitution ratio for fly
ash to Portland cement is typically 1:1 to 1.5:1” [14]. This is
higher than the guidelines provided Connecticut.
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Reviewing the DOT’s specifications listed under section
M.03.01 titled ‘General Composition of Concrete Mixes,
the State of Connecticut allows any qualified composition
of concrete if it meets the specifications listed per concrete
grade. The design details are as follows: “Portland cement
concrete shall consist of an intimate mixture of Portland ce-
ment, other approved cementitious material (when used),
fine aggregate, coarse aggregate, water, and admixtures, if
ordered or permitted by the Engineer, proportioned in ac-
cordance with the following requirements” [15]. Essential-
ly, discussing strength alone, Class A and C concrete must
meet 3,000 psi (20.7 MPa) compressive strength at 28 days,
and Class F must meet 4,000 psi (27.6 MPa) at 28 days. Re-
garding fly ash replacement in the mixture, Connecticut al-
lows for up to 15% replacement of Portland cement, pound
for pound. Therefore, as long as the materials have been
sourced and verified by the Division of Materials Testing,
and the concrete meets the specified requirements, the en-
gineer may choose any mixture design they deem suitable.

Additionally, it is important to point out the need for
curing in Connecticut, especially in the colder months.
While most concrete work is performed in the warmer
months, CT DOT section 4.01 does specify supplemental
needs including the laying of straw or hay for protection
on days or nights where the temperatures may drop below
35 degrees Fahrenheit (2 degrees Celsius) [16]. Also, if any
concrete freezes before it is fully cured, it must be removed
and replaced at the contractor’s expense [16]. Therefore,
for any new concrete mixture designs to take oft in New
England, they must be suitable for work in colder tem-
peratures, and not delay projects with longer cure times,
which can lead to concrete damages if the material freezes
before it is fully cured.

Fly ash concrete, either Class C or Class F types, is a
commonly accepted alternative concrete mixture in which
Portland cement is replaced partially with fly ash. The main
difference between these two types of concrete is the chem-
ical makeup of the ash itself. Boral Resources, a leading
American supplier of coal combustion products, like fly
ash, concisely summarizes these differences, explaining:
“Class F fly ash is highly pozzolanic, meaning that it re-
acts with excess lime generated in the hydration of Port-
land cement, Class C fly ash is pozzolanic and also can be
self-cementing” [17]. This manufacturer further explains
specifications and requirements set forth by the American
Society for Testing Materials [18]. This society per section
ASTM C618 “requires that Class F fly ash contain at least
70% pozzolanic compounds (silica oxide, alumina oxide,
and iron oxide), while Class C fly ashes have between 50%
and 70% of these compounds. Typically, Class C fly ash also
contains significant amounts of calcium oxide - over 20%.
Most Class F fly ash contains little calcium oxide; however,
some Class F fly ash sources may contain intermediate lev-
els (8% to 16%) of calcium oxide” [17].

Fly ash concrete has long been studied and is widely ac-
cepted in the heavy highway industry [19-22]. However, none
of these studies discuss the impending loss of the material or
possible solutions. Notably though, one study in 2014 in Wis-
consin did address the lack of the fly ash material (Class C)
and suggested an expansion of their current specifications to
allow for the incorporation of Class F fly ash concrete [23]. It
is remarkable that this study was completed seven years ago,
and the problem remains the same. Furthermore, it will not
be feasible in the long run to adopt a different fly ash mixture
since this would be a temporary fix; a permanent solution is
needed for the heavy highway construction industry.

To expand further on the limitations and finite time-
line of fly ash concrete, fly ash is the byproduct of burning
coal for energy production, while energy production is
becoming less reliant on coal. As the world moves green-
er and environmental crisis shapes the world, new initia-
tives are implemented to become more environmentally
conscious in all areas of life, especially in significant areas
such as electricity. In recent years the production of coal
has declined due to shortages, as well as its harmful ef-
fects and toxicity. Even disregarding the environmental
and health risks of coal consumption, research has shown
coal supply is shrinking and may become extinct in the
70 years [8, 9, 24]. Therefore, as power plants move from
burning coal to more environmentally friendly options
like natural gas or hydroelectricity, the loss of fly ash
might be sooner than predicted.

The future of sustainable alternative concrete must take
into consideration materials that are in abundance and not
comprised of finite resources, like fossil fuels. Natural poz-
zolans, like volcanic ash, have a great potential as a substitute
for fly ash. The volcanic ash used for concrete mixtures can
be obtained in several ways: explosive volcanic eruptions,
phreatomagmatic eruptions, and the transports in pyroclastic
density currents. However, it is important to note that these
variations can result in different mechanical properties [25].
Nevertheless, harvesting this material is significantly less dam-
aging to the environment in comparison to the mining of lime
to create Portland cement. Collecting this material also elim-
inates the negative effects of volcanic eruption to human life
[25]. In the United States alone, there are 169 volcanoes. Most
are in Alaska, but they are across the U.S. as well. Harvesting
this material is not damaging to the Earth in the same way that
lime mining is, and the process for refining this ash to be use-
able in concrete does not release the same amount of carbon
as Portland cement or burning coal [26, 27].

The chemical properties of this material make this a
strong cementitious material with a comparable compressive
strength to traditional concrete mixture designs with ranges of
6% to 10% replacement of Portland cement [28]. Interestingly,
cure time for this material is roughly comparable to traditional
concrete [29]. It is also important to note that one study identi-
fied volcanic ash as beneficial in improving the ability of con-
crete to resist freeze—thaw cycles with limited mass loss ratios
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(2.1-2.3%) [30], which is extremely important in regions with
fluctuating temperatures, like New England.

Another promising alternative to fly ash concrete is the
supplementation of ground glass pozzolan as a partial re-
placement for Portland cement in concrete. Several studies
have assessed this mix design and found it to be comparable,
if not stronger than traditional Portland cement concrete
[31-35]. For this mixture, 20% to 25% may be most opti-
mal for heavy highway construction [31-33]. The chemical
properties of this material make this a strong cementitious
material with increased compressive strengths of 16% with
only a 15% replacement of Portland cement [32], and in-
creased compressive strength with 10% glass replacement
[33]. Moreover, Khudair et al. [34] reason compressive
strength could be the result of “pozzolanic activity”, in
which glass particles react with the cement hydrates form-
ing new gel bonds, which can block the pores of the con-
crete, making pores smaller and not connected, which leads
to greater density. Additionally, studies have also concluded
this material to be longer lasting, with estimated service life
five times greater than traditional concrete [36]. Cure time
may be slightly longer than traditional concrete, however if
protected properly from the elements and properly planned
for in scheduling, this should not be a significant issue.

Silica Fume is another alternative mix concrete that has
proven to increase strength and durability, while also reduc-
ing the carbon impact by replacing varying quantities of the
Portland cement. Several studies have focused on this materi-
al, all finding it suitable for both lightweight and heavyweight
concrete construction [37-40]. While this material has great
benefit, there are drawbacks including potential cost increases
or fluctuations in various regions where this material may not
be readily available. The extra cost of the material is examined
in one study in which quarry dust was incorporated as a fill-
er in addition to silica fume, to strengthen the concrete mix
while lessening the amount of silica fume or fly ash for regions
that may not have as much access to these materials [41]. This
information is useful as it shows that research is expressing
concern over availability and cost of materials, however, there
is not a similar study like it for just fly ash which is especially
needed now as coal production declines.

It is also important to examine what other surveys and
studies have assessed the current market of concrete produc-
tion. Overall, there are relatively few studies in this regard.
Most closely related is a survey completed in 2015. In this study,
the scholars surveyed concrete suppliers and manufacturers
to gain insight on the intersection of academic knowledge in
comparison to industry production [42]. This study surveyed
numerous suppliers, one trade organization, as well as the
Ohio Department of Transportation. This study concluded
that the most used concrete mixtures were fly ash (Class C
and F), ground granulated blast-furnace slag (GGBFS), Silica
fume, and shale. This study provided insight on manufacturers
understanding and usage of alternative concrete mixture de-
signs. Nevertheless, given how stringent state public jobs can

Table 1. Department of transportation concrete mixture survey

What is the traditional makeup of your concrete?
What is your concrete budget?
Yes
Class C/Class F No

Do you use flyash?

How much does your flyash concrete cost?

Do you use ground glass/ Pozzotive concrete? Yes No
Do you use Volcanic Ash? Yes No
Do you use other types of “green”

admixtures to concrete? Yes No

be, more investigation is needed to see the concrete materials
States would allow in their heavy highway jobs. Additionally,
it would be useful to compare the results of the study that was
done seven years ago with the results presented in this paper,
specifically to evaluate if new concrete admixtures are being
used by the various Departments of Transportations.

3. STUDY METHODOLOGY

The primary goal of this study was to identify what con-
crete mixtures that are allowed by the Departments of Trans-
portation across the nation. The secondary goal of this study
was to evaluate the availability these materials, and hopefully
highlight the practicality of these alternative compositions. To
complete these tasks, a comprehensive literature review was
completed that identified possible alternative mixture designs,
as well as an investigation was performed that identified ma-
jor suppliers, by state, of sustainable mixes currently produced
in America. Then, with the aim of producing findings for the
Connecticut DOT, a survey was sent out to the Departments
of Transportation nationwide. To increase the likelihood of
gaining information on concrete suppliers and materials cur-
rently in use while not being a customer, a thorough review of
leading suppliers was completed to assess the materials they
advertise and offer for more sustainable options.

Table 1, inserted below, shows the survey sent to the De-
partments of Transportation. This survey addressed questions
regarding annual budget, concrete mixtures used, and con-
crete cost. To increase the likelihood of responses, the survey
was kept short. Respondents did elaborate on their answers
and provided further insight and thoughts on sustainable con-
crete mix designs. The survey was sent to the Materials Testing
Divisions, and other relevant departments, listed publicly on
the Departments of Transportation websites. If specific emails
were not found, the survey was sent to the general forum in
hopes of it being passed to the appropriate department.

The next step of this study was to interpret the vari-
ous data these surveys provided. The results revealed in-
formation on various materials, costs, sale percentages,
concrete usage and more. This information was illustrated
by graphical representations. Additionally, the analysis
of the data from the survey responses will lead to further
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investigation of alternative materials and refine plausible
solutions that is expected to be helpful to the Connecticut
Department of Transportation to provide a more perma-
nent sustainable alternative of concrete mixture for heavy
highway construction.

4. RESULTS

This survey was sent out nationwide to multiple divi-
sions of each the State’s Departments of Transportation ex-
cluding Connecticut, as the information was obtained di-
rectly from the Connecticut DOT interviews. The authors
received responses from 12 States. The data pooled revealed
several important trends and identified more areas for fu-
ture surveys to research. The results of the interview and the
surveys are as follows.

4.1. Connecticut DOT Interviews

In effort to study sustainable construction and green
alternatives for concrete specifically for heavy highway con-
struction, interviews with the Connecticut DOT were con-
ducted. The first interview was with the Pavement Design
division, who explained that most of their work is rehabil-
itation and not new construction. It was explained that the
DOT currently uses Recycled Asphalt Pavement (RAP), Re-
cycled Asphalt Shingles (RAS), Ground Tire Rubber (GTR)
in chip seals. Interestingly, this division will continue to use
RAP, GTR as well as polymers and recycled plastics to im-
prove the durability of mixes and reuse materials.

The second interview was with the Bridge Design divi-
sion. It was explained that the Connecticut DOT does not
use large concrete amounts to make a huge difference in
carbon emissions, therefore low-embodied carbon concrete
is not mandated from suppliers. However, the DOT is sup-
portive of alternative mixes as long as they have the required
strength at 28 days. It was also explained that DOT would
use of pozzolan (recycled ground glass) in concrete mix-
es, but it was noted that the drawback is the longer curing
time which is a significant disadvantage as it will slow down
construction progress, causing delays and more expenses.
It was also pointed out that the DOT references the work
of organizations such as the Connecticut Green Building
Council, the Connecticut Ready Mixed Concrete Associ-
ation, and the Connecticut Concrete Promotion Council.

The third interview was with a Connecticut DOT Engi-
neer, who discussed concrete alternatives for heavy highway
construction, where the biggest concern is the long-term
behaviour of green concrete. The DOT has the responsibil-
ity to ensure the continued performance of their projects
and cannot risk having to go back and repair any damage
or complications further delaying traffic. Therefore, signif-
icant research and experimentation needs to be conducted
to address durability concerns. This stresses the need for an
alternative concrete that is as strong or stronger than tra-
ditional concrete. Furthermore, it was explained that the

B No
B NA

Yes

>

Figure 2. Geographic response rate.

leading cause of concrete damage is permeability. It was
also clarified that fly ash is the most used substitute they
worked with, however they do realize that this a limited re-
source and other alternatives must make way in the heavy
highway construction industry to prevent any regression
back towards traditional concrete.

The biggest concerns for the DOT are cost, strength,
and durability. The insight gained from the Connecticut
DOT interviews helped the researchers with the develop-
ment of the survey questions, and the issues faced to adopt
green alternative concrete mixtures. The interviews helped
narrow down the project’s objective.

4.2. Survey Response Rate

The survey (shown in Table 1) was sent out to 49 States,
excluding Connecticut, and 12 states responded. The re-
sponses to the survey came from the following states: Geor-
gia, Indiana, Washington, Delaware, Michigan, Montana,
New Hampshire, Missouri, Iowa, South Carolina, Massa-
chusetts, and Maryland. The response rate was 24%. It is
also helpful to review the responses in a map formation
(Fig. 2), as it will help identify any possible trends based off
the region the responses are in. This may reveal common
elements or shared concerns if the respondents expanded
on the survey questions. Additionally, by looking at the re-
sponses geographically, it is more obvious which regions
had no responses and areas that further investigative re-
search would be needed to answer any specific questions
this survey may have prompted.

By assessing this map, it is clear there was no reported
data from the West Coast and South-West, as well as limit-
ed data from the South. Nevertheless, there is a wide range
of responses scattered across the U.S., which does allow for
a general nationwide interpretation of the results, as well as
alook at the concerns that individual regions may be facing.

4.3. Survey Question Response - Concrete

Composition

The first question addressed in the survey was the com-
position of each State’s concrete in the hopes of being able
to identify some common mixture design. Most of the re-
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Table 2. Concrete composition

State Georgia Indiana Washington Delaware Michigan Montana
Makeup of Cement, Cement, sand, Cementitious Our traditional Natural fine Typically, is
concrete sand, stone, air blends of portland concrete is made aggregate made of 1-2
stone, entrainment cement, fly ash, up of water, sand, and coarse coarse/medium
air admixture, water slag, and limestone stone, cement and aggregate, Type  aggregates,
reducing admixture,  aggregate/water flyash or slag. It also I (transitioning  sand, cement,
and depend on the and chemical has the admixtures to Type IL) and admixtures
type of structures admixtures water reducer Portland dependent the
and month of dependent on and aer in it. We cement, slag producer.
construction can application. add accelerating cement (ASTM
include “additions” We see a lot of and retarding C989)
such as slag, fly ash,  blended hydraulic admixtures
silica fume, and cement such as type  depending
other “chemical il cements with on outside
admixtures” the use of fly ash temperatures
and slag replacing
portland cement
Additives Slag Chemical Fly ash Slag Admixture
mentioned Fly ash admixtures Slag
Silica fume Admixture
Chemical Retarding and
admixtures accelerators
Table 3. Concrete Composition (continued)
State New Hampshire Missouri Iowa South Carolina Massachusetts Maryland
Makeup of 4000 psi with 50%  Average* 645 We use cement, Our concrete is Cement, fly It can be 100%
concrete slag or 25% fly ash  pounds per cubic coarse and fine typically madeup  ash or slags, cement in
yard of cementitious ~ aggregates, of cement (and admixtures, concrete, or
material (including ~ water, chemical often fly ash), water, aggregatesand it can be 25%
fly ash, cement, etc.) ~ admixtures and fine aggregate, water to 50% slag
and average w/cratio SCMssuchasfly  coarse aggregate, cement added,
of 0.41./// Average and GGBFS. and chemical or 10% to 25%
76 pounds per admixtures. flyash added
cubic yard of fly ash
counting all mixes,
even ones without
fly ash. Average fly
ash content of 122
pounds per cubic
yard counting only
mixes containing
fly ash
Additives  Fly ash Fly ash Fly ash Fly ash Admixtures Slag
mentioned Ground granulated Chemical Fly ash

blast furnace slag

(GGBFS)

Admixtures

sponses were in agreement with their concrete compounds
consisting of crushed stone, sand, water, cement, air, and
differing in terms of the addition of chemical admixtures or

cement substitution admixture.

When the surveys were initially sent out, the question
was intended to ask the participants to identify their percent-

age of concrete substitute used and what materials they often
used. However, due to the open-ended nature of the ques-
tion, the responses were rather general, with varying degrees

of information provided from each state discussing the basic

makeup of concrete. The results of this question are broken
into two tables (Table 2, and Table 3) of six states each.
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W Yes

M Class C

Mostly Class F but
Class C allowed

Class F

M Both

M Both- Mostly C

W NA
B Varies
Bid
$250/cubic yard
B $125-150/cubic Yard
B Bid
M $153.00/Cubic Yard

B $160.00/cubic yard

Figure 3. Geographic comparison of fly ash used.

Number of States using Fly-Ash

Class C Class F Both

Fly-Ash Type

Figure 4. States fly ash usage by type.

Interestingly, several states, like Indiana, Washington,
Delaware, and South Carolina reported usage of admix-
tures in their concrete. This is interesting as admixtures
may serve several different functions and are classified by
function, such as air-entraining, water-reducing, retarding,
accelerating, and plasticizers [43]. However, only Delaware
commented on the usage of the admixtures to influence ac-
celeration or retardation depending on the weather. While
the other states did not provide further insight on whether
these admixtures were used in a similar fashion, or, in com-
parison, if they were to possibly inhibit corrosion, reduce
shrinkage, influence silica reactivity, or improve workabil-
ity. Overall, the bulk of the responses included the usage
of some sort of cement substitution whether it be Fly Ash,
Slag, or Silica Fume.

4.4. Survey Question Response - Concrete Budget

The second question in this survey was regarding the
annual budget for concrete per state. It was assumed that
most states would not have a strict annual budget as the
amount of concrete work needed each year could change.
Nevertheless, cost is a crucial concern, and it was import-
ant to inquire regardless of the anticipated answer. Fortu-
nately, the received responses revealed some financial in-
sight. Washington reported approximately a $200 million
annual budget (including pavement, bridge structures,

Figure 5. Fly ash cost by region.

and other miscellaneous uses), and Iowa reported $23 to
$30 million budget. The other responses were either not
applicable or reported the budget changed annually due to
the needs of the State and the various projects that are ac-
tively in the works. Additionally, Maryland reported that
Districts have specified budgets and how they use their
funds depends on the given project.

This data is useful as it shows most states do not pro-
vide a specific budget or limit of concrete usage but allow
the districts or regions to determine their individual needs.
Therefore, if there is no definitive cost cap, and a state may
be able to petition for more funds than the previous year to
switch to a more sustainable concrete material. For exam-
ple, if the funds are received per job, if the cost of materials
varied, or was slightly higher from one year to the next, it
will not be obvious if it was due to the cost of the concrete
itself, or if it was due to some other project factor.

4.5. Survey Question Response - Use of Fly Ash

The third question asked was to determine if all of
the States are still using fly ash concrete and, if so, which
class. Determining the current usage of fly ash concrete is
imperative because if some states are not using fly ash, it
is important to identify what they may have switched to,
or if they are using it, do they have any plans to switch in
the near future.

Of the responses received, every state responded yes to
the use of fly ash. Figure 3 and Figure 4 depict the different
fly ash class in use per state. In whole, most states allow both
Class C and Class F fly ash in their projects, but Indiana and
Montana reported only using Class C fly ash, and Delaware,
Massachusetts, and Maryland reported only using Class F

4.6. Survey Question Response - Fly Ash Cost

The fourth question in this survey was to investigate the
cost of fly ash concrete (Fig. 5). The responses varied with
some states being unaware since the cost is included in the
project bid, but some states, including Michigan, South Car-
olina, Maryland, and New Hampshire, were able to provide
an average cost per cubic yard. Michigan reported the high-
est cost out of the responses at roughly $250.00 per cubic
yard (cy), while New Hampshire, South Carolina, and Mary-
land were closer together at $125.00 to $150.00/cy, $153.00/
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Table 4. Use of ground glass concrete

State Georgia Indiana Washington Delaware Michigan Montana
Use of ground glass concrete No No No No No No

Table 5. Use of ground glass concrete (continued)

State New Hampshire Missouri Iowa South Carolina Massachusetts Maryland
Use of ground No No GGBFS concerns are there isnot  No Allowed- Yes

glass concrete

enough material available locally.

Not used

cy and $160.00/cy, respectively. While the other States were
unable to provide a definitive price range for material, it is
interesting to see the varying cost range between just these
three States. This does prompt further questions regarding
why Michigan’s cost might be so much higher, and if it could
be due to a supply shortage in that area.

Interestingly, in response to this question, Montana
stated that they do not often use fly ash concrete. Therefore,
returning to their response to the first question, it is likely
that the bulk of their concrete usage is Slag concrete mix-
tures rather than fly ash, as long as it reaches the required
concrete strength of 4,000 psi (27.6 MPa).

4.7. Survey Question Response - Use of Ground Glass

Concrete

The fifth question in this survey inquired on the us-
age of Ground Glass Concrete or Pozzotive. It was antici-
pated that this material has little usage, and this question
would have a low response rate, but hopefully this question
would prompt further discussion or insight on the material
through the eyes of the Departments of Transportation. The
responses are shown in Table 4 and Table 5.

The question did provide valuable insight. Only two
States, Massachusetts and Maryland allow ground glass con-
crete, with only Maryland using the material so far. Addi-
tionally, lowa commented on this material, stating that they
use ground granulated furnace slag, but not ground glass as
they are concerned about supply and need material that will
be readily available. This is critical to note as Iowa is likely not
the only state that would have this concern at the forefront
of their minds. Low supply undoubtedly means higher costs
and the potential risks of delays or failure to complete work.
For ground glass concrete to become a first choice for DOTs,
manufacturers must combat this fear and provide reassur-
ance that there is enough material and long-term supply.

4.8. Survey Question Response - Use of Volcanic Ash

Concrete

The sixth question in this survey was regarding volcanic
ash concrete, another potentially viable replacement for fly
ash concrete. The anticipated response was again low, but
the hope was to receive insight on the material. It was also
anticipated that this material will be used in regions with
volcanos in proximity.

From the responses, 11 states replied that they do not
use volcanic ash in concrete mix designs, with only Wash-
ington replying yes, allowing pumice natural pozzolan in
their concrete mixtures. This is interesting as it shows more
suppliers must be experimenting with more alternative ma-
terials in their projects and are opening the door for natural
Pozzolans in heavy highway construction. This response
from Washington is also in agreement that a region with
volcanos in proximity would be more likely to begin work-
ing with the material rather than a region that may have to
import the material.

4.9. Survey Question Response - Use of other “Green”

Admixtures

The final question asked in this survey was regarding
other “green” admixtures in concrete. This question was
asked in the hopes of allowing the respondents the chance
to expand on the survey or offer a material not explored in
this survey. Of the responses, several states replied no other
“green” admixtures were in use, while several states provided
valuable insight shown in Table 6 and Table 7. In summary,
several states, including Maryland, Missouri, and Michigan
reported Silica Fume usage. Additionally, Georgia respond-
ed that they use recycled aggregate and Metakaolin. Also,
Washington state expanded their response stating that they
allow fly ash, slag, natural pozzolans, and blended cements,
explaining that blended cements are most commonly used
with fly ash and slag as replacement for Portland cement.
Interestingly, Iowa, expanded their response as well, stating
their long-standing use of ground granulated blast-furnace
slag (GGBEFS) and fly ash for over 40 years, with a signifi-
cant decrease in their cement content, and have approved
the use of CarbonCure with a 3% cement reduction.

5. REVIEW OF CONCRETE MANUFACTURERS

It was important to look to the leading concrete sup-
pliers and evaluate the feasibility of different alternative
mixture designs. For this study, four leading suppliers were
researched: CalPortland and Cemex, Inc., each in a differ-
ent region of the country, and two Connecticut suppliers,
Tilcon and Urban Mining. Urban Mining was of particular
interest, as they only manufacturer ground glass concrete.
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Table 6. Other types of “green” admixtures in concrete

State Georgia Indiana Washington Delaware Michigan Montana
Other types ~ Slag, No Fly ash, slag, natural pozzolans, and Slag ASTM C595 blended No
of “green” recycled blended cementitious materials. We see cements and C1240 dry-
admixtures  agg, a lot of blended hydraulic cement such densified silica fume
in concrete  metakaolin as type IL cements with the use of fly
ash and slag replacing portland cement
Table 7. Other types of “green” admixtures in concrete (continue)
State New Hampshire Missouri Iowa South Carolina Massachusetts Maryland
Other types No Ground granulated We have been doing flyash ~ No No Silica
of “green” blast furnace slag,  and GGBFS for over 40 fume and
admixtures silica fume years, we have optimized our metakaolin

in concrete

gradations and reduced our

cement contents, we use IL
cements, we have approved
the use of carbon cure with a
3% cement reduction

Urban Mining, in Beacon Falls, Connecticut is a local
Connecticut concrete plant which has revolutionized the
process of making ground glass concrete even more sus-
tainable as it can accommodate all types of glass containers,
including ceramic and other “nontraditional” glass bottles
[44]. This is significant, as it maximizes the options of re-
sources to make Pozzotive concrete, their brand of poz-
zolan. Recently, Connecticut has attempted to increase re-
cycling statewide, specifically that of beverage bottles (and
cans). To reduce littering and increase recycling, the state’s
legislature introduced the Connecticut Bottle Moderniza-
tion Bill (Section 8 of PA 21-58) [45]. In 2020, Urban Min-
ing commented on this bill, requesting the Department of
Energy and Environmental Protection to make the Beacon
Falls facility an important element of the in-state processing
option for wine and liquor beverage containers sold in this
state [44]. Urban Mining argued the addition of Pozzotive is
aligned with the new bill’s objectives of “finding ‘the high-
est and best use’ for glass, and the addition of Pozzotive to
concrete mixes creates stronger and longer lasting concrete
for our communities while reducing the carbon footprint of
concrete on a nearly ton-for-ton basis” [44]. Urban Mining
further explains that the use of Pozzotive ground glass con-
crete is “five times more impactful in reducing global CO,
emissions than repurposing the glass back into bottles or fi-
berglass” [44]. Overall, this is promising, and this bill should
increase the likelihood of recycling. By keeping the recycled
glass in Connecticut and making it easier for people to par-
ticipate, the amount of glass available will likely increase.

Tilcon is renowned as a reliable and long-standing con-
crete supplier in Connecticut. Comprised of 20 facilities,
this company has supplied concrete, aggregates, and asphalt
for 100 years, and provides a significant amount of the con-

crete for the Connecticut DOT’s various concrete projects.
In 2020, Tilcon’s environmental report recorded 46% of
their revenue came from sustainable products, 36.5 million
tons of alternative materials and alternative fuels recycled,
and 1 million tons of CO, emissions were prevented [46].
This information is significant and shows what great efforts
for the environment have begun to take shape in leading
plants, while still providing their high-quality products.
CalPortland is one of the largest suppliers on the West
Coast with facilities in Oregon, Washington, California,
Nevada, and Arizona. This supplier is a leading manufac-
turer of concrete and has worked to provide reliable and
strong blended concretes with a variety of different ma-
terials including: limestone, slag, fly ash, and silica fume.
Additionally, this company has introduced calcined clay
as a natural pozzolan into their concrete mixes. Further, in
2020, this company released a new environmentally friend-
ly ASTM C595 blended cement. This material offers great-
er Green House Gas and is comprised of a blend of SCMs
including limestone, natural pozzolan, or other approved
materials [47]. This reinforces the responses provided by
Washington’s survey as they commented on the frequent
usage of ASTM C595. Between the survey responses and
the information provided from CalPortland’s website, it can
be argued that ASTM C595 blended cement is a viable op-
tion for Connecticut as well. However, this material seems
to rely on the addition of limestone. While this is a great
solution, it stands to reason that Connecticut can progress
further towards sustainable construction on all levels.
Cemegx, Inc. is headquartered in Houston, Texas and
readily serves the surrounding Southern region. This com-
pany advertises their sustainable progress in several ways,
including safety actions, environment efforts, and their
agreement with Climate Action policy. Their site details



50 J Sustain Const Mater Technol, Vol. 7, Issue. 2, pp. 40-52, June 2022

their mixtures of fly ash and slag cement, along with their
incorporation of chemical admixtures. However, there is no
reported data on the use or incorporation of natural poz-
zolans or ground glass in their mixture designs. While this
supplier is a leading supplier in the South and reinforces the
sustainable efforts that other top suppliers are attempting,
there was little additional data found.

6. CONCLUSION

In summary, this study provided further data on the cur-
rent status of the Departments of Transportation concrete
usage, materials used, cost, and use of alternative “green”
mixtures. In comparison to the two studies completed in
2014 [23] and 2015 [42], it’s clear how little has changed in
the means of concrete manufacturing and how reliant states
are on fly ash concrete especially. Nevertheless, by carefully
analysing the answered surveys, and through careful inves-
tigation of these top suppliers, it can be argued that most
states may be open to alternative mixture designs, if they
meet the required build specifications, and that states are
more concerned with product availability and means. Fur-
ther, the survey responses received do correlate with the ad-
vertised materials from the several concrete manufacturers
previously reviewed. This is interesting because, if the larger
suppliers market this material more and continue to push it
into production on projects, it is more likely that it will be
fully accepted by government and state agencies overtime
as the material will be less “new”. This survey also expressed
the significant amount of fly ash currently used, which rais-
es red flags. This reinforces the concern and critical need for
an alternative replacement compound that is fully sustain-
able on all levels to make its way into heavy highway con-
struction. The time to begin the switch to this new mixture
design is now; as the depletion of fly ash only continues with
each build and with less availability comes increase in cost.

This study leaves room for future studies to attempt
interviews with suppliers and investigate pipeline mixture
designs as well as marketability for future mixture designs.
The authors feel it is important to focus on the economics of
alternative concrete use as it would have a major impact en-
couraging the States to use green concrete more frequently.
It is thought provoking to look at the cost of alternative con-
crete and compare it with traditional concrete, comparing
not only its cost of production, but the environmental sav-
ings from the recycled material and its lower carbon foot-
print. Sustainability is a growing area of concern, especially
surrounding the concrete industry.
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1. STRUCTURE

ABSTRACT

In this study, theophylline (1) compounds were synthesized with addition of 2-bromoetha-
nol, 2-bromoacetamide and methyl-2-bromoacetate to attain symmetric connections to NHCs
(2a-c). New complexes containing the symmetric N-heterocyclic carbene (NHC) ligands were
synthesized using azolium salts in dimethyl formamide (DMF). After the NHC predecessor
compounds reacted with Ag O, Ag(I)-NHC complexes were synthesized in the following:
7,9-di-(2-hydroxyethyl)-8,9-dihydro-1,3-dimethyl-1H-purine-2,6(3H,7H)-dionedium  sil-
ver(I)bromide (3a), 7,9-di(acetamide)-8,9-dihydro-1,3-dimethyl-1H-purine-2,6(3H,7H)-di-
ondium silver(I)bromide (3b) and 7,9-di(methylacetate)-8,9-dihydro-1,3-dimethyl-1H-pu-
rine-2,6(3H,7H)-diondiumsilver(I)bromide (3c). Both synthesized NHC predecessors (2a-c)
and Ag(I)-NHC complexes (3a-c) were described by FTIR, '"H-NMR, *C-NMR, liquid and
solid-state conductivity values, TGA analysis, melting point analysis and XRD spectroscopy.
In-vitro antibacterial activities of NHC-predecessors and Ag(I)-NHC complexes were tested
against gram-positive bacteria (Staphylococcus Aureus and Bacillus Cereus), gram-negative
bacteria (Escherichia Coli and Listeria Monocytogenes), and fungus (Candida Albicans) in
Tryptic Soy Broth method. Ag(I)-NHC complexes showed higher antibacterial activity than
pure NHC predecessors. The lowest microbial inhibition concentration (MIC) value of com-
pound 3a was obtained as 11.56 pug/ml for Escherichia Coli and 11.52 pg/ml for Staphylococcus
Aureus. All tested complexes displayed antimicrobial activity with different results.

Cite this article as: Tiirkyilmaz. M., Dénmez, M, & Ates, M. (2022). Synthesis of pincer type
carbene and their Ag(I)-NHC complexes, and their antimicrobial activities. J Sustain Const
Mater Technol, 7(2), 53-61.

ing to complexes relying on phosphine ligands and they
have generally lower toxicity [3]. After sporadic studies,

Cyclic diamine carbenes allow the provision of 6-do-  concerning the cellular toxicity of these kind NHC com-
nor-mi-receiver complexes [1, 2] that have powerful chemi-  pounds, the cytotoxic effects [4] and mechanisms of action
cal stability in terms of water and oxygen tolerance accord-  against bacteria it was identified [5, 6].
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Figure 1. Complexes designed as general NHC (a), pNHC
(b), and C-metalized azolato ligands (c).
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Figure 2. Numerical terminology of theophylline.

NHCs with minimum one NH functional group within
the carbene heterocyclic structure are called protic NHCs
or pNHC:s [7]. These NHCs are not stable, in the free form
because of rapid tautomerization to the suitable azole [8].
Additionally, they may be stabilized as ligands in different
transition-metal complexes [9], and the synthesis of these
pNHC complexes received interest and were prepared by
many applications [10]. One feasible route for the adjust-
ment of complexes with protic pNHC ligands is the oxida-
tive supplementation of [11] N-alkyl halogen azoles [12] or
unsubstituted azoles to different kind low-valent transition
metals, such as Ni, Pd, and Pt. As a proton resource, this re-
action gives pPNHC complexes of type I, as an example [13].

While most NHCs used in inorganic chemistry act as
observer ligands (Fig. 1a) that do not join directly in chem-
ical transformations [14, 15], the development of NHCs ex-
hibiting detrimental or assisting functionality were raised
recently [16].

One lower class of these ligands are protic NHCs that
have an acidic proton on one of the nitrogen atoms in the
diamine heterocyclic compound [17]. In addition, they are
deprotonated compounds containing a basic ring-nitrogen
atom [18] (Fig. 1c).

The protonation method was extended to complexes of
pNHC ligands, such as caffeine [19]. Even 2-halogenoazoles
with a proton in place of an alkyl substituent on the azole
ring nitrogen atom transport the protonation reactions
with Pd (0) or Pt (0) to yield [19] the metal complexes with
NH and NH-NHC ligands (IV) [20].

As model compounds, transition metal complexes
of theophylline allow researched into the correlation be-
tween metal ions and nucleic acid oxo purine bases [21].
Theophylline is a monodentate ligand in a fundamental or
neutral medium and it coordinates to metal ions through
the N7 atom. In some samples, it functions as a bidentate
N(7)/O(6) chelating ligand or as a bridging ligand with
N(7)/0(6) chelation and N(9) coordination [22, 23].

H

O
o-H- s
Y ,CH3 CH3 N
_H,o '\

(@) (b)

Figure 3. Hydrogen bond structure of theophylline.

Theophylline (1,3-dimethyl-3,7-dihydro-1H-purin-2,6-
dione) is a natural N-methylated xanthine, consumed in
beverages and food (Fig. 2). It is a purine alkaloid, 1,3-di-
methylxanthine, with important biological properties [24].
It may be used as a respiratory stimulant for the treatment
of lung disease and asthma [25]. Thanks to studies showed
that theophylline will effectively block human immunode-
ficiency virus-1(HIV-1) [26].

Theophyllinium-derived compounds were obtained by
binding tails with different properties to nitrogen atoms at
positions 7 and 9 of the purchased theophylline compound,
and their structure was characterized by spectroscopic meth-
ods. The XRD characterization of the theophylline molecule
revealed strong interactions within crystal structures, such
as, C-H--1, C=0---H and N---H---O (Fig. 3) [27].

Included among other health-related uses of theoph-
ylline, it has anti-inflammatory properties [28], antitumor
potential [29, 30], and a role in neurodegenerative diseases
[31]. In recent years, diverse fungi and bacteria have im-
proved their resistance against drugs generally used in clin-
ical studies; thus, there is a need to enhance the chemical
and physical properties of drugs [32].

The synthesis and characterization of Ag (I) metal com-
plexes with theophylline were investigated as a ligand for
biological usage. Co-crystallization of a drug with another
conformers greatly influences its physicochemical features,
while it is hoped that metal complexes of theophylline will
change the physiological structure of the drug by means of
coordination bonds [33]. Alkali metal ions play a very im-
portant role in diverse biological subjects, such as within
cellular diversity, pH, and tuning electrolyte balance [34-
36]. In this study, it was proved that mono sodium salts pos-
sess a larger spectrum of antibacterial activity and they are
effective especially against Staphylococcus Aureus, with over
the range of pH 5.0 to 9.0 as bactericides.

Formation reactions for complex compounds in-
volve the breaking of electron-rich olefins [37] by way
of transition metals with low oxidation. The presentation
of Ag(I)-NHC complexes, the transmetallation pathway
[38] and stabilized N-heterocyclic carbine [39] make
synthesis of functionalized carbene complexes possible
in dissimilar studies. Amide, carbene donor polydentate
ligand structures, pincer systems and tripodal have re-
ceived great attention.
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NHCs are synthesized in materials and modern medi-
cine science because of their strong o-transmitter and poor
ni-receiver characteristics. They were proven to be import-
ant compounds for coordination complexes with catalytic
and medical activities [40].

Ag(I)-NHC complexes were recognized to have effec-
tive anticancer as antimicrobial agents not only with in-vi-
tro, but also with in-vivo studies. In recent years, antimicro-
bial activities of Ag* ion against microorganisms have been
used in medical studies. There are many studies about metal
complexes of NHC compounds for dissimilar applications,
including antimicrobial, antimitochondrial and anticancer
studies in the literature [41, 42].

The synthesis and characterization of antimicrobial ap-
plications of new carbene complexes (3a-c) were present-
ed in this paper. A number of bidentate theophyllinium,
which are constitutional NHCs ligand pioneers, and their
Ag(I)-NHC complexes were prepared. Sigma has a signif-
icant effect on reactivity due to electron-donating proper-
ty in the environment where it is located. Ag(I) complexes
were acquired by in-situ deprotonation of NHCs. Not only
increasing chain length, but also methyl substituents in the
theophylline ring increase the usage of Ag(I) complexes in
bio-potential practice. Additionally, aryl bonding and two
silver centers contributed to their antimicrobial action.
Synthesized compounds were investigated with different
techniques, such as FTIR, '"H-NMR, "C-NMR, TGA, SEM,
XRD, and elemental analysis [43].

Theophylline was acquired by the reaction of different
substituents as ethanol, methyl acetamide and methyl ace-
tate in a medium. Sodium carbonate was present as a base,
and the theophyllinium cation resulted from this reaction.
While 3a compound has small bulky bromide anion, 3b and
3¢ compounds have big bulky hexafluorophosphate anion.
3a, 3b and 3¢ compounds were obtained as Ag(I) complex-
es with interactions as a consequence of ligands 2a-c, with
Ag O in CHOH or DME. Ag(I)-NHC complexes, with
symmetrical structure, were conjugated with hexafluoro-
phosphate or bromine anions. Because of this arylation,
compounds of theophylline derivatives with dissimilar
properties were diverse in the sense of yield, conductivity,
solubility and antimicrobial activity. NHCs and Ag(I)-com-
plexes were tested against gram-positive and gram-negative
bacteria, and fungi.

2. MATERIALS AND METHODS

2.1. Materials

Theophylline (CHN,O,, >99.00%), 2-bromoetha-
nol (CH,BrO >99.50%), 2-bromo acetamide (C,H,Br-
NO >99.50%) and methyl-2-bromo acetate (C,H_BrO,
297.00%) were supplied from Sigma-Aldrich (Poole, Dor-
set, UK). Dichloromethane (CH,Cl, 299.9%), diethyl ether
(C,H,,0 299.9%), deuterium oxide (D,0 299.95%), deu-
terochloroform (CDCI, >99.80%), dimethyl formamide

(DMF >99.80%), ethanol (C,H,OH >99.90%), potassium
hexafluorophosphate (KPF, >99.50%), sodium carbonate
(Na,CO, 299.50%), and silver(I) oxide (Ag,0 >99.0%) were
purchased from Merck (Germany). In addition, hexane
(CH,, 299.00%) and ethyl acetate (C,H,O, >99.50%) were
purchased at technical purity from local markets. All syn-
thesized compounds were performed under Ar atmosphere
using Schlenk line methods.

Minimum inhibition concentration (MIC) tests for each
compound were investigated against reference bacterial
strains: Escherichia Coli (ATCC 25922), Listeria Monocy-
togenes (ATCC 19115), Salmonella Typhimurium (ATCC
14028) as gram-negative bacteria, Staphylococcus Aureus
(ATCC 25923), Bacillus Cereus (ATCC 11778), and a type
of yeast Candida Albicans (ATCC 10231) [44]. Microor-
ganisms were obtained from Technology Research-Devel-
opment Application and Research Center in Trakya Uni-
versity (TUTAGEM, Edirne, Turkey). Bacterial strains and
fungal strains were tested in sub-cultures.

2.2. Instrumentation

FTIR spectra were recorded with KBr pellets in an ATI
Unicam 1000 spectrometer. Scanning electron microscope
(SEM, Fei Quanta FEG 250) and Four-point probe device
(Qiatek, FFP 4) were used to obtain surface images and sol-
id state conductivity measurements, respectively. A pellet
machine using a steel die (Desk-Top presser, Model: YLJ-24
MTI Corporation) under a pressure of ~10 tons was used to
form a pellet. 'H-NMR and PC-NMR spectra were record-
ed using a Varian As 300 Merkur spectrometer operating
at 300 MHz ("H-NMR) and 75 MHz (*C-NMR) in CDCIL..

Thermogravimetric analysis (TGA-DTA) TGA 400 was
performed by using EXSTAR 6300 at Akkim Kimya Com-
pany. A vacuum oven (Nuve Company, vacuum capac-
ity of 760 mmHg with adjustment of temperature of 250
°C) was used for synthesis procedures. X-ray diffraction
(XRD) analysis was done by using a Malwern Panalytical
Empryean (PANalytical Netherlands) at Ataturk University.
Elemental analysis was done by using 836 Series Elemen-
tal Analyzer at Trakya University (TUTAGEM). Melting
points were measured in open capillary tubes with an Elec-
trothermal-9200 melting point apparatus.

2.3. Antimicrobial Activities of NHC Complexes

Antimicrobial activities of NHC complexes were tested
using the agar dilution procedure proposed by the Institute
of Clinical Laboratory Standards. For this purpose, Esche-
richia Coli (ATCC 25922), Listeria Monocytogenes (ATCC
19115), Staphylococcus Aureus (ATCC 25923), Bacillus
Cereus (ATCC 11778), Salmonella Typhimurium (ATCC
14028), and a type of yeast Candida Albicans (ATCC 10231)
were incubated in Tryptic Soy Broth (TSB) for 24 h at 37
°C. The McFarland Scale was set to 0.5 [45]. Ampicillin was
used in cultures as antimicrobial control. Antimicrobial
and soluble material stock solutions were filtered using 0.45
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Figure 4. SEM images of NHC complexes, compounds (a) 3a, (b) 3b and (c) 3c. Inset: Time of sample gathering (days)

(a) 500 pum, (b) 300 um and (c) 500 pum scale bar.

um sterile filter. The results were evaluated for bacteria and
yeast after incubation periods of 24 and 48 h. Absorbance
was measured at 600 nm and vitality % values were deter-
mined. Stock solutions of whole compounds were prepared
in DMSO and dilutions were made with deionized water.
Concentrations of tested whole compounds were prepared
at 100, 50, 25 and 12.5 pg/mL. All inoculated plates were in-
cubated and assessed for bacteria and yeast after incubation
periods of 24 and 48 h. The lowest concentrations of com-
pounds preventing growth were determined as MICs [46].

3. RESULTS AND DISCUSSION

3.1. Synthesis of NHCs

Theophylline (1) compound was added to 2-bromoetha-
nol, ethyl-2-bromoacetate and methyl-3-bromopropanoate
compounds, respectively. Each of these compounds were
connected to NHCs for symmetrical attainment (2a-c). The
obtained NHC predecessors (2a-c) were characterized by
FTIR, 'H-NMR, "*C-NMR, melting point analysis, liquid
and solid-state conductivity, TGA analysis, XRD spectros-
copy and SEM analysis.

3.2. SEM Images of NHC Complexes

SEM images of NHC in NHC-Silver(I)-Bromide = 1:1 are
illustrated in Figure 4a. The surface area relative to NHC and
Ag(I)-bromide is given in Figure 6a. This uneven surface of
bromide has many nucleation regions for the growth of sil-
ver bromide nanoparticles. SEM images of NHC in NHC-Sil-
ver(I)-Bromide = 1:1 are shown in Figure 4b. The large po-
rous structures were enhanced on the surface area relative to
NHC and Ag(I)-bromide. SEM images of NHC in NHC-Sil-
ver(I)-Bromide = 1:1 can be seen in Figure 4c. The porous
spherical nanoparticles were enhanced on the surface area rel-
ative to NHC and Ag(I)-NHC bromide (compound 3c) [47].

3.3. TGA and XRD Analysis

Thermal gravimetric analysis (TGA) measurements of
Ag(I)-NHC complexes (3a, 3b and 3c) and weight loss of
compounds occurred in 4 steps (Fig. 5). In the first step,
temperature was between 150 and 400 °C. The weight loss
came from dehydration of components. In this step for water
molecule lost is 2 mole. In the second step, the temperature
was between 400 and 510 °C and is due to primary carbon-
ization. There was higher weight loss (58.73%) at 510 °C due
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Figure 6. XRD measurements of NHC complexes, compounds (a) 3a, (b) 3b and (c) 3c.

to major volatiles and tar elimination. In the third step, the
temperature was between 510 and 795 °C and the compound
was nearly completely carbonized (weight loss = 39.83%).

The ashes content of NHC is about 24.36%. The results of el-
emental analysis supported the TGA results. The weight loss
of inorganic elements was obtained as 1-1.5% [48].
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Table 1. MIC values of compounds (2a-c and 3a-c) for bacterial resistance in antimicrobial tests

MIC (pg/ml)
Gram-negative Gram-positive Fungal
NHC complex Escherichia Listeria Staphylococcus Bacillus Candida
Coli Monocytogenes Aureus Cereus Albicans
2a 60.00 80.06 90.50 97.53 60.80
3a 11.56 28.36 11.52 44591 22.41
2b 99.02 52.50 85.03 99.00 53.95
3b 20,59 30.47 21.73 32.75 48.45
2c 87.10 58.29 99.00 99.20 57.65
3c 26.43 48.74 44.86 33.86 19.26
Ampicillin 5.00 5.00 10.00 10.00 -
In analysis of TGA plots of compounds 3a, 3b and 3¢ [ 0
(Fig. 7a—c) were indicated an initial weight loss above 150 90,00 -
°C, based on the removal of water molecules. Respective- 80,00
ly, this weight losses are higher than 1.12, 1.17 and 1.28% 70,00 1
for impregnation degrees lower than 101% weight and 80,00 1
reaches 8% for NHC, which confirms that these carbons 2222 “
are less hydrophilic in good agreement with their low oxy- 30,00 1
gen surface contents. The second weight loss was followed 20,00
on the step between 150 and 585 °C and is determined 10,00 JJ] I' II ..
to decomposition of the oxygenated surface groups. In 0,00 - o Amerciin
these step water losses for compounds are equivalent to lE.chenchm g Liweia lSraph\lococcn lBacxllu § Candida
0.5, 1 and 2 moles, respectively. In the third step, when the colt meOREme aures ohws | aibieans

temperature reached 500 to 800 °C, bigger weight loss oc-
curred due to the carbonization of the NHC pioneer. Over
generally 797 °C, the compound is nearly carbonized. In
these step weight losses for compounds are equivalent to
74.13%, 67.66% and 70.69%, respectively.

XRD measurements of the NHC complexes of com-
pounds 3a, 3b and 3c are illustrated in Figure 8. The XRD
spectrum gives information depending on two phases
with inorganic and organic structure for compound 3a.
In this NHC-based Ag(I)-complex, hydrogen, nitrogen
and carbon elements were pivotal components and silver
and bromide ions were preserved compounds. The XRD
peaks were acquired as 20= 12.78, 16.11 and 47.81°. In
the designed NHC-based Ag(I)-complex of compound
3b, the hydrogen, nitrogen and carbon elements were
central components and silver and hexafluorophosphate
ions were preserved compounds. The XRD peaks at 20=
12.18, 12.84, 14.61 and 45.64° can be observed in Figure
8b. This can also be due to the structured formation of
NHCs [49].

In the prepared NHC-based Ag(I)-complex of com-
pound 3c, nitrogen, hydrogen and carbon elements were
central components and silver and hexafluorophosphate
ions were preserved compounds (Fig. 8c). The XRD peaks
at 20=12.36, 12.42, 14.81, and 45.27° were observed due
to the structure of NHCs.

Figure 7. Antimicrobial activities of carbenes and Ag(I)-
NHC ligands.

3.4. Conductivity Tests of NHCs and Their Complexes

Conductivity measurement tests of NHCs and their
complexes were taken at molar concentration of 10° M in
H,0 medium. The conductivity values for compounds 2a,
2b and 2¢ were acquired as 21.80, 23.20 and 25.90 uS/cm,
respectively. But the conductivity values of NHC complexes
increased to 78.25, 82.40 and 108.70 pS/cm for compounds
3a, 3b and 3c, respectively.

Solid-state conductivity of compounds 2a, 2b, 2¢, 3a, 3b,
and 3¢ was measured by Four-point probe device. All mate-
rials are pressed into a pellet form using the pellet machine.
The highest conductivity was acquired as 5.94 uSxcm™ for
compound 2b. Other conductivity results are 0.36, 0.58,
4.10, 5.89 and 3.96 uSxcm™ for compounds 2a, 2¢, 3a, 3b
and 3c, respectively. NHC complexes have conductivity of
4.10, 5.89 and 3.96 uSxcm™ for compounds 3a, 3b and 3c,
respectively. Inclusion of Ag metals in the complex form in-
creases the conductivity results [50].

4.4. Microbial Activity of NHCs Complexed or Similar
The utility of Ag(I)-NHC complexes 3a, 3b and 3c for
antimicrobial strains has been studied in more detail (Table
1). Compounds 3a, 3b and 3c displayed parallel activities
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against both gram negative and gram positive bacteria and
fungi. According to these results were more effective than
the Ag(I)-NHC complexes carbenes of theophyllinium. Re-
sults are beneficial for synthesis of NHC compounds with
high antimicrobial activities [51-54].

5. CONCLUSIONS

Thanks to the synthesis methods determined in the lit-
erature, derivatives of the theophyllinium cation were ob-
tained by alkylation of theophyllinium. NHC cyclic com-
plexes were synthesized as a result of the interaction of this
theophyllinium cation with Ag O. The structural analyses of
compounds 3a-c were performed with 'H-NMR, *C-NMR,
FTIR and mass spectrometry.

A serial of recent NHC predecessor complexes include
symmetrical NHC ligands, which were obtained and char-
acterized by various methods, such as '"H-NMR, *C-NMR,
FTIR liquid and solid-state conductivity, TGA analysis, XRD
spectroscopy and melting point analysis. The antimicrobial
activities of these Ag(I)-NHC complexes were published for
the first time in the literature. NHC compound 3a displayed
better antimicrobial activity against bacteria and fungi com-
pared to another complexes, at lower concentrations.
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1. INTRODUCTION

ABSTRACT

Geopolymers have advantages such as good high-temperature, acid and sulfate resistance. Re-
cently, researchers have been working on cement-geopolymer hybrid materials. According to
these studies, it is possible to adjust the setting times, to gain strength at ambient temperature and
to increase the strength with the use of cement. However, it is known that the structural stability
of cement deteriorates at high temperatures, lowering its strength. In this study, the effect of
slaked lime and cement inclusion on the strength and high-temperature resistance of Class F and
Class C fly ash-based geopolymer mortars was investigated. For this purpose, fly ash was replaced
with 10, 20 and 30% cement or 5, 10, 20 and 30% slaked lime. The lime and cement substitutions
decreased the compressive strength by 8.9-24.4% in Class F fly ash-based geopolymer mortars.
In Class C fly ash, however, the cement addition increased the compressive strength up to 46.6%,
but the lime inclusion decreased the strength slightly. There was no significant change in the
high-temperature resistance of cement or lime-included Class F fly ash geopolymer mortars ex-
posed to 900°C. However, serious decrease was recorded in the high-temperature resistance of
Class C fly ash geopolymers upon partial replacement of the fly ash with either cement or lime.

Cite this article as: Ozkul, I, Giiltekin, A., & Ramyar, K. (2022). Effect of cement and lime on
strength and high-temperature resistance of class F and C fly ash-based geopolymer mortars.
J Sustain Const Mater Technol, 7(2), 62-69.

ment is also increasing [1]. Cement production not only
releases high amounts of CO,, but also causes soil and

Portland cement concrete is the most used building
material in the world. However, in addition to the high
amount of carbon dioxide emitted, several other harm-
ful wastes such as sulphur dioxide and dust are released
to the atmosphere during cement production. Due to
the rapid population growth, cement requirement is
increasing day by day, and the damage to the environ-
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water pollution, high energy and natural resources con-
sumption [2]. According to the International Energy
Agency [3], approximately 4.3 billion tons of cement
was produced in the world in 2020. Approximately 1
ton of CO, is emitted per ton of cement produced [4].
These figures draw attention to the damages caused by
the cement industry.
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Table 1. Chemical composition and physical properties of fly
ashes and cement

Compound ClassF  ClassC Cement
(% by weight) flyash  flyash

CaO 4.93 15.94 63.95
SiO, 53.45 47.07 20.14
ALO, 2063 1156 47
Fe,0, 9.79 7.22 3.2
MgO 1.95 7.77 1.41
SO, 0.19 2.78 3.04
Na,O 1.12 1.59 0.48
K,0 2.07 3.04 0.63
Loss on ignition 4.46 0.42 2.43
Physical properties

Specific gravity 2.32 2.55 3.11
% retained on 45 pm sieve 15.5 32.5 2.1
Blaine specific surface (cm?/g) 5253 2980 4044

Alternative binders are being developed and used in or-
der to reduce the disadvantages of cement production. Sub-
stituting pozzolans with cement or using binders other than
portland cement are among the alternatives [5]. Geopoly-
mers are materials produced by dissolving and reacting alu-
minosilicates in an alkaline environment. It is possible to use
natural aluminosilicates such as kaolin or metakaolin, as well
as industrial waste materials such as fly ash and slag. By us-
ing industrial wastes in the production of geopolymer, a con-
struction material that is both cheap and environmentally
friendly is obtained [6]. In their study, Lloyd and Rangan [7]
reported that the use of fly ash-based geopolymer concrete
would be 10-30% cheaper than conventional concrete. Ow-
ing to their sustainable character and outstanding properties,
the interest in geopolymers is increasing day by day [8].

The presence of high amount of calcium in fly ash used
in the production of geopolymer may result in C-S-H for-
mation besides the geopolymer gel formation. The presence
of C-S-H in the geopolymer structure seems to have a pos-
itive effect on the mechanical properties of geopolymers. It
was also claimed that calcium can act as a balance-cation in
the geopolymer structure [9]. Yip et al. [10] showed that in
geopolymers produced with calcium-containing base mate-
rials, formation of C-S-H in addition to the geopolymer gel
is possible. For this reason, researchers conducted studies
on cement/geopolymer hybrid materials. Phoo-ngernkham
et al. [9] investigated the effect of partial replacement of
high-lime fly ash with cement on the compressive strength
of geopolymer paste. For this purpose, 5, 10 and 15% of fly
ash was replaced with cement. The cement substitution was
considered to increase the compressive strength. The fact
became more pronounced with the rising cement substitu-
tion level. Temuujin et al. [11] investigated the effect of CaO

and Ca(OH), replacement on the mechanical properties of
fly ash-based geopolymer pastes. The rate of substitution
ratios was 1, 2 and 3% by weight for CaO and 1.3, 2.6 and
3.9% for Ca(OH),. Ambient curing and 70°C oven curing
were applied. It was reported that the effect of both CaO
and Ca(OH), on the geopolymer strength was significant-
ly affected by the curing temperature and lime substitution
level. Cao et al. [12] investigated the effect of calcium alumi-
nate cement substitution on fly ash-based geopolymer con-
crete. 5, 10 and 20 wt.% of fly ash was replaced with cement
and, activators produced with different NaOH concentra-
tions were used. The positive effect of cement addition on
the strength was emphasized and the optimum replacement
ratio of cement reported as 10%.

Geopolymers have a lot of advantages such as good me-
chanical properties and excellent durability. It is reported
that the high-temperature resistance of geopolymers is bet-
ter than that of the portland cement [13]. The C-S-H and
CH, the hydration products of ordinary portland cement,
are not stable at high temperatures. The geopolymerization
products, on the other hand, are more resistant to high tem-
peratures [14]. However, C-S-H, which is likely to form in
the structure of geopolymers containing high amounts of
calcium, such as high-calcium fly ash or blast furnace slag,
can reduce the high temperature resistance of the material.

In this study, the effects of calcium substitution from
different sources (cement and slaked lime) on some prop-
erties of geopolymer mortars were investigated. It is well
known that the increase in calcium content can cause the
formation of additional phases such as C-S-H, C-A-S-H
in the geopolymer matrix. To examine the effects of these
possible new phases on compressive strength and high
temperature resistance, cement and slaked lime, which are
popularly used as building materials, were used. Either 10,
20 and 30 wt.% of the fly ash was replaced with cement or
5, 10, 20 and 30 wt.% of the fly ash was substituted by lime.

2. MATERIALS AND METHOD

2.1. Materials

Two types of fly ashes (F and C) were used as alumino-
silicate sources in the study. The Class F fly ash was sup-
plied from Izdemir Enerji/Izmir and the Class C fly ash was
supplied from Cayirhan Thermal Power Plant/Ankara. An
ordinary CEM I 42.5 R type cement and slaked lime were
used as replacement materials. The chemical composition
and some physical properties of fly ashes and cement are
shown in the Table 1.

SEM images of fly ashes are shown in Figure 1. These
images were obtained using by “Thermo Scientific Apreo S”
device with the range of 5 and 7.5 kV. SEM images revealed
that the Class F fly ash particles were more rounded than
those of the Class C fly ash. Moreover, the particles of Class
F fly ash were found to be more uniform in size than that of
Class C fly ash particles.
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Figure 1. SEM images of fly ashes (a: Class F, b: Class C)

Sodium silicate solution, containing 11.32% Na,O,
28.22% SiO, and 60.45% H,O by weight, and sodium hy-
droxide in the form of pellets with 98% purity were used
as activators. Sodium hydroxide pellets were dissolved in a
given amount of sodium silicate solution to obtain the de-
sired Ms ratio (total SiO, to Na,O ratio by weight in activa-
tor). The obtained solution was used after 24 hours of rest.

Tap water and crushed limestone sand was used in the
preparation of mortar mixes. The gradation of the sand is
shown in the Figure 2.

2.2. Method

The experimental part of the study consisted of 2 stages.

At the first stage, the proportions of mixtures to obtain
the highest compressive strength for each aluminosilicate
were determined. For this purpose, 9 mortar mixtures were
prepared with each aluminosilicate by using activators
designed with 3 different Ms ratios and 3 different Na,O
percentages (total Na,O ratio of the activator by weight of
aluminosilicate). The compressive strengths as well as flow
diameters of the mortar mixtures were determined. The
flow diameters of the mortars were determined accord-
ing to the ASTM 1437-20 [15] standard. In order for the
mortars to have similar flow diameters, trail mixtures were
prepared using different amounts of water. The target flow
diameter for the mixtures was chosen as 18.5+1 cm. For the
target flow value, Class C fly ash-based mortars water de-
mand was higher than that of the Class F fly ash-bearing
mixtures. The fact seems to be arisen from the morphologi-
cal characteristics (angular shape) of the Class C fly ash par-
ticles which cause greater internal friction in the mixture
reducing its consistency.

The ingredients were placed in the Hobart mixer bowl
and mixed for 45 seconds at low speed. After scraping the
materials adhering to the container, the mixer was operat-
ed for another 45 seconds at the same speed and the flow
diameters were determined. The mortars were placed in
the 50 mm cube molds in 2 layers and each layer was com-
pacted by 25 drops in a jolting table. Immediately after pre-
paring, the specimens were placed in an oven and cured at

% passing
w9 o
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N
W
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Figure 2. Gradation of sand.
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Figure 3. Designating of geopolymer mortar mixtures.

60°C for 1, 3 and 5 days. At this stage, the mixture giving the
highest compressive strength for each fly ash was chosen as
the reference mixture. The proportions of the mixtures pro-
duced at this stage are shown in the Table 2. Mixtures were
designated as shown in Figure 3. The compressive strength
tests were carried out in a 2000 kN capacity concrete press.
The loading rate was set as 0.9 kN/s. The reported strength
values are the average of 3 samples.

At the second stage, definite amounts of fly ashes were
replaced with cement or slaked lime. The effects of substi-
tuted materials on the compressive strength and high-tem-
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Table 2. Mix proportions and flow diameters of mixture

Code Activator (g) Water (g) Flow diameter (cm) Code Activator (g) Water (g) Flow diameter (cm)
F-1.0-4 103.7 150.4 18.0 C-1.0-4 103.7 234.3 17.7
F-1.0-7 181.5 68.5 17.8 C-1.0-7 181.5 181.5 18.5
F-1.0-10 259.3 87.1 18.0 C-1.0-10 259.3 136.8 18.0
F-1.3-4 125.8 133.4 19.0 C-1.3-4 125.8 243.8 18.2
F-1.3-7 219.7 69.6 18.0 C-1.3-7 219.7 61.5 18.0
F-1.3-10 313.8 28.4 19.0 C-1.3-10 313.8 27.7 18.0
F-1.6-4 147.4 108.3 19.2 C-1.6-4 147.4 214.0 18.8
F-1.6-7 257.9 29.6 18.5 C-1.6-7 257.9 99.7 17.8
F-1.6-10 368.3 0 20.0 C-1.6-10 368.3 52.8 22.0
Sand: 1620 g, fly ash: 600 g for all mortar mixtures.
Table 3. Proportions and flow diameters of mixtures containing cement and lime
Material (g) Flow diameter (cm)

Sand Fly ash Cement Lime Activator Retarder Water
F-1.3-10 (R) 607.5 225.0 - - 117.5 - 10.7 19
F-C10 607.5 202.5 22.5 - 117.5 - 12.4
F-C20 607.5 180.0 45.0 - 117.5 - 21.8
F-C30 607.5 157.5 67.5 - 117.5 - 20.6 19+0.3
F-L10 607.5 202.5 - 22.5 117.5 - 18.9
F-L20 607.5 180.0 - 45.0 117.5 - 21.5
F-L30 607.5 157.5 - 67.5 117.5 - 35.2
C-1.3-10 (R) 607.5 225.0 - - 117.5 - 10.4 18
C-C10 607.5 202.5 22.5 - 117.5 - 343
C-C20 607.5 180.0 45.0 - 117.5 - 33.1
C-C30 607.5 157.5 67.5 - 117.5 - 34.0
C-L5 607.5 213.8 - 11.2 117.5 - 15.4
C-L5-2.5 607.5 213.8 - 11.2 117.5 5.2 38.3
C-L5-5 607.5 213.8 - 11.2 117.5 10.6 349 18+0.3
C-L10 607.5 202.5 - 22.2 117.5 - 32.0
C-L10-2.5 607.5 202.5 - 22.2 117.5 5.0 39.1
C-L10-5 607.5 202.5 - 22.2 117.5 10.1 40.3
C-L20 607.5 180.0 - 45 117.5 - 40.5
C-L20-2.5 607.5 180.0 - 45 117.5 4.5 53.0
C-L20-5 607.5 180.0 - 45 117.5 8.9 52.9

R: Reference mixture.

perature resistance (300, 600, 900°C) of geopolymer mor-
tars were determined. At this stage, it was aimed to keep
the flow diameters of the mixtures as close as possible to
that of the reference mixture. For this purpose, differences
between the flow diameters of cement- and lime-bearing
mixtures and that of the control mixtures were kept within
the range of £0.3 cm. There was a rapid loss of consistency
in some of the test mixtures. Thus, a retarder admixture
was added to these mixtures. Trial and error were applied

to determine the retarder admixture requirement of the
mixtures. The proportions of the mixtures containing ce-
ment and lime are shown in Table 3.

Payakaniti et al. [13] investigated the high tempera-
ture resistance of Class C fly ash based geopolimer pastes
and determined that the compressive strength starts to
decrease after temperatures of 200°C, the rate of decrease
was more considerable in the range of 400-600°C, and the
rate of strength loss decreased after 600°C. Researchers also
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Figure 4. Compressive strength of class F fly ash-based geo-
polymer mortars.

reported that new crystalline phases appeared in the ma-
trix 800°C and beyond that these crystalline phases had an
positive or negative effect on the strength depending on the
numbers of these new crystals. Lahoti et al. [16] stated that
the first major shrinkage in geopolymers under the influ-
ence of high temperature starts at 150-300°C, and the sec-
ond major shrinkage starts around 600°C in geopolymers
produced with activators containing sodium ions. Regard-
ing these findings and probability of presence of compo-
nents such as C-S-H and CH in the matrix, it was decided
to conduct high temperature resistance tests at 300, 600 and
900°C in the present study. The experiments were carried
out in a muffle furnace. The temperature was increased
at a rate of 20°C/min and the exposure time at the target
temperature was set as 3 hours. At the end of this time, the
samples were left to cool in the closed furnace. The com-
pressive strength tests were applied immediately when the
specimens cooled to the room temperature.

3. RESULTS AND DISCUSSION

3.1. Determination of Reference Mixtures

The compressive strength of Class F and C fly ash-based
geopolymer mortars are shown in Figure 4 and Figure 5,
respectively. With the increase in the curing time, the com-
pressive strength of both Class C and Class F fly ash-based
mortars increased. At the same Ms ratio and Na O percent-
age Class F fly ash mortars were found to be superior to the
Class C fly ash mixtures. It is thought that the high water
requirement of Class C fly ash-based mortars for a given
flow is the cause of their low strength. The highest com-
pressive strengths at all Ms ratios and Na,O percentages
were obtained with 5 days of curing. However, the increase
in compressive strength was limited after 3 days. Chitham-
baram et al. [17] investigated the compressive strength of
fly ash-based geopolymer mortars containing sodium sil-
icate-sodium hydroxide activator in different concentra-
tions at different curing times (3, 7, 28 days) and reported
that the compressive strength increased with the increase
in curing time, but the rate of gaining strength decreased
in time. Bellum et al. [18] examined the 7, 14, 28, 60 and

Figure 5. Compressive strength of class C fly ash-based
geopolymer mortars.
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Figure 6. Compressive strength of Class F fly ash-based
geopolymer mortars including cement and lime.

91- day compressive strength of slag-bearing fly ash-based
geopolymers and stated that the increase in curing time had
a positive effect on the compressive strength.

When the strengths of the mortars prepared with the
same Ms ratio and cured for the same time are examined,
it is seen that the compressive strengths of the geopolymers
produced with both fly ashes increased significantly with
the increase in the Na,O percentage. The highest compres-
sive strength achievable in mortars produced with activator
having 4% Na,O content was approximately 10 and 6 MPa
for Class F and C fly ash mixtures, respectively. However,
with the increase of Na,O ratio, compressive strengths be-
yond 55 MPa in Class F fly ash geopolymers, and around
40 MPa in Class C fly ash mixtures were observed. Cho et
al. [19] investigated the effect of sodium hydroxide concen-
tration on geopolymers by using sodium hydroxide solu-
tion with 4, 6, 8 and 10 M concentrations and found that
increasing the sodium oxide concentration improved the
compressive strength. The researchers stated that this was
due to the increased solubility of aluminosilicate with in-
creasing alkalinity of the mixture.

Both Class F and Class C fly ash mortar mixtures with
1.3 Ms ratio and 10% Na O content subjected to 5 days
curing showed the highest compressive strength. However,
since the compressive strengths of the mixtures cured for 3
and 5 days were very close to each other, thus, 3 days was
decided to be sufficient for the curing of the mixtures.
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3.2. Determination of Effect of Cement and Slaked

Lime Replacement

The effect of cement and lime on compressive strength of
Class F and C fly ash-based geopolymer mortars are shown
in Figure 6 and Figure 7, respectively. Within the scope of the
study, 10, 20 and 30% lime and cement were replaced with
Class F fly ash and the effect of the replacement of these ma-
terials on the compressive strength was investigated. The re-
placement levels of Class C fly ash with cement were same as
those of Class F fly ash. However, the substitutions levels of
lime with Class C fly ash was somewhat different, i.e., 5, 10,
20 and 30%. Since it was determined that the lime substitut-
ed Class C fly ash geopolymers set very quickly (with in 3-4
minutes), mixtures with set retarder were also produced with
two different admixture dosages (2.5 and 5.0% by weight of fly

ash). In spite of presence of set retarder admixture, the Class
C fly ash-based geopolymer containing 30% lime showed flash
set during mixing. Therefore, the mixture containing 30% lime
could not be produced. Similarly, workability deficiencies were
observed in Class F fly ash mixtures containing 30% lime.

Vafaei and Allahverdi [20] studied the effect of partial
substitution of natural pozzolan with calcium aluminate ce-
ment on the compressive strength of geopolymer mortars.
It was reported that the compressive strengths increased
with calcium aluminate cement replacement. The strengths
increased gradually further with increasing the cement re-
placement level. The researcher stated that the increased
amount of alumina in the geopolymer mixture is important
for the formation of N-A-S-H gel, and extra CaO in cement
may react with SiO, and Al O, to form C-A-S-H. Yip and van
Deventer [21] investigated the formation of C-S-H in geo-
polymers produced using metakaolin and blast furnace slag.
Researchers reported that when calcium-containing alumi-
nosilicates are used in the production of geopolymers, C-S-H
could form in the matrix in addition to the geopolymer gel.
However, the Ca/Si ratio of this C-S-H was found to be low-
er than that formed upon portland cement hydration. The
increase in strength of the geopolymer mixtures observed
in this study was attributed to the C-S-H formation. In the
present study, it was observed that the compressive strength
of Class F fly ash mortars decreased by 8.9 to 24.4% with
cement and lime replacement. However, calcium inclusion
was expected to improve strength by formation of addition-
al phases (like C-S-H or C-A-S-H) in the matrix. The fact
seems to be due to the effect of the extra water requirement
of the mixture for the same workability. A similar situation
was observed in Class C fly ash upon substitution of small
amount of lime. With lime replacement, a strength loss of up
to 10.9% occurred in the compressive strength of these mix-
tures. The addition of retarder resulted in a further reduction
in strength. The water present in the retarder is thought to be
the reason for the further strength reduction. However, in
spite of its high water content, the compressive strength of
cement-bearing Class C fly ash mixtures improved at all in-
clusion ratios reaching 34.5% and 46.6% upon 20% and 30%
cement addition. The improvement in compressive strength
of these mixtures, in spite of their high water content, was
probably due to the presence of new phases in the matrix.
Chindaprasirt et al. [22] also reported that calcium hydroxide
and cement substitution improved the compressive strength
of alkali-activated fly ash pastes. According to the research-
ers, this was related to the formation of additional C-S-H and
C-A-S-H phases in the matrix and the shortening of the both
initial and final setting times. Temuujin et al. [11] stated that
the compressive strength of fly ash-based geopolymer pastes
cured at ambient temperature increased with the inclusion
of CaO and Ca(OH),, but on the contrary, the compressive
strengths decreased upon curing at 70°C. The researchers at-
tributed the fact to the increased rate of evaporation of water
at high temperature increasing the porosity.
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3.3. Determination of the Resistance of Selected

Mixtures to High-Temperature

High- temperature resistance is also one of the important
durability issues for geopolymers. There are many studies on
the high- temperature resistance of geopolymers in the liter-
ature. F-C30, C-C30, F-L20 and C-L20 mixtures were select-
ed for high-temperature resistance tests. Except for F-L20
mixture, the others showed the highest strength in their own
group. Owing to its very short setting time, F-L30 mixture
having the highest strength in its group was not selected.

The compressive strengths of the selected geopolymer
mortars before and after exposure to 300, 600, 900°C are
shown in Figure 8, and the relative compressive strengths
are shown in Figure 9. The compressive strength of both
Class C and Class F fly ash-based mortars decreased grad-
ually with the increase in temperature. The reduction in
strength of Class F fly ash mixtures after exposing to 300°C
was in the range of 19.6 to 28.8%. The corresponding range
was 51.2 to 60.7% in Class C fly ash mortars. The higher
amount of calcium in Class C fly ash-based mixtures seems
to be the reason for this situation. With the increase in tem-
perature, the strength losses also increased so that upon ex-
posure to 900°C the residual strengths in the Class F and C
fly ash-based mortars were merely in the range of 29.1 to
34.0% and 6.8 to 19.7%, respectively. The presence of 16-17
MPa residual strength in Class F fly ash mixtures even after
exposure to 900°C is a good measure of the high-tempera-
ture resistance of these mixtures. Klima et al. [23] stated
that the evaporation of the water present in the geopoly-
mers at high temperatures caused both thermal shrinkage
and vapour pressure damaging the structure. Payakaniti
et al. [13] reported that the compressive strength losses at
temperatures higher than 400°C in geopolymers may be
caused by thermal stresses, and the changes in the crystal
structure at 1200°C was found to be responsible for further
reduction of the mechanical properties. A very important
part of the strength loss experienced within the scope of the
present study was observed at temperatures up to 600°C. It
is thought that the evaporation of water coupled with ther-
mal shrinkage/stress are the causes of the strength loss.

As it can be seen from Figure 9, the loss in strength of
Class F fly ash mixtures either with or without inclusions
upon exposure to extreme temperatures are very close to
each other, irrespective of the temperature level. This in-
dicates that either the presence or type of the substitute
has no significant effect on residual strength of Class F fly
ash geopolymer exposed to high temperature. However,
the opposite is true for Class C fly ash-based mortars. The
cement and lime substituted Class C mixtures showed
considerably higher loss in strength than their control
mixture particularly when exposed to 600 and 900°C. The
fact probably is arisen from the increase in the amount of
C-S-H in the matrix due to the increased calcium content,
which also negatively affects the compressive strength af-
ter exposing to high temperatures.

4, CONCLUSION

For the materials used and test methods applied the fol-
lowing conclusions were drawn:

o Class C fly ash had a lower fineness than Class F one.
In spite of this, for a given flow, Class C fly ash geo-
polymer mortar showed a higher water requirement
than Class F fly ash counterpart. The fact seems to be
arisen from the angular shape of the Class C fly ash
particles which cause greater internal friction.

« For a given activator composition, activator content
and same curing conditions, Class F fly ash-based geo-
polymer mortars showed higher compressive strength
than that of the Class C fly ash-based mortars. The
fact most probably was arisen from the morphology
of Class C fly ash particles which increased the water
demand of the geopolymer mortar.

o In both Class C and F fly ashes, the highest mortar
compressive strength was obtained at 1.3 Ms ratio and
10% Na,O content. The highest average compressive
strengths attained after 5 days of curing at 60°C were
recorded as 57.4 and 40.2 MPa for Class F and C fly
ash mixtures, respectively.

o The cement or lime substitution reduced the compres-
sive strength of Class F fly ash-based mortars between
8.9 and 24.4%. On the contrary, in Class C fly ash mix-
tures, the cement replacement had a positive effect on
the compressive strength and the strength increased
by 46.6% upon 30% cement inclusion, while lime sub-
stitution reduced the strength slightly.

o The high-temperature resistance of Class F fly ash-
based mixture was higher than that of its Class C fly
ash counterpart.

o The high-temperature resistance of Class F fly ash
geopolymer mortars did not changed considerably
upon lime or cement substitution. On the other hand,
in Class C fly ash geopolymer mortars containing ei-
ther 20% lime or 20% cement the residual compres-
sive strengths were only 6.8 and 8.2% upon exposure
to 900°C, respectively.
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1. INTRODUCTION

While modern building constructions continue world-
wide, limestone calcination and carbon dioxide emissions
caused by cement production, which is the primary con-
crete binding material, are considered the main causes of
global warming. While humanity is looking for solutions
to the world's climate crisis, scientists in civil engineering
are working on an alternative to cementitious concrete
and a more environmentally friendly concrete. Geopoly-
mer Concrete (GPC), obtained by activating more en-
vironmentally friendly materials, has recently attracted
great interest as an alternative to cementitious concrete.
GPC is obtained by adding fly ash obtained as waste from
the chimney of thermal power plants to coarse and fine
aggregates and activating them with chemicals such as so-
dium hydroxide (NaOH) and sodium silicate (Na SiO,).
A lot of work has been done on the material properties,
microstructure and compositions of GPC, which has not
yet found application in practice. Research on the me-
chanical properties of GPCs remains more limited. From
this point of view, the flexural and shear behavior of Geo-
polymer beams (GPCB) is among the important research
topics. The structural behavior of GPCBs has been ob-
served with experimental and numerical studies by Pham
etal. (2021) [1]. Considering the linear elastic behavior of
GPCs, flexural cracking and steel yielding, they revealed
that GPCBs behave ductility. In addition, both exper-
imental and numerical analysis results confirmed that
the moment capacity increased when the steel reinforce-
ment ratio increased. Hutagi et al. (2011) [2] studied the
flexural behavior of GPC and Portland Cement concrete
beams (OPCBs). As a result of the study, they revealed
that the post-peak ductility of GPCBs is lower than that
of OPC beams, while GPCBs behave in the same way as
OPCBs in terms of load-deflection properties, cracking
moment and service load moment. A similar statement in
Kumar and Kumar (2016) found that the load deviation
properties of OPCBs and GPCBs are almost the same. The
cracking moment of GPCB was lower compared to OPCB
[3]. However, the observed crack patterns and fracture
modes for GPCBs were like OPCBs. The total number of
felaxural cracks was nearly the same when all beam types
were considered. The beams failed as their steel yield first,
and then the concrete was crushed at the pressure zone of
surface [3], GPCBs the flexural behavior, comparing the
numerical simulation and analytic calculations OPCBs,
concluded that they were more stringent than the theoret-
ical calculation of GPCBs flexural behavior. In addition
to the experimental investigation, they also performed
numerical studies using ABAQUS finite element software
to investigate the structural behavior of GPCBs [4]. Amiri
et al. (2016) [5] examined the structural behavior of GP-
CBs in their study with the finite element method. They
found that the experimental deviations differed from the

ABAQUS simulations due to friction forces and sliding
behavior at the beam-support contact. Uma et al. (2012)
[6] tried to model the structural behavior of GPCBs using
ANSYS 12.0 software. The authors showed a 20% differ-
ence between the experimental and numerical results in
this comparative study.

There is little research to evaluate the shear behavior,
crack shapes, and failure modes of reinforced GPCBs un-
der bending load. Therefore, studies on the shear behav-
ior of GPCBs are precious. Yost et al. [7] found that shear
force transfer and shear strength were similar in both
geopolymer and cement-based concrete beams. Yacob
et al. [8] four GPCBs and one OPCB presented beams'
strength, strains, deformations, and failure modes in their
experimental study to determine shear strength. As a re-
sult of the research, it was found that the parameters that
affect the shear strength of OPCBs, namely shear rein-
forcement, w/v and concrete compressive strength, also
affect the shear strength of GPCBs. GPCB showed almost
the same ductility behavior as OPCB with similar rein-
forcement in load-deflection response. Shear deformation
and mean strain were more critical in beams that excel in
shear and torsion-shear, while they were less important in
beams that excel in shear-flexural. Visintin et al. [9] pre-
sented the low-level test results of eight reinforced con-
crete GPC beams without stirrups, along with the results
of four direct shear tests. They determined that the shear
friction properties for the GPC used in the experimen-
tal research were within the range of the shear friction
properties of the OPC concrete. On the other hand, Mou-
rougane et al. (2012) [10] observed that GPCBs showed
higher shear strength in the range of 5-23% compared to
OPCBs. However, Mourougane et al. [10] found that ACI
318 [11] gave a good estimate of the shear strength of GP-
CBs, with an average test prediction ratio of 0.96. Chang
(2009) [12], based on research on GPCBs with varying
longitudinal and transverse reinforcement ratios, that
the calculation method for OPCBs is AS 3600 [13] and
ACI318 [11], giving average test-to-estimate ratios of 1.70
and 2.55, respectively. They stated that GPCBs could be
safely used to predict the shear strength of GPCBs. Ng et
al. [14] found that shear cracking was delayed when steel
fibers were added to GPC, but finer cracks were formed.
It has been found that the crack width is reduced when
smaller diameter straight steel fibers are used. As a result,
steel fibers proved to increase the cracking load and ulti-
mate strength of GPCBs.

Today, simulation of structural elements in computers
with FEM plays a growing role in civil engineering studies.
This software produces approximate solutions by making
predictions and providing analysis. Comparably, FEM anal-
ysis yields 90% to 95% accurate results in analysis modes
[15, 16]. Although the shear behavior of the beam provides
the correct properties of the structure, the expense and time
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Table 1. Beam geometry and reinforcement information

Reinforcement steel

Group Sample name Beam dimensions (mm) Pressure steel Tension steel Stirrup
1 OPC1 150x200x1100 208 208 D8/150
OopPC2 150x200x1100 208 3014 D8/150
OPC3 150x200x1100 208 2918 D8/150
2 GPC1 150x200x1100 208 208 ®8/150
GPC2 150x200x1100 208 3014 ®8/150
GPC3 150x200x1100 208 2018 D8/150

consumption during the experimental calibration are dis-
advantageous [17]. The results obtained from the ANSYS
software, which digitally models the beam experiments,
entirely depend on the mesh size, material properties, and
load increases [18]. Rajhgopal et al. [19] modelled the con-
crete as a 3D solid65 element and the reinforcement as a
Link 8 element for GPC beam via ANSYS software. As a
result of nonlinear FEM analysis of geopolymer beams,
load-deflection characteristics, fracture modes and crack
states were observed together with experimental results.
Modeling GPCBs that exhibit nonlinear behavior until
failure with FEM reduces costs and produces results fast-
er than laboratory testing. GPC preparation of concrete as
environmentally friendly concrete still has many difficulties
compared to casting and testing OPC concrete. Said beam
denier is even more difficult. There are many experimental
and FEM analysis studies on OPCBs and steel beams [20-
30], but the study on GPC is very limited. Thanks to this
study, the analysis of GPC beams in terms of both flexural
and shear behavior is considered an innovation.

Most of the studies on GPCs are related to the micro-
structure and chemical composition of GPCs. However,
studies on the structural behavior of GPCB still remain
limited [7-10, 12, 31]. Examination of the real-time be-
havior of beams produced from GPC, obtained from
strain and stretching in the laboratory environment, can
be quite a time consuming, and materials can be quite ex-
pensive. To contribute to this limited area, ANSYS, finite
element-based computer software with which nonlinear
beam models can be defined easily due to its cost-effec-
tiveness, was used in this study. This study aims to examine
geopolymer concrete beams' flexural and shear behavior
in various crack conditions such as crack initiation, prop-
agation, flexural strength, load-deflection and structural
failure modes using three-dimensional FEM analysis. At
the same time, it is to reveal the time-dependent compre-
hensive behavior of the beam under the influence of in-
creasing load until the moment of fracture under the criti-
cal distribution of stresses and effective strains in the steel
reinforcement by comparing it with the results obtained
from the calculations in the laboratory environment. Us-
ing software that performs finite element analysis makes it

possible to simulate GPCBs up to the moment of fracture.
This study aims to contribute significantly to the future de-
velopment of this environmentally friendly concrete.

2. MATERIAL AND METHOD

2.1. FEM Development of GPC Beams

Observation of flexural and shear behavior of GPCBs
was performed numerically with ANSYS Workbench (21.2)
software. First, beams with a width of 150 mm, a height of
200 mm and a length of 1100 mm were drawn with Auto-
Cad software, then ANSYS Workbench software was used
in usable format. 208 longitudinal reinforcement is placed
in the compression zone of all beams. The transverse rein-
forcement is adjusted to be 88/150 mm in each beam. In
the research, a total of 6 beams were modeled and analyzed
by using three different GPC and OPC beams matched with
each other. The transverse reinforcements are sized so that
the cover is 25 mm. The cross-section and reinforcement
information of the modeled reinforced concrete samples
are given in Table 1, and the longitudinal and transverse
reinforcements placement are given in Figure 1.

According to the previous experimental study results
for the concrete block, mechanical definitions were made
in ANSYS. SOLID65-3D element is used while defining
the concrete in ANSYS Workbench finite element model.
SOLIDG65 is widely used for 3D concrete modeling of re-
inforced solids. The special cracking and crushing abilities
of reinforced concrete elements, resembling a 3D struc-
tural solid, are very well represented by SOLD65. Thanks
to this element, nonlinear material properties are defined
and processed quite successfully. It can crack (in three
vertical directions), crush, cause plastic deformation and
creep into concrete. SOLD65 geopolymer is suitable for
simulating the cracking behavior of concrete in the tensile
zones (bottom) as well as the nonlinear performance of
the concrete material in three orthogonal directions, such
as crushing in the compression zones (top) by processing
[32]. Rebar has to ability to tensile and compress but not
cut. The LINK 180 element type used for modeling verti-
cal and horizontal steel bars from the ANSYS 21.2 element
library facilitates linear and nonlinear deformation in its
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Figure 3. Reinforced Concrete Beam finite element mesh model.

Table 2. Reinforcement properties in axial tension

Rebar fy 1, Elongation fu/fy

diameter (mm)  (MPa) (MPa) (%)

8 424 541 37.5 1.27

14 453 572 32.8 1.26

18 456 564 244 1.24

J;; Yield strength; f : Tensile strength.

Table 3. Analytically results of flexural and shear load

Sample code  Longitudinal Beam flexural Beam shear
reinforcement load capacity load capacity

(kN) (kN)

(GPC-OPC) 1 208 27.35 119.5

(GPC-OPC) 2 3014 106.3 119.5

(GPC-OPC) 3 2918 114.3 119.5

plane. The described solid model can crack in tension and
crush in compression. Each element of the SOLD65 that
defines the concrete is represented by eight nodes with
three degrees of freedom at each node: the nodes express
the translations in the x, y, and z directions. The geometry,
node positions and coordinate system for this element are
shown in Figure 2 in SOLID65 geometry [33].

Inserted into the geometry defined as SOLID 65,
With the commands, the mechanical properties previ-
ously determined by the experimental method were de-
fined separately for GPC.

MPTEMB,,,,,,

MPTEMP,1.0

MPDATA,EX,s0lid65_matid ,,16972

MPDATA,PRXY,solid65_matid ,,0.24

and for OPC

MPDATA,EX,solid65_matid ,,25256

MPDATA,PRXY,solid65_matid ,,0.2

The concrete body of the OPC beam is meshed with 18

OFC1 and GPC1

= GPC-FEM
—OPC-EXP.
—— OPCFEM
0 ——GPC-EXP.

Lond {kN)

=

0
025 3 75 101251517.5202252527.5303253537.54042545475 5052555575
Displacement (mm)

Figure 4. Stress-strain curves (OPC and GPC 8 mm).

mm and the reinforcements with 5 mm. It consists of a total
of 12,252 nodes and 8681 elements. The transparent view of
the finite element mesh model of the concrete body, rein-
forcement and support elements is shown in Figure 3.

The mechanical properties of steel reinforcement bars
were determined due to the tensile test in the Kayseri Uni-
versity Tomarza Vocational School Construction labora-
tory. Then, definitions were made in ANSYS according to
the results obtained. Values such as yield strength, tensile
strength and elongation at break of longitudinal and trans-
verse steel reinforcements defined while modeling in AN-
SYS Workbench are as in Table 2.

3. RESULTS AND DISCUSSION

In the beams used in the experimental study, flexural
and shear behavior were investigated for three different
longitudinal reinforcement ratios. In the analytical calcu-
lations, the shear bearing capacity of all beams is higher
than the flexural bearing capacity. However, in beams 2
and 3, shear and flexural strengths are very close. There-
fore, the expected failure of the beams is flexural in the
first beam and flexural and shearing in the second and
third beams, in the form of oblique shear failure. With
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Figure 5. OPC and GPC beam flexural behavior (8 mm).

this aspect, both shear and shear behavior can be consid-
ered in the article. As stated in the title of the manuscript,
the study aims to determine the shear and flexural behav-
ior of geopolymer beams. In case the concrete strength
is 30 MPa, analytically calculated flexural and shear load
capacities are given in Table 3.

As a result, the flexural strength of all beams is lower
than the shear strength. However, for the two samples, due
to the flexural and shear strengths being close, the fractures
occurred in a way that included both behavioral effects.

3.1. Material Test Results

According to the experimental study, the beams
modeled with ANSYS Workbench were loaded with
50 mm displacement from a single point in the middle
and analyses were carried out. Stress-strain curve, crack
states and load-deflection graphs obtained as a result of
simulations are presented in this section and comments
are made on them.

3.2. Findings from Beams

The load-displacement graphs of OPC and GPC beams
with 208 mm compression and tension reinforcement,
which were analyzed numerically, are shown in Figure 4
compared to the previous experimental results. In the anal-
ysis made with the FEM model, the yield region is approx-
imately the same as in the experimental model. There may
be significant differences between the experimental study

OPC and GPC-14mm

OPCFEM

e (JPC-EXP.

GPC-FEM

GPC-EXP

Figure 6. Stress strain curves (OPC and GPC 14 mm).

results and the FEM model. But it is an important result to
reveal the yield strength limit, which is the end of the elastic
behavior and the starting point of the plastic behavior, in
the stress-strain curve. Although the graphical results ob-
tained within the scope of this study do not match exactly
with the experimental results, the yield strength points are
approximated. With the development of the ANSYS finite
element method, it will be possible to obtain results close to
the experimental model over time.

The analysis images using the simply supported OPC
and GPC FEM model under vertical load are shown in
Figure 4. The final load for both OPC and GPC in the
FEM model was 45 MPa, while in the experimental mod-
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Figure 7. Stress strain states (OPC and GPC 14 mm).

el, the OPC was 55 MPa and the GPC 60 MPa. While the
first crack started at 1 mm in the OPC-FEM model, the
GPC-FEM model showed a more elastic behavior, and
the first crack started after 3.5 mm displacement. In the
experimental model, the opposite is the case; crack for-
mation started after 1 mm displacement in GPC, whereas
crack formation started after 3.5 mm in OPC. When the
yield boundary states are observed in FEM and experi-
mentally, progressively increasing cracks in the middle
reveal the flexural behavior. Flexural cracks started in the
lower part of the beam and gradually increased due to the
increasing tensile load. The red-colored regions in Figure
5 clearly show the stress states and cracks pattern. The
stress, strain and flexural cracks occurring in the middle
of the beam are similar for GPC and OPC and prove the
experimental images at the bottom.

It can be said that the graph in Figure 6 shows that
the FEM and experimental results of beams with 2d8
compression and 314 tension reinforcement are more
compatible. The FEM results were slightly above expec-
tations for both OPC and GPC. The ultimate load states

OPC and GPC-18mm

OPC-FEM
OPC-EXP.

Load {kN)

— G PC-FEM
——GPCEXP

0 25 5 75 10125 15175 20 22,525 27,5 30 32,5 35 37,5 40 425 45 475 50

Displacement (mm)

Figure 8. Stress-strain curves (OPC and GPC 18 mm).

are between 160 MPa and 180 MPa, although the maxi-
mum strengths of OPCs are slightly higher. After 7.5 mm,
crack formation continued to increase. In their study,
Venkatachalam et al. [32] stated that crack formation in-
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Figure 9. Stress-strain states (OPC and GPC 18 mm).

creased after 7.5 mm in the test of 1500 mm long beam
with 8 mm shear and 10 mm flexural reinforcement. But,
they stated that excessive flexural stress and cracks occur
in the middle region of the beam [21].

It is seen that the flexural performances of OPC and
GPC beams with 3®14 mm reinforcement in the tension
region are excellent (Fig. 7). Especially in the FEM model,
crack formations can be seen very well; OPC and GPC
also show similarities. Cracks mainly formed towards the
support points in the shear region, which confirms the
experimental images.

Maximum strength in beams with 2018 compression
and 2018 tension reinforcement is in the range of 175-185
MPa. Although the values are very close to each other, it
seems that they did not exceed the strengths of the previous
3®14 reinforced beams. According to the FEM and exper-
imental curve in Figure 8, the linear behavior of the beams
appears to be coincident. On the other hand, while the plas-
tic deformation of GPCs started at 7.5 mm, it was seen that
OPCs started after 10 mm.

In Figure 9, crack formation is observed in accordance
with the experimental result with the FEM model. The

cracks formed are mostly in the shear region. While exces-
sive stress is seen around the force application point in the
compression region, less stress is seen in the tensile region.
With the increase in longitudinal reinforcement, the flexur-
al strength of both OPCs and GPCs increases, while crack
formation in the shear region shows similarities.

When the load-displacement graphs and the mobili-
ty of concrete and reinforcement are observed. It can be
said that the yield in the steel reinforcement and the crack
development in the beams are simultaneous. However, it
can be said that crack development in GPCBs starts a lit-
tle earlier than in steel reinforcement. Figure 10 shows
the stress and plastic deformation of the tensile and com-
pressive reinforcement of the reinforcements in the GPC
beams. Tensile and compressive reinforcements are equal
in Figure 10a. In the beam, which is designed as 208,
stresses also occur in the pressure bars. It is observed that
the tensile reinforcement of the beam is designed as Fig-
ure 10b. 3014 works well, and the compressive reinforce-
ment has less stress. It is observed in Figure 10c. 2018
that the tension reinforcement works well and the com-
pressive reinforcement remains more rigid.
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4, CONCLUSION

As a result of GPC beam analysis via ANSYS Work-
bench, it gave similar values to the analysis of OPC
beams. The results yielded from the numerical study are
consistent with the previous experimental study results,
showing that the investigation is reliable. The significant
findings and results obtained as a result of the study are
as follows. This study yielded results consistent with other
studies in the literature.

o Inthe beams with 2d8 compression and tensile rein-
forcement, flexural cracks were formed mostly in the
middle region up to the bottom of the beam. In the
FEM model, the final load for both OPC and GPC
beams was very close, while the last load derived
from the experimental results of OPCBs was high-
er than the GPCBs with 0.9%. While the first crack
started at 1 mm in the OPCB-FEM model, the GP-
CB-FEM model showed a more elastic behavior, and
the first crack started after 3.5 mm displacement.
In the experimental model, the opposite is the case;
crack formation started after 1 mm displacement in
GPCB, whereas crack formation started after 3.5 mm
in OPCB.

o The load-displacement results for 208 compression
and 3®14 tensile reinforced beams contain closer
results in FEM and experimental. The ultimate load
difference between the two beams is approximate-
ly 12%, but the maximum strengths of OPCBs are
slightly higher. After 7.5 mm, crack formation con-
tinued to increase.

o The maximum strength difference in beams with
208 pressure and 2d18 reinforcement is around
0.57%. Although the values are very close to each
other, it seems that they did not exceed the strengths
of the previous 3d14 reinforced beams. On the other
hand, it is seen that the plastic deformation of GP-
CBs starts from 7.5 mm, while OPCBs start after 10
mm. Observing the load-displacement graphs and
the mobility of concrete and reinforcement, it can be
said that the yield in the steel reinforcement and the
crack development in the beams are simultaneous,
and the crack development in GPCs starts a little
earlier than the yield of the steel reinforcement.

o Since the mechanical behavior of GPCBs shows sim-
ilar behavior to OPCBs. This study, which will be an
essential reference in terms of supporting experi-
mental studies and conducting theoretical studies
quickly, that GPCBs analysis can be easily done with
the FEM model.

o Finally, simulations of Geopolymer concrete beams
were made up to the moment of fracture and it was
tried to contribute to the understanding of the be-
havior of this environmentally friendly concrete un-
der flexural.
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1. INTRODUCTION

ABSTRACT

This study aimed to investigate the precast reinforced concrete beam-to-column joints behav-
iors through the replaceable damper under cyclic loading. The precast concrete specimens
have been embedded with steel reinforcement and specially shaped connectors. After the ap-
plication of the replaceable damper under cyclic loading, the energy dissipation shaped very
well and increased the bearing capacity of precast specimens. The precast concrete beam-to-
column joints were designed and analyzed to compare with the traditional reinforced con-
crete (RC) specimen. The analysis result of the loading based on the controlled displacement
method showed that the precast specimen model with a damper has more hysterical behavior
than the traditional RC frame. Also, the specimen (PS-1) is passed the 2.7% chord rotation,
which showed higher performance, than the traditional RC specimen. The efficiency of the
PS-1 specimen with a special connection has been elaborated with the finite element method
(FEM) and simulated by ABAQUS software.

Cite this article as: Dehqan Nezhad, Y., Naimi, S. (2022). Numerical investigation of pre-
cast reinforced concrete beam-to-column joints by replaceable damper. J Sustain Const Mater
Technol, 7(2), 81-87.

tion of the right technical method is very important for
this aim. For the designer that’s very important to receive

The construction method of the precast specimens has
increased widely by replacing them with the cast-in-sit
reinforced concrete. Because of these significant advantag-
es, which are the high quality of the specimen and mak-
ing at the factories under traditional methods, with low
cost. Also precast reinforced specimens could work even
in the incompatible climate condition, and it has taken a
little time for building, fewer workers need and has easily
assembling possibility on-sit [1, 2]. Accordingly, the selec-
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*E-mail address: sepanta.naimi@altinbas.edu.tr

a resolution, which receives the specimen to required per-
formance in situations of the load-bearing capacity, and
ductility [3]. Using the damper could increase the energy
dissipation capacity [4]. The two different types of beams-
to—column joints were presented with Precast Seismic
constructions methods [5]. In this study analysis has done
by applying cyclic loading on the concrete beam and col-
umn joints, which column was reinforced by (I) steel, the
failure was reined by the good performance of the beam,
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Figure 1. The type of connection between beam and column.

also, the connection valency relates to the shear valency of
the beam [6]. The experimental test showed the negligible
residual displacement at joints of beam-to-column, that
is effect of pre-stressing force presented by steel strands.
Hence the new type of beam-to-column joint expanded
[7, 8]. On the other hand, the economic situation for trans-
portation is also one of the most substantial parameters
in the constructions industry, so using precast concrete
may be use for subway construction [9]. The damper with
friction presented for energy dissipation, which joints are
showed a good self-centering capacity. For improving the
energy dissipation capacity and loading capacity of self-
centering capacity of beam-to-column joint was applied
the replaceable mild steel bars [10]. This investigation
had been used two structures to investigate the reinforce-
ment's costs and the materials were utilized in this test.
by using the nonlinear method and Sta4Cad achieved
that building was reinforced by shear wall and had been
shown better performance than the jacketed one [11]. The
bamboo-shaped energy dissipater was used to present the
energy dissipation capacity of the precast specimens, that
showed the good performance [12]. Many experiments
conducted, which are illustrated excellent behavior in the
self-centering capacity and without strength degradation.
Most of the time welded steel plates are used in the precast
components because the steel plate joints commonly are
useful for the integration of precast concrete structures.
More experiments are shown excellent behavior in the
self-centering capacity and without strength degradation.
Most of the precast components were used the welded
steels, because of that the steel joints commonly are use-
ful to the integration of precast concrete structures [13].
As well as investigated the self-centering joints by using
friction dampers and it has presented them in the experi-
mental research [14]. Using four different precast sample
connections with rigid, pinned, semi-rigid and new type
connection to test strength, ductility and stiffness, the new
connection type performed well as a semi-rigid joint [15].

Figure 2. The damper shape.

This paper has investigated the behavior of Precast Con-
crete beam-to—column steel joints by using the replace-
able damper under cyclic loading procedure. The main ef-
ficiency of this simulation is comparing to the monolithic
model. The easy construction, the stiffness amount, the
plastic hinge, increasing the energy dissipation of them,
the ductility, energy dissipation factor, and strength of the
specimen have been tested.

2. PROPOSED CONNECTION PARTS OF THE
BEAM-TO-COLUMN

The type of connection parts of the beam-to-col-
umn joint simulation is illustrated in Figure 1. The spe-
cial-shaped replaceable dampers are designed for energy
dissipation capacity, which is shown in Figure 2. The spe-
cial-shaped beam connector applied for connecting the
beam to the column and utilized the special-shaped col-
umn connector part, which are shown in Figure 3. They
are fastened together by bolts. The reinforcement bars,
stirrups employed for resisting concrete, and the steel
gusset plates are used for resisting the column. The two
special designed plates are used for covering the concrete
inside of cavity of the special shaped beam connector,
which is shown in Figure 4. The cross-section areas of
the precast beam-to-column joint and RC frame are il-
lustrated in Figure 5. The gusset plates are used to avoid
from the damage in column. All the parts dimensions are
shown in Table 1.
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Table 1. Parts dimension

Parts Thickness Height Width Length Diameter Web Flange Depth
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Gusset 15 400 400 - - - - -
Covering plate 10 360 340 - - - - -
Bolts - - - - 21 - - -
Special B connector - - 250 750 - 12 20 400
Damper 15 165 165 - - - - -
Beam - 400 250 3110 - - - -
Column - 400 400 4000 - - - -
Table 2. Material properties
Material Grade Diameter Yield strength Ultimate
Thickness (mm) (MPa) strength (MPa)
Reinforcement HRB400 08 407 644
HRB400 014 487 610
HRB400 Q16 436 634
Steel Q345B 20 381 545
Q235B 15 277 437
B concrete - - - 40
C concrete - - - 53
The moment expending along of the beam spend and the
bending moment of the beam next to the steel joints, M., and
H steel at the free end M, [16].
MCISMCUI
MCZSMCUZ 060’:9/0
00000
The bending moment of concrete is shown by Mcul .
next to steel joints, and the bending moment of the concrete
next to the H steel is shown by M_, [16].
The bending moment of the proposed steel connection
joint equation could be obtained with:

LeL2+13
x=+-——Mcl
12+12
Birz+13
12+13

Mc2

Where L is the beam length, L1 is the connection steel
joints length, L2 is the H steel length, and L3 is the concrete
length without reinforcement and H steel [16].

The ultimate bending moment of the steel joint can
receive by:
L1 L

—-+L2+L3 %+L2+L3

Mpu < min (Z-——Mcui,

12+13 12+13 Mcuz)

Figure 3. The beam and column special shaped connectors.

The dampers presented the bending moment of the steel
joints after that, the ultimate bending moment in the damp-
er's agreement with equation (5). In the tension and com-
pression, the EDS of the dampers could be presented the
bending moment capacity of the dampers [16].

L1, 12+L3
M

L1
3 C e . S+L2+L3
2 %=, AiDifi < min (25 Mcuy,

L2+L3

Mcu2)

Ai (i=1, 2, 3) is the DES area, Di (i=1, 2, 3) is the length
between the DES, fi (i=1, 2, 3) is the stress at the EDS.
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Figure 4. The special designed covering plates.

3. TEST STEP

The precast column boundary condition is located on
the top and down by hinge support, and a 611 KN axial
load is applied on the top of the column, which was equal
to the 20% of the column bearing capacity. The displace-

ment at top of the column could be controlled by using
the supported beam at the top of the column, and this
supported beam is fixed by the reaction wall. The jack
and anchorage parts is applied on the top of the column
since the beam could be raised in the location. A 50 Ton
actuator had been bounded in the strong floor to exert
the cyclic loading at end surface of the beam.

4. MATERIAL PROPERTIES

The HRB400 steel used for reinforcement, and the
Q345B, and Q235B was utilized for all steel parts and
damper. The all-steels tension behavior tested [17]. The
compressive strength of the concrete for the beam and
the compressive strength of concrete for the column
were tested [18]. All the materials were given in Table 2.

5. TEST PROCEDURE

A new precast beam-to—column joint was designed
based on Geng et al. 2020 experimental models [19].
Also, the precast specimen compared with RC frame.
The Z damper is applied in the PS-1 specimen, that is
replaceable, and the concrete damages could be very
slight. So, the damper could change after applying cy-
clic load. The same analysis can be done to obtain the
characteristic of PS-1 joints as well. In this analysis the
displacement-controlled loading has been used in every
cyclic loading at this simulation. This procedure was re-
peated three times under displacement levels. The 5%
drift amplitudes is shown in Figure 3. £0.25%, +0.5%,
+0.75%, £1%, £1.5%, +2%, +2.5%+0.3%, +0.4%, and
0.5% respectively [20, 21].
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Figure 5. (a) The cross-section area of the precast concrete beam to column, and (b) the RC frame.
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Figure 6. Loading protocol.

6. THE RESULT AND DISCUSSION

6.1. Load-Deformation

The moment rotation of the precast specimen PS-1, and
the RC-1 frames are shown in the Figure 7. The moment
rotation of the precast has compared with the RC frames.

The precast specimen model with damper was shown
a greater hysteric behavior than the RC frame. The precast
model was bounded with the replaceable damper and con-
nected by special-shaped connectors. The precast specimen
under cyclic loading was shown good performance. The
chord rotation of the PS-1 has found as 2.7% and the RC-1
chord rotation has found as 2%, although, the resistance of
the PS-1 has not increased.

6.2. The Stiffness Gradation

The stiffness of the PS-1 specimen was different from
the RC-1, that has shown the different stiffness behavior.
The equivalent stiffness was calculated by Secant stiffness
of a point in the loading step. The equivalent stiffness
specified the structure Elasto-Plastic state, that is illus-
trated in Figure 8.

The equivalent stiffness was analyzed in the maximum
displacement point by first cycle of every level. The moment
rotation of the specimens is shown in Figure 9.

The comparison of the rotation shows that the rotation
of the PS-1 specimen is bigger than the rotation of RC-1,
therefore the performance of PS-1 specimen is better than
RC-1 specimen. The equivalent stiffness of the specimens is
not sufficient to show the specifications of the specimens.
The tangent stiffness of the two specimens is shown in Fig-
ure 10.

Because the damper has decresed the equivalent stift-
ness of the PS-1 specimen, where the equivalent stiffness
of the RC-1 specimen was found 1.6 times greater than the
PS-1 specimen.

Although, the PS-1 specimen presented less moment
rotation than RC-1 specimens, the PS-1 sample with damp-
er shows higher energy dissipation.
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Figure 7. The moment rotation response of PS-1 (a), and
the moment rotation response of RC-1 (b).
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Figure 8. The equivalent stiffness of the PS-1 and RC-1.
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Figure 9. The moment rotation chord of PS-1 and RC-1.

The chord rotation of the PS-1 specimen has been found
greater than RC-1 specimens, which has illustrated that
PS-1 specimen was saved the damage under loading pro-
cedure. That means the damper increased greatly the chord
rotation of the PS-1.

6.3. The Dampers Information

In this simulation, the Z-type damper is used, and the
design of the Z-type damper with the specially shaped ener-
gy dissipation strip’s goal was to avoid the untimely failure
of the damper. The analysis result is illustrated the good per-
formance of the Z-type damper with negligible deformation
in the special-shaped strips of the Z-type damper after un-
loading. The Z type damper at the approximately 2.7% chord
rotation wasn’t shown the fracture and big deformation on
the strips. The Q235B steel is used for the Z-type damper.

7. NUMERICAL STUDY AND DISCUSSION

7.1. Designing Approach

In this study, the efficiency of the PS-1 specimen with
special connection has elaborated with finite element (FE)
and simulated by ABAQUS software. The C3D8R elements
have been used for simulating the concrete part, damper, and
special-shaped connections. Also, From the T3D2 elements
have been used for simulating the longitudinal reinforcement
bars and stirrups. The contact behavior between dampers,
bolts, special connection parts, concrete with the connector,
and column with gusset plates have been applied for the con-
nections. The column and beam connector have been simu-
lated by the “tie” constraint. The cavity of the special beam
connector and the concrete connection was done with con-
tact pairs. The hard contact applied for all surfaces, and the
tangential behavior chosen from the Coulomb friction type.
The friction of 0.6 is used for contact between concrete and
steel surface, and the friction of 0.15 is used for contact be-
tween steel surfaces. The load transformation at the damper
was via the shear force between the screw hole and bolt. The
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Figure 10. The tangent stiffness of PS-1 and RC-1 relation-
ships with the moment chord rotation.

0.25 clearance has applied between screw and bolt, which has
very effective on the hysteric response under small rotation.

8. CONCLUSION

In this study the precast reinforced concrete beam-to-
column joints with replaceable damper under cyclic load-
ing has been studied.

The precast specimen model with damper has shown a
greater hysteric behavior than the RC frame.

1. The chord rotation of the PS-1 was 2.7% approximately,
and the RC-1 chord rotation was 2%, as well as the resis-
tance of the PS-1 was increased than RC-1.

2. Therefore, the equivalent stiffness of the PS-1 speci-
men was not greater than the RC-1 frame. Because the
damper has decreased the equivalent stiffness of the
PS-1 specimen. The tangent stiftness of the PS-1 speci-
men has not been increased more than RC-1 specimens.

3. The analysis result is illustrated the good performance
of the Z-type damper with negligible deformation in
the special-shaped strips of the Z-type damper after un-
loading. The Z type damper at the approximately 2.7%
chord rotation wasn’'t shown the fracture and big defor-
mation on the strips.
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1. INTRODUCTION

ABSTRACT

In this study, it was investigated the influence of rice husk ash, which is a waste by-product
of industrial production, on ultrasonic pulse velocity, compressive strength, flexural strength
and high temperature endurance of the metakaolin-based geopolymer mortar. For this, the
sand was substituted by rice husk ash (RHA) at the rate of 25%, 50% and 75% by wt. in the
production of geopolymer mortar. A total of 4 series of metakaolin-based geopolymer mor-
tars (reference series and three series with RHA substitution) were produced. In this study,
the geopolymer, in other words, the binder of the mortar was produced by metakaolin and
ground granulated blast furnace slag reacting with the mixture of sodium hydroxide (12M
NaOH) and sodium silicate (Na,SiO,) solutions. The ratio of metakaolin and reactant mixture
(12M NaOH + Na SiO,) was determined for each series following the preliminary experi-
ments. On the specimens produced as 50 mm cube and 40 x 40 x 160 mm prism, the intended
experiments were carried out after specimens underwent curing in a dry oven at 60°C during
72 h and gained strength. The results have shown that RHA could be used as a filling material
in metakaolin-based geopolymer mortars, and metakaolin-based geopolymer mortars with
50% RHA substitution can be an alternative to the pure metakaolin-based mortar.

Cite this article as: Kabirova, A., & Uysal, M. (2022). Influence of rice husk ash substitution
on some physical, mechanical and durability properties of the metakaolin-based geopolymer
mortar. J Sustain Const Mater Technol, 7(2), 88-94.

nomically. Another reason that makes geopolymers attrac-
tive is that much fewer CO, emissions occur during the

Nowadays, the interest to geopolymers is increasing.
This is because geopolymer technology allows an opportu-
nity to obtain a construction material with higher engineer-
ing properties using waste materials, so that geopolymers
can be an alternative to Portland cement. The recycling of
waste materials provides for using natural resources eco-

*Corresponding author.
*E-mail address: zarakebirl 6@gmail.com

production process [1-6]. Geopolymers were discovered
through research on nonflammable and noncombustible
plastic materials in the aftermath of various catastrophic
fires involved common organic plastic in France between
1970-1972 and announced by Davidovits in 1978 [7]. Geo-
polymers are binders obtained as a result of the reaction
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Figure 1. Burned rice husk (263 yum).

Table 1. Chemical composition of pozzolans of the binder

Figure 2. The prism specimens after curing.

Chemical composition (%) SiO, ALO, Fe O, TiO, CaO MgO K,0 Na,O L.O.I
Metakaolin 56.10 40.25 0.85 0.55 0.19 0.16 0.55 0.24 1.11
GGBS 40.60 12.83 1.37 0.75 36.08 6.87 0.68 0.79 0.03
Table 2. Compounds of geopolymer mortars (for 1000 g MK)

Geopolymer ~ 12MNaOH  NaSiO, 12MNaOH: MK MK:RM  GGBS RS RHA RHA:RS
mortar solution Na SiO, rate rate rate
MK 433.3 866.7 1:2 1000 1:1.3 133.3 2250 - -
MK-RHA25 466.7 933.3 1:2 1000 1:1.4 133.3 1687.5 562.5 25:75
MK-RHAS50 583.3 1166.7 1:2 1000 1:1.75 133.3 1125 1125 50:50
MK-RHA75 700 1400 1:2 1000 1:2.1 133.3 562.5 1687.5 75:25

of wastes such as blast furnace slag, fly ash or red mud, or
calcined natural sources like kaolin, zeolite or bentonite
(metakaolin, metazeolite or metabentonite) with alkaline
solutions. Hydroxide solutions (NaOH, KOH, LiOH) and
silicates (Na,SiO, and K SiO,) used in the production of
geopolymer are defined as reactants [7], or reagents, in oth-
er words, hardeners [8].

Although Kriven (2017) [9] has stated the optimum
strength gain time of geopolymer mortar as 24 h, there
are few studies on the strength-time relationship for geo-
polymer mortars and geopolymer concrete. Duxson et al.
(2007) [10] have observed a minimal change in the com-
pressive strength of metakaolin-based geopolymer speci-
mens between 7 and 28 days of ageing. Albidah et al. (2021)
[11] have obtained the results where the metakaolin-based
geopolymer concrete specimens at 7 days of ageing have
achieved 89.1-95.3% of the compressive strength obtained
at 28 days. Also, some geopolymer concrete specimens at

14 days had a compressive strength nearly equivalent to the
28-day compressive strength. In this study, the compressive
strength was evaluated at 7 and 28 days for geopolymer
mortars based on metakaolin, which is obtained by cal-
cining purified kaolin clay and represents an amorphous
aluminosilicate. Because of these, metakaolin is compatible
with alkaline solutions and gains strength quickly. In addi-
tion to this, ground granulated blast furnace slag was used
for faster gaining strength, according to [7].

The reason for using rice husk ash (RHA) as a substitu-
tion material is because it has the highest silica content (by
up to 94%-95%) among all plant residues [12, 13]. And so
it can be used as pozzolan. Bezerra et al. (2011) [14] have
observed that RHA presents pozzolanicity and the mortars
with incorporated RHA had values superior to the reference
mixtures in relation to the physical and mechanical perfor-
mance probably due to pozzolanic reactions. In developed
countries, RHA is used to generate electricity, and biochar
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Figure 3. (a) Universal press, some views from (b) compression tests and (c) three-point flexural tests.

is used in the production of high-performance concrete or
ultra-high-performance concrete [12, 15, 16].

Nowadays, there are studies on the influence of partial
replacement of chief binder material (e.g. metakaolin, fly
ash) with RHA in the geopolymer [17-21]. Results of stud-
ies, where metakaolin (MK) was replaced by 20-30 wt%
RHA, show that MK+RHA generates a compact pore struc-
ture, which contributes to improvement of compressive
strength [17, 18]. Wen et al. (2019) [20] have investigated
the viability of a novel geopolymer derived from non-cal-
cined sludge and modified rice husk ash blend. Yomthong
etal. (2019) [21] have improved the compressive strength of
fly ash-based geopolymer through usage of RHA at 3 wt%.
On the one hand, there are studies where the ratios of RHA
were higher. Mrema and Mboya (2016) [13] have investigat-
ed the influence of RHA/Lime ratio on the strength proper-
ties of sand mortars. There were 40/60, 50/50, 60/40, 70/30
and 80/20 RHA/Lime ratios in the binder. It has been found
out in the study that the optimum proportions are 60%
RHA and 40% lime. The compressive strength was increased
when the rate of RHA was increased from 40 to 60 wt%, and
it was decreased when RHA was increased from 60 to 80
wt%. In this study, considering all of these, it is researched
the potential of using RHA at the rate of 25%, 50% and 75%
by wt. in the sand of metakaolin-based geopolymer mortar.

2. MATERIALS AND MIX DESIGN

In the production of geopolymer mortars, there were
used metakaolin with specific gravity of 2.52, ground gran-
ulated blast furnace slag with specific gravity of 2.91, 12
molar sodium hydroxide (12M NaOH) solution, sodium
silicate (Na,SiO,), 2 mm river sand and 63 um rice husk ash.
The molarity of NaOH solution was selected according the
existing study [22]. The specific gravity of river sand (RS) is
2.67 and it is 2.14 for rice husk ash (RHA). In Figure 1, there
is shown the burned rice husk (263 um). It was used after
passing through the sieve. The chemical properties of the
pozzolans of the binder and the compounds of geopolymer
mortars are given in Table 1 and Table 2, respectively.

In Figure 2, there are shown the specimens underwent
curing in a dry oven at 60°C during 72 h.

3. TEST METHODS

Experimental studies consist of two stages. In the
first stage, a total of 24 cubes of 50 mm, and a total of
24 prisms of 40 x 40 x 160 mm were produced for com-
pression and flexural testing of the specimens at 7 and 28
days of ageing. Testing for compressive strength was per-
formed according to ASTM C109/C109M-20a [23] on the
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Figure 4. A view from ultrasonic pulse velocity tests.

Figure 5. Nabertherm B130 high temperature electric furnace.

Table 3. Compressive strength, ultrasonic pulse velocity (UPV) and flexural strength of geopolymer mortars at 7 and 28 days of ageing

Geopolymer Compressive Increase in Flexural UPV
mortar strength compressive strength (m/s)
(MPa) strength (%) (MPa)
7 days 28 days 7 days 28 days 7 days 28 days 7 days 28 days
MK 45.68 40.47 - - 8.53 8.95 3403 3464
MK-RHA25 49.13 53.60 7.55 32.44 8.44 8.81 3381 3432
MK-RHAS50 50.12 53.65 9.75 32.57 8.39 7.69 3118 3212
MK-RHA75 35.13 33.85 -23.1 -16.36 7.18 5.80 2725 2898
Table 4. The results for MK-RHAS50 exposed to high temperatures
High temperature/ Weight loss UPV (m/s) Flexural Strength loss
Geopolymer mortar (%) strength (%)
Before test After test

200°C

MK 0.48 3385 2630 3.62 57.56

MK-RHAS50 - 3004 2855 3.86 53.99
400°C

MK 3.57 3441 1396 1.89 77.84

MK-RHA50 5.02 2979 2215 1.49 82.24
600°C

MK 5.84 3410 833 1.06 87.57

MK-RHAS50 6.56 3008 2156 1.68 79.98
800°C

MK 13.88 3400 0 0.73 91.44

MK-RHA50 7.35 2943 1688 0.97 88.44

cubes. Three-point flexural strengths of the prisms were
obtained according to ASTM C349-18 [24].

In Figure 3, there are shown the universal press for
compression and flexural testing, and some views from
the testing.

In Figure 4, there is shown a view from the ultrasonic pulse
velocity test performed according to ASTM C597-09 [25].

In the second stage, it was selected the highest value of
the 7-day compressive strength from the series with RHA
substitution, and the high temperature (200°C, 400°C, 600°C
and 800°C) tests were performed on a total of 24 prisms (12
specimens each for both of MK and MK-RHA series). The
high temperature testing was performed following the exist-
ing study [22]. Before the tests, oven dry prism specimens’
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Figure 6. The prism specimens placed in the furnace.

weights and ultrasonic pulse velocities were determined. Then
specimens were exposed to the effect of 200°C, 400°C, 600°C
and 800°C in the Nabertherm B130 furnace shown in Figure 5.
The applied temperature rise rate was 5°C/min. The specimens
were kept at the target temperature for 60 min. After that, the
heating was stopped and the furnace door was opened, and
the specimens were cooled at the room temperature (23°C).
In Figure 6, there are shown prism specimens placed in the
furnace. Three days after the high temperature application,
the specimens’ weight, ultrasonic pulse velocity and flexural
strength were obtained, and the losses were determined.

4. RESULTS AND DISCUSSIONS

The results from the first stage of experimental studies
are given in Table 3 and Figure 7-9.

In Table 3, it is clearly seen that 25 and 50 wt% RHA
substitution increases the metakaolin-based mortar com-
pressive strength. The highest compressive strength was
obtained by 50 wt% substitution. Also, the obtained results
are shown that RHA increases the compressive strength and
flexural strength, when it changes from 25 to 50 wt%, and
RHA reduces both strengths, when it changes from 50 to
75 wt%. In existing studies, it is indicated that up to 60 wt%
RHA added filling effects, and strong Si-O-Si bonds aid in
enhancing strength [13, 17-19].

m 7-days
m 28-days

50— I I
ol l

MK MK-RHA25 MK-RHAS50 MK-RHA75

S
=

Compressive strength
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S &

—
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Figure 7. Compressive strength of geopolymer mortars at 7
and 28 days of ageing.
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Figure 8. Flexural strength of geopolymer mortars at 7 and
28 days of ageing.
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Figure 9. Ultrasonic pulse velocity of geopolymer mortars
at 7 and 28 days of ageing.

In this study, also, no significant changes were not-
ed at 28 days for both compressive strength and flexural
strength. It is seen that the compressive strength of geo-
polymer mortars with 25 and 50 wt% RHA substitution
at 7 days of ageing achieved 91.66% and 93.42% of the 28-
day compressive strength, respectively. These results agree
with the existing results [10, 11, 13].
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Figure 10. Flexural strength losses of MK-RHA50 exposed
to high temperatures.

In this study, UPV values decreased with an increas-
ing rate of RHA substitution. It agrees with the existing
results, and it is because of a material with a low density
has more voids and UPV will be longer in the material
[12]. In the study, RHA, which had lower density, pro-
duced more voids in the mortar, and as a result, the low-
er UPV and flexural strength values were obtained.

According to the results obtained in the first stage,
the geopolymer mortar with 50 wt% RHA substitution
(MK-RHA50) was selected for the second stage. The re-
sults from the second stage of experimental studies are
given in Table 4 and Figure 10.

According to the results given in Table 4, the geo-
polymer mortar with 50 wt% RHA substitution has bet-
ter high temperature endurance. In Liang et al. (2019)
[18], there is indicated that the pores of geopolymer
were refined by the filling effects of RHA and enrichment
of gel phases, which was the primary reason for the opti-
mization of geopolymer thermal stability.

5. CONCLUSION

The current study was aimed to investigate the us-
ability of rice husk ash (RHA) on the production of
metakaolin-based geopolymer mortars. For this, it
was determined ultrasonic pulse velocity, compressive
strength, flexural strength and high temperature endur-
ance of the geopolymer mortars, where RHA was used
at rate 25%, 50% and 75% in the sand. The results have
shown that RHA could be used as a filling material in
metakaolin-based geopolymer mortars. On the other
hand, it was seen that metakaolin-based geopolymer
mortar containing 50 wt% RHA can be an alternative to
pure metakaolin-based mortar and it will be beneficial
in terms of the economic use of aggregate/sand.
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1. INTRODUCTION

One of the important problems of the 21*-century
world is the growing waste piles. The United Nations Envi-
ronmental Protection Agency classifies these waste piles as
hazardous and non-hazardous waste materials. In this con-
text, waste tires can be regarded as one of the most known
and common contaminant materials. Although it is consid-
ered a non-hazardous waste material, it has a high potential
of being a hazardous waste material, especially in the case of
its uncontrolled burning. In addition, the pile of waste tires
leads to be a nest for some animals like snakes, rodents,
centipedes, etc., thereby, the natural habitat in the region
where the waste tire is piled can be degraded. Therefore,
recycling or reusing waste tires is an essential issue having
importance because the decomposition of the tire rubber
through natural ways takes a very long time [1].

As a consequence of this, many recycling and/or reusing
methods were developed to decrease the amount of waste
tire pile. Controlly burning the waste tires to obtain energy
is one of the easiest and most beneficial ways of recycling
the waste tires since they provide a high amount of heat-
ing energy [2]; however, it is limited or forbidden in many
countries by laws due to its negative impact on nature such
as releasing contaminant, hazardous, and toxic gases [3,
4]. In addition to burning them, there are alternative ways
for recycling and/or reusing the waste tires like retreading
them to obtain recapped tires, decomposing them by pyrol-
ysis technique, and recycling them to achieve the materials
or to produce tire-based products.

Apart from the aforementioned ways, using the end-of-
life tires in civil engineering applications as filling material
or aggregate is an innovative, environmentally friendly, and
effective way of sweeping these idle tires away. To bring the
waste tires into the form that can be used in such civil engi-
neering applications, mechanically granulating is generally
applied to the waste tires in order to obtain the idle tires in
the sizes, commonly named tire chips and crumb rubber
(CR) [5]. Among the civil engineering applications, using
the waste tires as aggregate in the ready-mixed concrete
sector having a large industrial volume with 160 million
tons manufacturing in Turkey, 620 million tons manufac-
turing in Europe [6], and approximately 4.4 billion tons
manufacturing in the world [7] can be regarded as the most
effective way to get rid of these idle tires [8, 9].

Many scientists have investigated the influence of the
aggregate derived from the waste tire on both fresh and
hardened state properties of conventional concrete. How-
ever, incorporating rubber-derived aggregates into the
geopolymer concrete, which was a material developed by
French scientist Joseph Davidovits as an alternative to con-
ventional concrete [10], is a completely new phenomenon,
and there are some investigations about the rubber incor-
porated geopolymer concretes but the rubber percentage
amount was limited. The difference between the traditional

and geopolymer concretes is the paste phase of the mixture:
in the traditional one, the cement (and mineral additives)
and water constitute the paste phase while in the geopoly-
mer one, the paste phase consists of aluminosilicate-rich
material and alkaline solution. Here, it should be stated that
sodium silicate (Na,SiO,)-sodium hydroxide (NaOH) and
potassium silicate (K,SiO,)-potassium hydroxide (KOH)
alkaline solution pairs are the pairs commonly used [11].
Thereby, a reaction named polymerization takes place be-
tween the aluminosilicate-rich raw materials and alkaline
activator solution and as a result, the Si-O-Al-O bonds are
formed, providing for the creation of geopolymers [12,
13]. One of the most significant pros of this new concrete
concept is the possibility of being used of industrial waste
materials like fly ash, blast furnace slag, bottom ash, etc. as
the aluminosilicate-rich raw material, in other words, this
concrete concept does not require the production of a spe-
cific raw material as in the traditional concrete. As a con-
sequence, the production of such material leads to less en-
ergy consumption and greenhouse gas emissions, making
this material a more energy-efficient and environmentally
friendly construction material [13, 14].

There are just a few studies in the literature that evaluate the
impact of CR incorporation on the performance of geopolymer
mortars. Aly et al. [15], for example, employed waste rubber in
the manufacture of geopolymer concrete and investigated the
compressive and tensile strengths. Similarly, Aslani et al. [16]
investigated the workability and mechanical performances of
rubber aggregate-incorporated geopolymer concrete. Nis et al.
[17] conducted a study in which the influence of CR incor-
poration on the mechanical characteristics of the geopolymer
concrete and Eren et al. [18] carried out a study in which the
possible utilization of CR in the self-compacting geopolymer
concrete was investigated. Additionally, Wongsa et al. [19], on
the other hand, looked at how CR affected the mechanical and
thermal properties of geopolymer mortar, while Moghaddam
[20] investigated the influence of sulfuric acid on CR-incorpo-
rated fiber-reinforced geopolymer concrete.

The target of the research presented herein is to manu-
facture a sustainable eco-friendly construction material and
investigate its engineering properties. For this reason, an ex-
perimental study was carried out towards the reuse poten-
tial of the waste tire rubber as fine aggregate in geopolymer
mortar production. For this reason, waste tire rubber named
CR in fine size, coming out in the course of applying the
retreading process to the end-of-life tires was incorporated
into the fly ash-based geopolymer mortar instead of natural
sand. Hereby, manufacturing an eco-friendly construction
material was desired. For this reason, the possible influences
of the incorporation of CR on the fundamental engineer-
ing properties of the geopolymer mortar were experimen-
tally researched. Moreover, the interfacial transition zone
between the fine aggregate particles (both river sand and
crumb rubber) and geopolymer paste was also viewed using
the scanning electron microscope (SEM) technique.
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Table 1. Chemical compositions and physical properties of class F fly ash

Chemical composition, % Physical properties
CaO SiO, ALO, Fe,O, MgO SO, Na,0 K,0 LOI* Specific gravity Specific surface area
1.69 55.46 26.33 6.71 2.42 0.05 1.08 4.22 1.2 2.00 2.018 m?/g
*: LOI: loss on ignition.
Table 2. Chemical compositions of sodium hydroxide (NaOH)
Chemical composition, %
NaOH Na,CO, NaCl Fe Specific
(sodium hydroxide) (sodium carbonate) (sodium chloride) (iron) gravity
>98.0 <0.5 <0.02 <0.001 1.254
Table 3. Chemical compositions and physical properties of sodium silicate (Na,SiO,)
Chemical composition, % Density, g/ml Module Bome, °B
Na,O (sodium oxide) SiO, (silica)
9.03 27.08 1.367 2.93 38.68
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Figure 1. (a) X-ray diffraction (XRD) analysis result of fly ash and (b) scanning electron microscope (SEM) image of its

particles

2. MATERIALS AND METHODS

2.1. Materials

Fly ash conforming to ASTM C311 [21] and regarded
as class F according to ASTM C618 [22] was employed as
an aluminosilicate-rich raw material in the production
of geopolymer mortars. The chemical compositions and
physical properties of fly ash, which was procured from
the Catalagzi thermal power plant in Zonguldak prov-
ince of Turkey, are presented in Table 1. In addition, the
X-ray diffraction (XRD) analysis result of fly ash is indi-
cated in Figure 1a, and the image of its particles taken by
scanning electron microscope (SEM) is demonstrated in

Figure 1b. The main themes presented in these figures
are components constituting the fly ash and particle siz-
es and shapes of fly ash. In regard to Figure la, it can
be stated that the peak point in the intensity occurred
at quartz crystal since the fly ash highly consists of SiO,.
On other hand, it can be seen in Figure 1b that the fly ash
consists of generally particles smaller than 3 pm. Also, it
should be emphasized that the particles of the FA are in
a spherical shape.

As an alkaline activator, NaOH and Na _SiO, pair with
a ratio of 1-to-2 was used. The chemical compositions
and properties of NaOH in spherical pellet form in white
color and Na,SiO, in the liquid form in light yellow color
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Figure 2. River sand and crumb rubber: (a) general photographic views, (b) photographic view of particles, (c¢) SEM im-

ages, and (d) sieve analysis results.

are presented in Tables 2 and 3, respectively. The NaOH
pellets used to prepare the NaOH solution with a 12-M
concentration had a purity of more than 98%. In addition
to this, Na,SiO, solution comprising of liquid and solid
materials with respectively roughly 61.5% and 38.5% had
a silica-to-sodium oxide ratio (SiO,/Na,O) of about 2.5.

As the last material, the superplasticizer with a com-
mercial name of MGlenium 51 having a specific gravity of
1.07 was used to achieve geopolymer mixtures with suffi-
cient flowability.

In the production of the geopolymer mortars of the
present study, river sand (RS) with a maximum particle
size of 4 mm and specific gravity of 2.74 was used. How-
ever, the waste tire rubber aggregate named crumb rubber
(CR) having a specific gravity of 0.55 was substituted in
some mixtures with river sand. The general photographic
views of these two fine aggregates are given in Figure 2a
whereas their particle shapes and sizes are shown in Fig-
ure 2b and their SEM images are indicated in Figure 2c. In
addition, sieve analysis results (determined in accordance
with ASTM C136 [23]) of RS and CR compared with the
upper and lower limits for fine aggregate (proposed by
ASTM C33 [24]) are shown in Figure 2d. The fineness

modulus values of RS and CR were respectively 2.03 and
2.06. On the other hand, the water content and absorption
values of RS were respectively about 0.94 and 2.31, where-
as that of the CR were 0 which means the CR used in this
study did not contain water and had no water absorption
capability. As can be seen in Figures 2a and 2b, the CR
consists of flaky and elongated particles. As the size of the
particles decreases, the CR particles become angular and/
or partly rounded. Besides, the CR particles are substan-
tially softer than the RS particles, thus the elastic modulus
of CR is less than that of the RS, which makes such mate-
rials structural unstable material. However, such charac-
teristics may be useful for absorbing the energy such as
impact energy, sound energy, heat energy, etc.

2.2. Mixture Proportions and Production

The mixtures in the present study were designed
at a Na,SiO,-to-NaOH ratio of 2.0 and alkaline activa-
tor-to-aluminosilicate-rich raw material ratio of 0.5. The
alkaline activator content and powder material (alumino-
silicate-rich raw material) dosage were designated as 300
kg/m’ and 600 kg/m?, respectively. The superplasticizer
content for the control mixture with sufficient flowability
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Table 4. Mixture proportions for the rubberized geopolymer mortars, kg/m?

Mixture name FA NH NS RS CRSL, % CR SP
Plain mix 1231.1 0 -
Rubberized mix 1 1108.0 10 24.7
Rubberized mix 2 984.9 20 49.4
600 100 200 21
Rubberized mix 3 861.8 30 74.1
Rubberized mix 4 738.7 40 98.9
Rubberized mix 5 615.6 50 123.6

FA: Fly ash; NH: Sodium hydroxide; NS: Sodium silicate; RS: River sand; CRSL: Crumb rubber substitution level; CR: crumb rubber; SP: superplasticizer.

was determined as 3.5% of powder material by mass af-
ter many trial batches. Since the rheological behavior of
such materials is significantly influenced by variation in
the superplasticizer content, all the mixtures in the pres-
ent study were produced at a superplasticizer content of
3.5%. In the production of the plain geopolymer mixture,
only the RS was used as fine aggregate; however, in the
production of the geopolymer mixture containing crumb
rubber, the RS was partially replaced with the CR at the
levels of 10%, 20%, 30%, 40%, and 50% by volume. In this
way, 6 geopolymer mortar mixtures were produced in to-
tal. Table 4 presents the detailed proportions of the geo-
polymer mortar ingredients.

Alkaline activator-to-fly ash ratio (NaSiO,-to-
NaOH), alkali activator molarity, fly ash dosage, and alka-
li activator content selected within the scope of the study
carried out by Ekmen et al. [25], which is one of the most
comprehensive studies in this context, in which the ef-
fects of the above-mentioned parameters on the fresh and
hardened properties of geopolymer mortars were taken
into consideration. Ekmen et al. [25] investigated the
fresh and hardened properties of fly ash-based geopoly-
mer mortars with 2 activator-to-fly ash ratios, 3 Na,SiO,-
to-NaOH ratios, and 3 alkali activator molarities. Con-
sidering the consistency and strength findings obtained
from this study, the mixture proportions in the current
study were determined.

The same mixing procedure was applied to all geo-
polymer mortars during the production. This procedure
consisted of two states: in the first stage, the alkaline ac-
tivator solution was prepared and in the second stage,
the geopolymer mortar was produced. First, the NaOH
solution with 12-M concentration was prepared, and
then, it was mixed with Na SiO, solution before almost
24-h of the beginning of the second stage. This solution
was kept in a beaker till it was used in the production of
geopolymer mortars. The second stage of the production
procedure began by mixing the alkaline activator solution
with fly ash in a mixer for about 3 minutes. Subsequent-
ly, the superplasticizer was poured into the mixer, and it
was allowed to revolve for 2 minutes more. Thereafter, the
RS in the plain mortar mixture and RS and CR mixture
in the other mortars were gradually added to the mixer,

and it was permitted to rotate the mixer extra 3 minutes
after all fine aggregates were poured. Thereby, the pro-
duction process of the geopolymer mortars was complet-
ed. The fresh-state properties of the geopolymer mortars
were determined in terms of flowability measured by the
flow table test, and fresh unit weight once the production
process finished. After the fresh-state properties were de-
termined, the mixtures were poured into the steel molds
in two layers, of each which was vibrated for 30 seconds
using a vibrating table. A heat curing of 60 °C for 24
hours was applied to the specimens taken and then, the
demoulded specimens were kept in the laboratory condi-
tion where the temperature was 23+2 °C for the following
2 days. The specimens in the steel molds were put into
the oven to be exposed to the heat curing regime and all
the specimens were covered with a plastic bag to prevent
water evaporation in the alkali solution during the heat
curing. After the 3-day curing regime, the hardened-state
tests were performed. Herein, it should be noted that one
of the most important issues to be resolved regarding the
applicability of geopolymer mortars is the high-heat cur-
ing required for the geopolymerization process and its
application time. The main purpose of recent studies is
to manufacture geopolymer mortar or concrete at lower
curing temperatures as much as possible with application
time. In terms of energy efficiency, 60°C as the curing
temperature and 24 hours as the curing duration were se-
lected according to research in the literature on the issue.

2.3. Testing Methods

The test apparatus shown in Figure 3a was employed
to measure the flowability of the geopolymer mortar
mixtures and ASTM C1437 [26] was followed during the
application of the flow table test. During the determina-
tion of both fresh and hardened (1-day and 3-day) unit
weights of the mixtures, ASTM C138 [27] was followed.
A closed-loop testing machine shown in Figure 3b was
used to perform the 3-day flexural strength test in regard
to the ASTM C348 [28]. The 3-day compressive strength
of the geopolymer mortar mixtures was determined per
ASTM C109 [29] and ASTM C597 [30] was followed
during measuring the 3-day UPV values of the mixtures
as typically indicated in Figure 3c.
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Figure 3. (a) Test apparatus of flow table test and measuring the flow diameter, (b) test device used in the measurement of

flexural strength, and (c) UPV test device.

3. RESULTS AND DISCUSSION

3.1. Flowability Results

Based on the flow table test, the flowability of the
mortars can be described in terms of mm or percentage.
It should be noted that when the flowability is present-
ed in mm the perfect flowability is 200 mm while when
it is given in percentage this 200-mm flowability is de-
fined as 100% flowability. The plain geopolymer mortar
produced in this study had a flowing diameter of 210
mm which means 110% flowability. On the other hand,
it was observed that substituting the RS with CR did not
influence the flowability of geopolymer mortars. All the
mixtures produced in the current study had a flowing di-
ameter of 210 mm (namely 110% flowability). Since the
CR particles have almost no water absorption capabili-
ty, incorporating the CR into the geopolymer mortar did
not affect the flowability characteristics of the mixtures.
Besides, the CR particles that can be considered flaky
and elongated may play a blockage role during the flow-
ing but since the table is rammed 25 times in 15 seconds
during performing the test, this role of the CR particles
may have been minimized and/or eliminated. However,
it should be stated that this finding is not consistent with
the results reported in the literature. For example, when
Aslani et al. [16] increased the crumb rubber replacement
level from 10% to 20%, they observed a small decrease
in the slump flow diameter values. In addition, Wongsa
et al. [19] investigated how the crumb rubber incorpora-
tion influences the flowability, mechanical, and thermal
properties of geopolymer mortar. They found that add-
ing crumb rubber to geopolymer mortar mixtures made
them less workable. On the other hand, Moghaddam et
al. [20] reported a minor improvement in the flowability
of geopolymer concrete after replacing natural sand with
spherical crumb rubber derived from old tires. Similarly,
Zhong et al. [31] achieved an enhancement in the work-
ability of the geopolymer mortar from a general perspec-
tive. For this reason, the findings presented in the current
study will contribute to the literature in this context.
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Figure 4. The variation in both fresh and dry unit weights
of rubberized geopolymer mortars

3.2. Unit Weight Results

The change in both fresh and dry unit weight of the geo-
polymer mortars with respect to the CR substitution level
is indicated in Figure 4. The fresh unit weight of the plain
geopolymer mortar was about 2228 kg/m?, whereas a sys-
tematic decrease in the fresh unit weight was observed by
gradually substituting the RS with the CR. The fresh unit
weights ranging between 2195 kg/m? and 1924 kg/m? were
obtained for the geopolymer mortars containing CR. As ex-
pected, the CR incorporation into the geopolymer mortar
led to a decrease in the unit weight of the mixtures because
of its lighter weight than the RS. The highest decrease of
14% was observed when the RS was substituted with the CR
at 50%. The drying of the geopolymer mortar mixtures re-
sulted in weight loss as is expected. There were decreases to
be ranging from about 1.0% to 5.0% in the unit weights of
the mortars after 1 day. On the other hand, after 3 days, re-
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ductions between about 2.5% and 6.5% in the unit weights
were observed. The lowest unit weight after the 3 days was
obtained in the mixture produced with 50% CR as about
1820 kg/m® and on the same day, the control mixture had
a unit weight of 2172 kg/m?. TS EN 206-1 [32] regards the
concrete having a unit weight (but oven-dry) of less than
2000 kg/m* and more than 800 kg/m® as lightweight con-
crete. Similarly, ACI Committee 213R-03 [33] classified the
concretes as lightweight concrete when their unit weight
(but air-dry) is less than 1950 kg/m’. Since the geopolymer
concretes (or mortars) have not been covered by any stan-
dard yet, these criteria can be taken into consideration to
describe the geopolymer concretes (or mortars) based on
the unit weight. In this context, it can be stated that the
geopolymer mortar mixtures produced with 30%, 40%,
and 50% CR can be definitely considered the lightweight
geopolymer mortar when the 3-day unit weights were tak-
en into consideration. Aslani et al. [16] and Wongsa et al.
[19] characterized the geopolymer mortars incorporating
crumb rubber manufactured in their studies as lightweight.
Azmi et al. [34] reported a systematical reduction in the
unit weight of the geopolymer concretes when the crumb
rubber replacement level gradually increased from 0% to
20%. Besides, it should be stated that there are a limited
number of studies in which the unit weight of the geopoly-
mer mortar incorporating crumb rubber was investigated.

3.3. Flexural and Compressive Strengths
The variations occurring in flexural and compressive
strengths of the geopolymer mortars because of the CR

incorporation are shown in Figures 5a and 5b, respective-
ly. The 3-day average flexural strength value of the control
geopolymer mortar was about 5.41 MPa, and there was
observed to be a systematical decrease in the average flex-
ural strength of the mortars by substituting the RS with
the CR and increasing the substitution level. The lowest
3-day average flexural strength value of 2.42 MPa was ob-
served in the geopolymer mortar produced with a 50% CR
substitution level. The reduction rates in the 3-day average
flexural strength due to the CR incorporation were about
14%, 23%, 34%, 43%, and 55% when the substitution
levels were 10%, 20%, 30%, 40%, and 50%, respectively.
Wongsa et al. [19] investigated the properties of two types
of geopolymer mortars: one was fully produced with RS
and the other one was fully produced with CR. They re-
ported a more than 75% reduction in the 28-day flexur-
al strength when the RS was fully replaced with the CR.
However, Zhong et al. [31] reported a slight increase in
the flexural strength of the geopolymer mortar when the
RS was replaced with the CR at the substitution level of 5%
and a decrease after this substitution level.

Similarly, the compressive strength results revealed
that incorporating the CR into the geopolymer mortar led
to a decrease in the compressive strength. Also, increasing
the CR substitution level yielded a systematic decrease in
the compressive strength, see Figure 5b. The 3-day aver-
age compressive strength of the control geopolymer mor-
tar was about 35.5% and incorporating 10% CR into the
geopolymer mortar resulted in a nearly 18% decrease in
the 3-day average compressive strength. Increasing the CR



102

J Sustain Const Mater Technol, Vol. 7, Issue. 2, pp. 95-107, June 2022

6
.-p

5
&
ey
4J
o V.
= r4
@ b
4
w
S
i @
3
[
o
et
T o y = 0.1155x% + izl

: R® = 0.9805

=]
0 10 20 30 40
Compressive strength, MPa
(a)

2200

2000 F

Dry unit weight, kg/m?

1900 | i ¥

1800
0 10 20 30 40
Compressive strength, MPa

(b)

Figure 6. Correlation between (a) flexural and compressive
rubberized geopolymer mortars.

substitution level from 10% to 50% diminished the com-
pressive strength to 11.2 MPa. The results achieved from
the study herein comply with the limited number of stud-
ies reported in the literature. For example, both Wongsa
et al. [19] and Zhong et al. [31] reported a decrease in the
7-day and 28-day compressive strengths of the geopoly-
mer mortar by substituting the natural sand with CR.In a
similar manner, Azmi et al. [34] observed a nearly 65-75%
decrease in the 7-day and 28-day compressive strengths at
the CR substitution level of 20%.

One of the main reasons for the decrease in the
strengths (both compressive and flexural) is that the inter-
facial transition zone occurring between geopolymer paste
and rubber aggregate is larger than that occurring between
the natural aggregate. Besides, the soft structure of the rub-
ber aggregate will exhibit higher strain performance under
loading compared to hardened geopolymer paste and natu-
ral aggregate. This means that in places where rubber aggre-
gate is present, hardened geopolymer paste and/or natural
aggregates will carry the most of the load, and the rubber
aggregate will participate in the load-bearing role at even
high strain levels, but at these strain levels, the hardened
geopolymer paste has already cracked and the integrity of
the mortar has deteriorated. Therefore, incorporating the
rubber aggregate into the geopolymer mortar negatively in-
fluences its compressive strength.

Moreover, in Figure 6a, the correlation between the
flexural and compressive strengths of the geopolymer mor-
tars produced in the current study is presented. By taking

strengths and (b) dry unit weight and compressive strength of

into consideration the coefficient of determination (R?) val-
ue given in this figure, it can be stated that there is a strong
relationship and correlation between the flexural and com-
pressive strengths of the geopolymer mortars of this study.
A similar correlation was observed between the dry unit
weight and compressive strength of the geopolymer mor-
tars produced in this study as shown in Figure 6b. When
the R? value given in this figure is considered, it can be stat-
ed that there is a directly proportional and strong relation-
ship between the 3-day dry unit weight and compressive
strength values.

3.4. UPV Values

The change in the UPV values of the geopolymer mor-
tars depending on the CR substitution level is indicated in
Figure 7a. The control mixture, which does not contain CR,
had a UPV value of 3027 m/s. Since there is no qualifying
scale for the cement-based and/or geopolymer mortars, the
classification for the concrete given by Hwang et al. [35] can
be used in this context to get an idea about the quality of the
mortars produced in this study and to establish a relation-
ship between the other engineering properties and UPV
values. According to this classification, the geopolymer
mortar produced in this study can be regarded as moder-
ate-quality mortar. However, incorporating the CR into the
geopolymer mortar caused decreases in the UPV values,
correspondingly in the quality of mortar. The main reason
behind this situation is the macro-scale porosity formations
in the geopolymer mortar. Such porous structures in the
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Figure 7. (a) Variation in UPV values of the geopolymer mortars due to the CR incorporation and the correlation between
the UPV values and (b) flexural strength, (c) compressive strength, and (d) dry unit weight.

hardened mortar prevent and/or delay the transferring of
the ultrasonic waves from the transmitter to the receiver.
For this reason, there is to be a decrease in the UPV values.
But it should be also stated that the decrease in UPV values
of geopolymer mortar due to the CR incorporation may be
also caused by the nature of the rubber. As it is well-known,
the rubber material is a perfect isolation material for waves

having any frequency. Therefore, the ultrasonic pulse waves
may have been absorbed by the rubber particles during the
transfer from the transmitter to the receiver. As can be seen
in Figure 7a, the geopolymer mortars produced with CR
had UPV values of less than 3000 m/s and more than 2100
m/s. About 30% reduction in the UPV value of geopoly-
mer mortar was observed when the 50% of RS was substi-
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tuted with CR. In this context, the rubberized geopolymer
mortars produced in the present study can be considered
poor-quality mortars with respect to the classification pre-
sented by Hwang et al. [35].

On the other hand, in order to establish the relationship
between the engineering properties of the geopolymer mor-
tars and their UPV values, a binary correlation was used. In
this regard, Figures 7b, 7¢, and 7d indicate the correlations

between UPV values and flexural strength, compressive
strength, and dry unit weight, respectively. When the cor-
relations between the UPV values and the aforementioned
properties of the geopolymer mortars are investigated, it
will be seen that there are strong relationships with the R2
values of more than 0.93 between the UPV values and the
flexural strength, compressive strength, and dry unit weight
of the geopolymer mortars. This does not only show how
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Figure 9. Cross-sections of hardened geopolymer mortar mixtures.

the interactive relations between these properties are well
but also indicates that the experimental program conduct-
ed in this research has been properly carried out.

3.5. SEM Analysis and Visual Observation

Here, the SEM images of both control and rubberized
geopolymer mortars are presented and discussed. Two
SEM images (x100 and x250 zoom-in) of the control geo-
polymer mortar are given in Figure 8a. Similarly, the SEM
images presented in the same zoom-in of the rubberized
geopolymer mortar are given in Figure 8b; however, in
addition to this, three SEM images (x50, x100, and x250
zoom-in) of another rubberized geopolymer mortar are
presented in Figure 8c. When the SEM images of the con-
trol mixture are investigated, a distinct ITZ between the
geopolymer paste and RS particle (as shown with blue
arrows) can be noticed. Besides, there are detected to be
microcracks (as shown with green arrows) and unreacted
and partially reacted fly ash particles on the geopolymer
matrix (as indicated with pink arrows). In a similar way,
when the SEM images of rubberized geopolymer mortars
are investigated, more distinct ITZs between the geopoly-
mer paste and CR particles will be sighted. The ITZ be-
tween the CR and the geopolymer paste is more distent in
the SEM pictures than it is between the RS and the geo-
polymer paste. Such distinct ITZ formations decrease the
interlock between the particle and paste, thus resulting in
lower mechanical performances. Furthermore, SEM scans
revealed certain gap areas around the CR particles (Fig.
8¢). Such gap regions around the fine particles reduce the
permeability resistance of the geopolymer mortars.

In addition to the observation based on the microscopic
scale, the CR distributions on the cross-section of the geo-
polymer mortars were visually observed. One of the diffi-
culties faced during the production of such types of mortars
is the bleeding in the mortar and relevantly the inhomoge-
neous distribution of rubber particles and segregation is-
sues. Since the CR particles are lighter than the geopolymer
paste, they have a tendency to move up, leading to the sepa-
ration of the geopolymer paste and CR particles. As a result,
in such types of materials, there occurs a layer consisting
of CR particles and paste at the top of the cross-section,
and there occurs another paste layer immediately below

this layer. Such problems need a very sensitive mixture de-
sign. Figure 9 is presented to display the bleeding detection
and distribution of rubber particles on the cross-section of
mortars produced in the present study. When the cross-sec-
tions of the geopolymer mortars illustrated in this figure are
investigated, it will be seen that these layers did not occur
in any mortar mixtures, and besides, the visually detected
CR particles are homogeneously distributed on the mor-
tar cross-sections. In other words, it can be stated that no
bleeding and relevant segregation problems were observed
in the mortar mixtures produced in the current study.

4. CONCLUSIONS

Based on the findings given above, the following conclu-
sions can be done:

o The flowability of geopolymer mortar was not affected by
CR incorporation and increasing its substitution level.

o Substituting the RS with CR and increasing its level sys-
tematically decreased the unit weight of the geopolymer
mortar. After a 30% substitution level, lightweight geo-
polymer mortar was achieved. As the geopolymer mor-
tars dried, there was a unit weight loss ranging from 1%
to 5% for the first day and ranging from 0.5% to 2.5% for
the following two days.

o Incorporating the CR into the geopolymer mortar led to
a reduction in both flexural and compressive strengths.

o UPV values of the geopolymer mortars decreased by
incorporating the CR since the CR particles cause a po-
rous structure in the hardened mortar and have a wave
absorption nature.

» The binary correlation results revealed that there is a
strong relationship between the investigated engineer-
ing properties.

o SEM images showed that the ITZ occurring between
the CR particles and geopolymer matrix is more distinct
than that occurring between the RS particles and geo-
polymer matrix.

o Visually inspection of the cross-sections of the rubber-
ized geopolymer mortars indicated that no bleeding
and relevant segregation problems occurred and the CR
particles are homogeneously distributed on the mortar
cross-sections.
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1. INTRODUCTION es. Recycling of construction wastes, especially recycling of
waste concrete (WC), is one of the sustainability approach-

The sustainability approach gains importance around the  es, and sustainable economic growth and saving resource
world day by day and seems to be the savior of future resourc-  policies, nowadays, are on the policymakers agenda [1].
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Regulations on recycled aggregate (i.e., Technical Code for
Application of Recycled Aggregate Concrete (DG/TJ07-008)
[2]) and higher consumption advisory policies (i.e., Directive
2008/98/EC [3]) are some of the actions on WC. However,
although many regulations have been made, the construction
and demolition waste (CDW) amount has been increased
due to urban renewals [4-8], natural disasters [9, 10] and
wars [11] especially happened in the recent decades and
1950s. The solution to the mentioned problem by advanced
techniques and approaches was an obligation and a necessity.
The utilization of a higher amount of WC in a widely used
material such as concrete sounds good and inspires many
researchers to evaluate the effect of the use of WC as recy-
cled aggregate (RA) in concrete [12, 13]. However, the most
important criterion preventing the usage of RA in new con-
crete is the higher water absorption capacity of RA compared
to natural aggregate (NA) [14] and it decreases not only the
physical and mechanical performance of recycled aggre-
gate concrete (RAC) but also the durability performance of
RAC [15]. Thus, some measures (use of mineral additions
[16], mixing methods (i.e., double-mixing method [17] and
triple mixing method [18]), RA treatment methods (Shi et
al., 2016), etc.) [19] have been developed and suggested by
researchers in their studies. At this point, it was commonly
stated that the use of 20~30% RA had a minor effect on the
properties of RAC [20] and treatment may have increased the
optimum utilization ratio of RA (i.e., up to 60% RA treated
with optimized ball mill method [10, 21-24] and up to 50%
RA with new combination method [25]). Thus, it is mean-
ingful to consider RA with a treatment method instead of the
use of RA in the mix only and it has advantages, as expected.

Besides, although many papers focused on the effect of
RA on concrete properties increasing the optimum ratio of
RA in the mix, few papers aimed to present the effect of
design methods especially considering the aggregate prop-
erties (aggregate size, particle packing, etc.) (i.e., [26-30]).
Duan et al. [31] proposed a modified design method for
RAC, and the scatter of the compressive strength and the po-
rosity of RAC were investigated. The size of RA such as 5-10
mm, 10-20 mm, and 5-20 mm was considered to have an
aggregate gradation effect on RAC and aggregate gradation
re-adjustment was suggested stating satisfactory test results
[31]. Bui et al. [25] developed a new combination method
and replaced natural aggregate (NA) with RA in consider-
ation of the different sizes of aggregates, and the methodol-
ogy resulted in a new and increased optimum ratio as 50%.
McGinnis et al. [32] investigated the gradation effect of RA
considering the average particle size of RA such as ASTM
#8 (1.18-12.5 mm) and ASTM #57 (2.36-37.5 mm) and
also used the literature data such as INDOT #8. It was found
that the gradation impact of coarse NA and RA was similar,
and a smaller average aggregate size made RAC stronger
and also stiffer [32]. Based on the experiments of concretes
including NA, it was also found that “5-10-14-18” mm and
“5-10-18-22” mm bands result in better concrete in con-

sideration of compressive strength and workability [33]. Al-
though the studies considered the aggregate size effect and
also gradation effect on the properties of RAC [25, 31, 32],
the effect of AGC on the properties of RAC was rarely stud-
ied. The theoretical research (i.e., particle packing, random
aggregate distribution in a unit volume/section) and author
examinations on this topic showed that AGC affected the
aggregate concentration of unit volume. Also, it was stated
that the decrease of aggregate concentration in concrete de-
creased the mechanical performance of concrete [34] and it
should have been considered in the mix design.

To fill the gap in the literature, optimization of AGC
considering the standard curves such as A16-B16-C16 com-
patible with TS 802 [35] and two proposed curves (G1 and
G2) were examined in consideration of the properties of the
mortar phases of concrete and the concretes such as NACs
and RAC:s. The concretes consisted of different mortar phases
(M-G1, M-A1l6, M-B16, M-C16, and M-G2) due to the dif-
ferent AGCs and, also coarse aggregates such as coarse NA
and coarse RA. Thus, three stages were considered and were
progressed in the experimental program: The 1% stage includ-
ed the evaluation of the properties of the mortar phase of the
concretes, and the effect of AGC on the mortars was investi-
gated. The mortars include the components of concrete rep-
resenting the mortar phase of concretes. The 2" stage was the
evaluation of the test results of concretes such as the air con-
tent of fresh concrete, the density of the hardened state of con-
crete, the water absorption, and the compressive strength, and
in this stage, the effect of AGC on the fresh and the hardened
properties of concrete were determined. Also, an addition-
al stage was the 3" stage and was made on the findings and
the parameters to define the weights of the parameters of the
concretes by using the Entropy Method and to select the best
AGC with the help of a decision-support instrument, TOPSIS.

2. MATERIAL AND METHOD

2.1. Materials

General-purpose CEM I 42.5 R compatible with TS EN
197-1 was utilized in the mixes (Table 1).

In the mixes, coarse NAs and RAs were employed. NA
was a crushed calcareous stone. River sand (0-2 mm) and
crushed stone (0-4 mm) as a fine aggregate were utilized
(Table 2). RA was sourced from low strength WC (<20
MPa) [36]. Superplasticizer was used to enhance the low
workability of fresh concretes (Table 3). S2 slump class (50—
90 mm) was selected for whole mixes.

2.2. Method

In the design of concrete, TS 802’s AGCs for maximum
aggregate size of 16 mm (A16, B16, and C16) [35] and two
proposed AGCs (G1 and G2) were considered (Table 4).
AGC development studies usually have been dependent on
Fuller’s Curve, and AGC was developed for concrete mixtures
to achieve optimum performance. The aim of the proposal of
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Table 1. Properties of cement

Table 2. The properties of natural aggregates and recycled
aggregates

Contents Cement
$i0, (%) 18.9 Notation Dens1t3y, Wate{‘ LA‘ Residual

. g/cm®  absorption abrasion content
CaO (%) 64.7 % value %
SO, (%) 3.42 %
ALO, (%) 48 qand 2.56 0.64 - -
Fe,0, (%) 3.4 Crushed sand 2.62 0.85 - -
MgO (%) L4 NA(11-16mm) 270 0.32 26 -
K,0 (%) 04 NA@-11mm) 265 0.42 - -
Na,O (%) 0.7 RA(11-16mm) 221 8.10 46 45

3 3
Density (g/cm?’) 31 pA@-11mm) 223 8.90 - 54
Chlorine ratio (%) 0.0241
Specific surface area (m*/kg) 3840
Loss on ignition (%) 1.82 Table 3. The properties of superplasticizer
Activity index (%) - Content Superplasticizer

Structure of material Polycarboxylic ether

G1 and G2 gradation curves was to be observed the effect of ~ Color Amber
non-consideration of the gradation curves given in TS 802.  Density (kg/l) 1.08-1.14
The ingredients of the designed mixtures were presented in  Alkaline ratio (%) <3
Table 5. The specimens were produced under standard lab-  Chlorine ratio (%) <0.1

oratory conditions according to TS EN 12390-2 [37]. Then,
the freshly produced mixtures were cast in the molds and
15x15x15 cm cubic specimens were maintained in the molds
for 24 hours for hardening purposes. Also, the fresh concrete
was sieved through a 4 mm mesh sieve and the passing mix-
ture was placed in 4x4x16 cm prismatic molds when the con-
cretes including NA were produced. Thus, the mortar phases
of the concretes were obtained. The specimens were cured in
2242 °C water for 28 days according to TS EN 12390-2 [37].
At the age of 28 days, the experiments such as water absorp-
tion, density, and compressive strength tests for hardened
concrete specimens, and bending and compressive strength
tests for the mortars were conducted and compatible with the
related standards [38-40].

The strength class of RACs and natural aggregate con-
cretes (NACs) are determined according to Eq. 1-2 detailed
in TS EN 206-1+A2 [41]:

£ 0 2f, 1.0 (1)
f w2f 4.0 (2)
Here, f, is the characteristic compressive strength

of group (MPa), f _ is the average compressive strength
of group (MPa), and f_  is the minimum compressive
strength of group (MPa).

2.2.2. Entropy Method

The Entropy Method [42] was used to evaluate the
weight factors of the experimental findings such as densi-
ty, water absorption, coarse aggregate ratio, air content of
fresh concrete, natural aggregate concentration, and fine-

ness modulus and compressive strength. According to the
method, the following calculation steps are considered.

Ifi; 1,2, 3, ..., mare alternatives, j; 1, 2, 3, ..., n are eval-
uation criteria, X, =the value of i alternative at j' evaluation
criterion,

xlgl)

Xm(1)

x1(n)
X = .

] andi=1,2,...,mandj=1,2,...,n (3)
Xm (1)

Here, X is the matrix included alternatives and criteria.
The first calculation is the normalization of the values of X
matrix as follows:

Py = 5 @

n
Yio1xij

Here, P, is the normalized value of i alternative and j*
criterion. In this method, the value of entropy E, of the i®
alternative is defined as [42]:

_ Xfeypijin (0i))
Inn

E; = (5)

Here, E, is between 0 and 1. Then, the determination of
weight w, can be done as:

1-E;

W= 2o (1-Ep)

(6)

Also, weight w. is between 0 and 1, and the sum of w. is 1.
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Table 4. Aggregate gradation curve details for standard curves such as A16, B16, and C16 [35], and proposed curves such as G1 and G2

Sieve size, mm Gl1 TS 802 G2
C16 (Upper AGC) B16 (Ideal AGC) A16 (Lower AGC)

0.125 13 11 7 3 2
0.25 27 20 13 6 4
0.5 40 30 20 10

1 54 41 28 15 10
2 67 52 37 22 15
4 78 64 49 33 20
8 91 77 63 48 30
11.2 95 90 79 68 55
16 99 99 92 85 79
32 100 100 100 100 100

Table 5. Mix design of concretes

Parameters Natural aggregate concretes Recycled aggregate concretes
Mixes NAC-G1 NAC-C16 NAC-B16 NAC-A16 NAC-G2 RAC-G1 RAC-C16 RAC-B16 RAC-A16 RAC-G2
Components

River Sand

(0-2 mm), kg/m’ 759 541 380 199 126 759 541 380 199 126

Crushed Stone

(0-4 mm), kg/m? 808 698 533 349 276 808 698 533 349 276

Coarse Aggregatea

(4-11 mm), kg/m? 207 489 546 716 603 169 400 447 586 494

Coarse Aggregate

(11-16 mm), kg/m* 56 111 388 590 850 47 93 326 497 715

Cement, kg/m’ 350 350 350 350 350 350 350 350 350 350

Water, kg/m? 175 175 175 175 175 175 175 175 175 175
Mix details

Natural aggregate

concentration, % 70.2 70.1 70.1 69.9 69.9 64.3 56.4 493 41.0 38.3

Attached old

mortar content, % 0 0 0 0 0 6.0 13.7 20.8 28.9 31.6
Fresh properties

Slump class S2 S2 S2 S2 S2 S2 S2 S2 S2 S2

Air content of fresh

concrete, % 11 1.3 1.3 14 1.5 1.3 1.7 1.8 2.0 1.7

2.2.3. Decision-Making Method: Technique for Order

Preference by Similarity to Ideal Solution (TOPSIS)

Technique for Order Preference by Similarity to Ide-
al Solution (TOPSIS) is one of the multi-criteria deci-
sion-making methods [10, 24, 43-47]. The method works
with many matrixes and the data is entered in the decision
matrix in the first part. Also, it goes on objectively and, in
the progress the method forms positive and negative ideal
solutions. However, only weights of the criteria are subjec-

tively formed in the system and the user selects the weight-
ing coeflicients for each data.

Decision matrix includes alternative values with ixj di-
mensions. Lines in the matrix are decision points and col-
umns in the matrix are factors (Eq. 7).

all cee al

.J'
|

[ N

ij =




112

J Sustain Const Mater Technol, Vol. 7, Issue. 2, pp. 108-118, June 2022

Table 6. The test results of mortars

Notations  Air content of Bending strength, MPa Compressive strength, MPa
fresh mortar, %

Average Minimum Standard deviation Average Minimum Standard deviation
M-Gl1 2.4 9.17 9.07 0.12 45.2 43.0 1.57
M-A16 3.0 9.63 9.26 0.32 46.0 448 0.98
M-B16 3.1 9.09 8.60 0.43 44.8 43.2 1.40
M-C16 35 8.72 7.52 1.15 46.7 43.4 2.16
M-G2 3.7 8.53 8.16 0.33 44.0 43.0 0.65
Table 7. The test results of concretes
Notations Cop % Coan % I , mm AL % d, g/cm? WA, % f, MPa

Mean Min. Std. Str.
Dev. Class

NAC-G1 70.2 14 3.36 1.1 2.26 3.1 43.1 41.6 1.56 C30/37
NAC-C16 70.1 32 4.16 1.3 2.32 3.0 44.1 43.2 0.95 C30/37
NAC-B16 70.1 50 5.12 1.3 2.36 2.5 50.2 49.8 0.34 C35/45
NAC-Al6 69.9 70 6.10 1.4 2.38 3.1 53.6 52.7 0.77 C40/50
NAC-G2 69.9 78 6.79 1.5 241 3.2 46.5 43.7 2.57 C35/45
RAC-G1 63.6 14 3.36 1.3 2.18 3.5 35.9 34.4 1.30 C25/30
RAC-C16 56.8 32 4.16 1.7 2.22 3.5 38.7 38.0 0.93 C30/37
RAC-B16 49.7 50 5.12 1.8 2.21 3.9 37.4 37.0 0.51 C30/37
RAC-A16 42.0 70 6.10 2.0 2.21 4.3 34.8 33.7 1.42 C25/30
RAC-G2 38.8 78 6.79 1.7 2.23 4.5 34.2 33.5 0.86 C25/30

C,,.: Ratio of natural aggregate volume to total volume; C_,: Coarse aggregate volume to total aggregate volume; I_: Fineness modulus; A,
m

CNA®

et Air content
resh

of fresh concrete; d: Density of hardened concrete; WA: Water absorption; f : Compressive strength.

Then, normalized matrix is formed considering deci-
sion matrix elements (aij) (Eq. 8-9).

a;j

N = (i=123,..,mvej=123,..,n) (8)
Zzl=1"'i2j
Ny o My
Mg o Mgy

The weighting coeflicients are added to normalized ma-
trix (Eq. 10).
W1 X1y V11
I/l] = : E

vy
o ] (10)
Wi X NMjy Vin o Uy
According to the problem condition, positive and neg-
ative ideal solution values are found considering maximi-
zation and minimization (Eq. 11-14). Positive ideal solu-
tion values:

A* = {(max; v;))} (11)

At ={v; "0, vt (12)
where, A" matrix includes maximum values for each
column. Negative ideal solution values:

A~ = {(min; v;))} (13)

A" ={v;", v, ., 1} (14)

where, A" matrix includes minimum values for each
column. Then the distance from alternatives to negative
and positive ideal solutions is calculated (Eq. 15-16). The

distance to positive ideal solution:

2
Sl+ = \/Z;‘zl(vﬁ —17;-) (15)
The distance to negative ideal solution:
- \2
ST = Jz}l:l(vij - ;) (16)
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At the last part, calculation of the relative proximity to
the ideal solution is done for alternatives and the values
vary between 0 and 1 (1 is absolute positive ideal solu-
tion) (Eq. 17).

* Si,

LTS v

3. Results and Discussion

The test results were properly evaluated in the sepa-
rate sections. In this paper, the effect of AGC on the prop-
erties of mortars and the properties of concretes were in-
vestigated. The concretes designed by five AGCs such as
G1, 16, B16, C16, and G2 consisted of the mortar phases
such as M-G1, M-Al16, M-B16, M-C16, and M-G2, re-
spectively, and also coarse NA and RA. Thus, three stages
were conducted to assess the properties of the mortars
and concretes and select the best mix. The test results of
the mortars and concretes are given in Tables 6 and 7,
respectively.

3.1. The Results of The Stages

The stages of this study have separated evaluation
parts as given below. Accordingly, the first stage includ-
ed the evaluation of the strengths of the mortars in con-
sideration of the effect of AGCs on the mortar phases of
the concretes. The mortars included some components of
concrete (i.e., cement, water, fine aggregate, admixture,
and not coarse aggregate) representing mortar phase of
concrete. The second stage was on the test results of con-
cretes (i.e., the air content of fresh concrete, the density
of the hardened state of concrete, water absorption, and
compressive strength) with fruitful comments, and eval-
uations. In the third stage, an evaluation was made as an
additional stage on the experimental data to select the
best AGC for RAC by using a decision-making instru-
ment, it was TOPSIS.

3.1.1. Results of the First Stage of the Experimental

Program

The results of the mortars were given in Table 6. The
mortar phase was the same for NAC and RAC if the same
aggregate distribution curve was used. It has been ob-
served in this study that the strength properties of mortars
were dependent on the AGC. it has been determined that
the bending strength of mortars decreased as they were
changed from the upper aggregate distribution curve to the
lower aggregate distribution curve. For example, the bend-
ing strength of the M-G1 mixture was determined as 9.17
MPa, while the bending strength of the M-B16 mixture was
determined as 9.09 MPa, and the bending strength of the
M-G2 mixture was also found to be 8.53 MPa. It is found
that the fineness modulus of the mix increased as the ag-
gregate distributions of the mix changed from GI1 to G2,
and this caused an increase in the fineness modulus (which

means that the grain size of aggregates became larger) re-
duced their bending strength. Considering the effect of the
aggregate distribution on all mortar bending strengths, it
can be seen that the highest bending strength value was ob-
tained as 9.63 MPa in the M-C16 mixture and the second
was M-G1 with 9.17 MPa following the first. On the oth-
er hand, the standard deviations of the mortars decreased
(except for M-G2) and the air content of the fresh mortar
increased when the fineness modulus of the mix decreased.
This may be caused due to the increase in the average aggre-
gate size of the mix (the fineness modulus of the mix) and it
was reported that the higher aggregate size in the mix caused
the settling problem creating gaps in the medium and real-
ized a decrease in the strengths [24, 36]. On the other hand,
the compressive strength of mortars was not influenced by
the AGC, and the strengths only changed between 44-46
MPa. According to the cement properties obtained from
the producer as given in Table 1, the cement has minimum
42.5 MPa compressive strength and the addition of fine ag-
gregate didn't decrease/increase the strength. In addition, it
was reported that the fine particles (0.063-4 mm) had a mi-
nor influence on the compressive strength of the specimens
except for powders (<0.063 mm) if these were added to the
cement paste [24, 36]. Accordingly, it can be commented
that the bending behavior (bending is the combination of
tensile + compressive stresses through the cross-section of
the specimen as well-known) may have been influenced
by the AGC. Besides, the minimum compressive strength
values showed a limited change between 43-44 MPa while
the standard deviation of the specimen presented a similar
behavior. As a consequence of the results mentioned, AGC
had an effect on the bending strengths and, a minor change
was observed in the compressive strengths due to the AGC.

3.1.2. Results of the Second Stage of the Experimental

Program

The results of the concretes were given in Table 7. Ac-
cording to the physical test results, it was found that when
the fineness modulus of the mix increased due to different
AGG, the density of NAC and RAC increased from 2.26 to
2.41 g/cm’® and from 2.18 to 2.23 g/cm’, respectively, and
the increase in the density of RAC was found limited due
to the increase in the open porosity. Because the water ab-
sorption of RAC was found higher than that of NAC, the
inclusion of coarse RA in the mix was the key factor. For
instance, the water absorptions of NAC-G2 and RAC-G2
were determined as 3.2% and 4.5% while the same AGC
consideration in the mix and the mentioned difference
became clearer when the coarse aggregate concentration
increased in the mix from 14 to 78%. As reported in the
literature, RA had a porous structure with high-water
absorption and low-density values [1, 10, 21, 48] and it
shaped the resulting concrete properties when RA was
used in the mix. On the other hand, it can be indicated
that the high fineness modulus the high coarse aggregate
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Table 8. Weights of concrete properties

Criteria Density ~ Water abs. Coarse Air content Nat. Fineness Mean comp.
agg. ratio agg.cons. mod. of mix str.
Weight values for NACs 0.0014 0.0207 0.7554 0.0295 0.0000 0.1737 0.0193
Weight values for RACs 0.0001 0.0275 0.6773 0.0480 0.0859 0.1558 0.0054
Weight values for concretes  0.0026 0.0636 0.5865 0.0688 0.0922 0.1349 0.0513

concentration, but the low natural aggregate concen-
tration was observed by changing AGC from G1 to G2.
Thus, the skeleton of the RAC became weak compared
to NAC, so not only the physical properties but also the
mechanical properties of RAC were affected negatively.
Hence, the compressive strength of the RAC was obtained
lower than NAC while the same AGC was considered.
When different AGCs from G1 to G2 were used with
different fineness modulus from 3.36 to 6.79 mm in the
mix, the compressive strength increased up to 38.7 MPa
for up to 4.16 mm fineness modulus then decreased down
to 34.2 MPa for up to 6.79 mm fineness modulus. Hence,
the peak/maximum compressive strength of RAC was de-
termined for RAC-C16. It can be stated that RAC-C16 had
56.8% natural aggregate concentration, a low open porosity
(3.5%), and a high density (2.22 g/cm’). However, the re-
sults showed that the highest compressive strength of NAC
was obtained for RAC-A16 as 53.6 MPa with 69.9% natu-
ral aggregate concentration. It can be noted that the coarse
aggregate concentration in the RAC caused high entrained
air content, high open porosity, and settling problem de-
creasing the compressive strength while it supported the
skeleton of NAC increasing the compressive strength of
NAC although increasing a minor air content of the mix.
Besides, although the mentioned positive effect of coarse
NA on the strength was observed, the comments cannot be
made for RA. Because RA had an additional part (AOM)
compared to NA, AOM had low physical and mechanical
properties compared to NA [21]. Therefore, RA had three
ITZ: old ITZ between NA in RA and old AOM, new ITZ
between NA in RA and cement paste, and new ITZ be-
tween AOM and cement paste [6, 24]. Thus, the inclusion
of coarse RA cannot have acted as similar as the coarse NA
and the increase in the compressive strength of RAC can-
not have been observed due to AOM and the higher ITZ
volume compared to that of NAC. In addition, based on
the compressive strength test results, the strength classes of
concretes were determined according to TS EN 206-1+A2
(Turkish Standards Institution, 2021), and the strength
classes of the concretes were given in Table 7. According to
the findings, it can be stated that the consideration of RA
in the mix decreased not only the compressive strength but
also the strength class of concrete. Besides, it is interesting
that the strength class of not only NAC but also RAC were
dependent on the aggregate type [24, 36] and the AGC.
Also, the scatter of test results of compressive strength was

observed due to the AGCs. The strength class of NACs was
not the same and differed from C30/37 to C40/50. Similar
comments can be made for RACs.

Thus, the fine particle proportion rather than coarse
particle may have a great role in the results of RAC-C16,
and AGC influenced RAC and NAC in a different way.
Hence, the parameters mentioned above can be considered
properly while the design of the RAC mix.

3.1.3. The Results of the Third Stage of the Experimental

Program

In this section, the properties of concretes were evalu-
ated in a holistic manner. First, the weights of the concrete
results were determined using the Entropy Method and the
importance of the parameters according to their weights
was examined. In addition, considering the concrete results
and parameters examined in the article, the best concrete
series was determined using TOPSIS. Then, the results were
compared together.

3.1.3.1. Entropy Method Results

The Entropy Method is a weighting method working
objectively and is widely used in many areas from man-
agement to engineering. The output data of the method
(weights) eases and accelerates decision-making with a
low decision time. Hence, the weights of the parameters of
concretes such as density, water absorption, coarse aggre-
gate ratio, air content of fresh concrete, natural aggregate
concentration, fineness modulus, and compressive strength
were calculated to compare the importance level of each
parameter in this study (Table 8). As a result, the weights
of the properties of concretes were determined in consider-
ation of the mentioned parameters.

The effect of the AGC on the properties of concretes was
investigated in this study and the most important first and
second criteria among the mentioned properties were de-
termined by the Entropy Method such as that the first was
the coarse aggregate ratio in the mix and the second was
the fineness modulus of the mix aggregate. As mentioned
in the previous section, it was found that the physical and
the mechanical properties of not only NAC but also RAC
were influenced by the coarse aggregate ratio of the mix and
the natural aggregate concentration, and the findings were
given in Table 8 proved these statements.

In addition, the comparison of the weights of the prop-
erties of NAC and RAC showed that the influence of the
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Table 9. Weights of criteria (Scale from 1 to 10 imply that higher is important)
Mortar Concrete
Criteria Bending Compressive Coarse Natural Fineness Density =~ Water Air  Compressive
strength  strength aggregate aggregate  modulus absorption content  strength
concentration concentration
Weights® 3 9 7 7 7 5 9 9 9

* High is important.

Table 10. TOPSIS results

Concretes NAC-G1 NAC-C16 NAC-B16 NAC-A16 NAC-G2 RAC-G1 RAC-C16 RAC-B16 RAC-A16 RAC-G2

Gi* 0.535 0.567 0.618 0.641

0.635

0.514 0.539 0.554 0.564 0.573

* High is good.

AGC on the compressive strength of NAC was higher than
that of RAC while a relatively minor influence of the AGC
on the density of RACs and the natural aggregate concen-
tration of NACs was found. Besides, when the weights of
the concrete properties were compared, the weights of the
water absorption and the air content of fresh concretes were
nearly the same.

3.1.3.2. TOPSIS Results

TOPSIS is a method to determine the effectiveness and
the suitable choice considering the criteria of the choices
with their weights. Hence, when TOPSIS is intended to
use, the weights of the criteria of the choice. In this pa-
per, accordingly, the weights of criteria were determined
as given in Table 9 and the results were evaluated in the
TOPSIS using the weights which weights were formed ac-
cording to the author's experiences. The scale for weights
was performed from 1 to 10, and here the higher was more
important. The mechanical performance and the durability
performance were kept at the forefront. Hence, compressive
strength and open-pore related properties such as the water
absorption and the air content in the fresh concrete were
decided as more important and 9 was specified. Besides, it
is well-known that the natural aggregate concentration in-
fluences the mechanical performance of concrete [34] and
7 was specified for the concentrations.

After an examination of the parameters in TOPSIS, the
results were found as given in Table 10. Separately evalua-
tion of the test results showed that A16 resulted in a denser
NAC with higher compressive strength, while C16 resulted
in a durable RAC in terms of low water absorption capacity
with higher compressive strength. However, when all pa-
rameters were investigated together using the TOPSIS the
best AGCs were found as A16 for NAC and G2 for RAC,
respectively. According to the TOPSIS results, RAC-G2 and
RAC-A16 had 0.573 and 0.564 scores, respectively, and it
can be noted that RAC-A16 can also be preferred instead of
RAC-G2 due to the similar TOPSIS scores. When the TOP-

SIS results of RACs were compared with that of NAC, al-
though RAC-G2 was the best in RACs, it is interesting that
RAC-G2 was superior to the worse concrete among NACs.

4. CONCLUSION

In this paper, the effect of aggregate gradation curves
(AGCs) detailed in TS 802 (A16, B16, and C16) on recycled
aggregate concrete (RAC) was investigated. Also, two AGCs
(G1 and G2) were proposed to examine the effect of the
rest of the region detailed in TS 802 (A16, B16, and C16).
Accordingly, a comprehensive experimental program was
conducted including three stages for the evaluation of the
properties of the mortar phase of concrete, the concrete,
and the selection of the best concrete mix. Hence, after con-
ducting the several tests on the specimens, the following
conclusions and discussions were made based on the evalu-
ations of the test results:

1) AGC had an effect on the bending strengths, and a mi-
nor change was found in the compressive strengths due
to the effect of AGC.

2) Different AGCs required different fine and coarse ag-
gregate proportions in the mix and five AGC were em-
ployed in the mix design of concretes. Accordingly, the
fine particle ratio in the mix rather than the coarse par-
ticle ratio in the mix may have a great role in the results
of RACs, and AGC affected RAC and NAC in a different
manner. Thus, the parameters investigated in this pa-
per can be considered properly in RAC mix design to
achieve a high compressive strength value.

3) The Entropy results showed that the influence of the
AGC on the compressive strength of NAC was higher
than that of RAC while a relatively minor influence
of the AGC on the density of RACs and the natural
aggregate concentration of NACs. Also, the most im-
portant criterion was found as the coarse aggregate
ratio in the mix and the fineness modulus of the mix
aggregate followed the first.
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4) Separately evaluation of the test results and holistic
evaluation of all results presented different findings for
RAC but the same for NAC. Accordingly, a separate
evaluation of the test results showed that A16 resulted in
a denser NAC with higher compressive strength, while
C16 resulted in a durable RAC in terms of low water
absorption capacity with higher compressive strength.
However, when all parameters were investigated togeth-
er using the TOPSIS the best AGCs were found as A16
for NAC and G2 for RAC, respectively. RAC-A16 can
also be preferred instead of RAC-G2 due to the similar
TOPSIS scores.

5. FURTHER ASPECTS

A16 AGC resulted in a denser NAC with higher com-
pressive strength and can be suitable to use for NAC.
However, further investigations should be conducted in-
cluding the durability tests. C16 AGC can be offered to
decrease the open pore content of RAC in terms of wa-
ter absorption and thus this can lead to durable concrete.
However, further investigations including durability pa-
rameters should be conducted. Because RA has pores,
this leads to a weak link in the medium.

The Entropy Method, in this paper, gives the import-
ant level of the parameters and emphasizes that the coarse
aggregate ratio in the mix was an important parameter
and can be considered in the design of RAC. Besides, the
importance level of the investigated properties of con-
cretes should be enlarged by adding the other physical,
mechanical, and durability properties. Thus, more com-
prehensive, understandable, and comparable findings can
be achieved. Also, the weights of the concrete properties
can be determined by using other weighting methods
(i.e., SWARA, CILOS, IDOCRIW) and the results of the
methods can be compared to each other. Also, the advan-
tages and the disadvantages of the methods in the current
area can be argued.

The AGCs such as A16, B16, and C16 considered in this
paper were selected according to the maximum aggregate
size (it was 16 mm). However, the effect of AGCs for the
maximum aggregate sizes such as 8 mm, 32 mm, and 64
mm as given in TS 802 can be investigated in further stud-
ies RAC. Besides, in this paper, RA was sourced from low
strength (<20 MPa) waste concrete. The medium strength
(20-40 MPa) and the high strength (40 MPa>) waste con-
crete sources can be examined to observe the difference in
the effect of the AGCs.
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