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Effect of curing time on polymer concrete strength

Ferit Cakir ®*

? Department of Civil Engineering, Gebze Technical University, Gebze, 41400 Kocaeli, Turkey

ABSTRACT

ARTICLE INFO

With the advancement of polymer technology, polymer concrete (PC) has become in-
creasingly popular throughout the world and it has among the major construction
materials due to its many advantages. The strength and durability of PCs are directly
related to paste quality and curing time. The curing time is of the utmost importance
to ensure desirable mechanical properties. An understanding of the strength-time
relationship of PCs is crucial to understanding the effects of loading on concrete atan
older age. The objective of this paper is to study the behavior of PC under different
curing times with an emphasis on compressive and flexural strengths. Therefore, a
total of 63 specimens were tested at seven different ages (1 day, 3 days, 5 days, 7
days, 14 days, 28 days, and 105 days) throughout the study. According to the results
obtained from the tests, it is shown that the curing time plays a critical role in the
flexural and compressive strengths of PCs. PCs gain more than 80% of their mechan-
ical strength within three days, and the long-term strength does not change signifi-
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cantly after seven days.

1. Introduction

Cement-based concretes (CBCs) are one of the most
popular construction materials all around the world. Alt-
hough these materials have many important character-
istics such as high compressive strength and low cost,
they have several limitations including low tensile
strength, poor durability, and low chemical resistance.
Hence, the search for new materials to replace CBCs and
prepare concrete without cement are the most im-
portant research topic for civil engineering committees.
CBC has been replaced by polymer-based concrete as the
most popular alternative in the construction industry
(Shaw 1985). In accordance with the American Concrete
Institute (ACI), there are three types of polymer-based
concretes; Polymer Portland Cement Concrete (PPCC),
Polymer Impregnated Concrete (PIC), and Polymer Con-
crete (PC) (ACI 548.1R 2009). PPCC is a concrete mix
that contains cement and polymer as binders. PPCCs are
usually made by mixing polymer into fresh cement con-
crete (Justnes 2004; Czarnecki 2018). In PIC, hardened
concrete is impregnated with polymers for 4-5 hours,
and a polymer layer is formed around it (Kumar and Na-

rayanan 2020). PC differs from PPCCs and PICs, as it
lacks a cement binder and uses polymers instead of ce-
ment as a binder. Today, PCs have become the most em-
phasized materials since they do not contain cement.
The most important characteristics of these materials
are high pressure, tensile and shear strengths, as well as
rapid hardening and surface hardness. Therefore, they
can be effectively used in new and existing structures
due to these superior properties (Bedi et al. 2013).

The quality of the mixture and the curing time deter-
mine the strength and durability of PCs. The curing pe-
riod is one of the most important factors in determining
the mechanical properties of the final product (Ohama
and Demura 1982). The curing process has been proven
by previous studies to be one of the most important
steps to ensuring durable concrete. Particularly, early
curing of concrete improves its performance considera-
bly, so it is crucial to cure it appropriately of the start.
Ohama and Demura (1982) emphasized that the com-
pressive strength of polyester resin concrete generally
increases with the addition of heat curing time, and vir-
tually remains constant from about five to ten hours re-
gardless of the amount of pre-curing time. Tae and Choi
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(2012) focused on the time-dependent behavior of poly-
mer concrete using unsaturated polyester resin. It was
concluded from the study that recycled unsaturated pol-
yester resin-based polymer concrete achieved over 80%
of its 28-day strength in seven days. Hoe Kwen et al.
(2015) conducted an experimental study on accelerated
curing regimes for polymer-modified cement. In the
study, it was found that samples exposed to 8 hours of
hygrothermal treatment were comparable to those ex-
posed to 24 hours of treatment. Khalid et al. (2015) stud-
ied the effect of curing temperature and period on appar-
ent density, compressive strength, and morphology
properties of PCs. According to the study, PC based on
the orthophthalic and isophthalic polymers had higher
compressive strength when cured for at least six hours
and three hours, respectively at cure temperatures of 50
‘Cand 70 °C. The compressive strength reached its maxi-
mum at 30 °C only after 16 hours of curing. Hong (2017)
investigated the effects of curing temperature and cur-
ing time on the mechanical properties of polysulfide PC.
According to this study, approximately 27% of the com-
pressive strength of curing polysulfide PC formed
within 6 hours and approximately 80% within 7 days of
curing,.

2. Materials and Method

A series of experiments was conducted to investigate
the effects of curing time on the mechanical properties of
the hardened PCs. In all mixes, all constituents were kept
in a constant proportion by weight. This study utilized

natural fine aggregate, polyester resin, acetylacetone
peroxide (AAP) and cobalt naphthenate to prepare a
composite material.

2.1. Aggregate

Natural fine aggregates of three different sizes, ob-
tained from Istanbul and Kirklareli, Turkey, were used in
the study. In order to eliminate contamination, all aggre-
gates were cleaned thoroughly with clear water and nat-
urally dried before use. The chemical composition of the
aggregates is listed in Table 1.

2.2. Binder

In the scope of the study, general-purpose unsatu-
rated polyester resin (UPR) with high filling wetting
power was used. UPRs are thermosetting and can be
cured from a liquid to a solid with the right conditions.
Polyester resins account for the majority of resins used
in the world today. The main polymeric chain of this
resin contains ester bonds, which are formed by the
compaction of a multifactorial alcohol compound and its
multifactorial acid. The technical properties of the UPR
are given in Table 2.

2.3. Hardener

During this study, acetylacetone peroxide, a fast-cur-
ing peroxide commonly used to cure unsaturated poly-
ester resins, was used. Table 3 presents the technical in-
formation about the hardener.

Table 1. Chemical composition of the natural fine aggregates.

Chemicals e
0.3-1 mm 1-3 mm 3-5mm
MgO 0.10 0.06 0.06
ALz03 0.245 1.80 1.86
Si02 98.86 94.20 94.15
Ca0 0.01 0.45 0.39
Fe203 0.148 0.46 0.46
SO3 = 0.10 0.10
K20 0.03 1.52 1.56
Naz0 0.02 1.16 1.12
Ignition Loss 0.24 0.25 0.30
Table 2. Technical properties of the UPR.
Properties Values
Flexural strength in 5% strain (MPa) 51.6
Compressive strength (MPa) 34.1
Impact strength (J/m) 12.9
Viscosity (mPa.s) 659
Shore hardness 80
Tensile modulus (MPa) 527
Density (g/cm3) 1.225
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Table 3. Technical properties of the hardener.

Properties Values
Flash point >60°C
Density, 20°C 1055 kg/m3
Viscosity, 20°C 21 mPa.s
Self-accelerating decomposition temperature (SADT) 60 °C
Total active oxygen 4.0-4.2%
Peroxide content 33%
Diethylene glycol + water + diacetone alcohol 67%

2.4. Accelerator

Accelerators are used to speed up the reaction between
the resin and the hardener. In general, accelerators raise

the temperature in a system, which speeds up epoxy reac-
tions. An accelerator for activating the curing agent was
selected in this study as cobalt naphthenate. Table 4 pre-
sents technical information about the accelerator.

Table 4. Technical properties of the accelerator.

Properties Values
Density 0.92 g/cm3 (20°C)
Viscosity 300 mPa.s (20°C)
Self-accelerating decomposition temperature (SADT) 2150°C
Flash point 62°C
Cobalt content 1.5%

3. Experimental Studies

Compression, flexural and density tests were per-
formed to evaluate the hardened concrete properties.
All tests were performed according to the ASTM speci-
fications. A total of 42 concrete samples, consisting of
21 samples for flexural and 21 samples for compres-
sion tests, was cast and tested on the 1 day, 3 days, 5
days, 7 days, 14 days, 28 days, and 105 days of curing

age for compressive strength and flexural strength. In
the compressive and flexural strength tests, the hard-
ened samples were tested until failure by using the
Form-Test machine with 600 kN (Fig. 1). The experi-
mental program in this study was conducted in the Re-
search and Development (R&D) Engineering Labora-
tory at Mert Casting Inc., Turkey. The data obtained
from the hardened concrete tests are summarized in
Tables 5-11.

Fig. 1. Experimental studies.
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Table 5. Mechanical properties at the curing age of 1 day.

Curing Sample Sample Dimensions Maximum Flexural Maximum Compressive
Sample Time Weight (mm) Flexural Load Strength Compressive Load Strength
Days (gr) X Y Z (kN) (MPa) (kN) (MPa)
1 1 568.11 40 40 155 5.06 11.86 71.12 44.45
2 1 567.04 40 40 155 4.97 11.65 70.81 44.26
3 1 568.99 40 40 155 4.89 11.46 77.72 48.58
Average 4.97 11.66 73.22 45.76
Table 6. Mechanical properties at the curing age of 3 days.
Curing Sample Sample Dimensions Maximum Flexural Maximum Compressive
Sample Time Weight (mm) Flexural Load Strength Compressive Load Strength
Days (gr) X Y Z (kN) (MPa) (kN) (MPa)
1 3 566.16 40 40 155 8.88 20.81 136.12 85.08
2 3 569.54 40 40 155 8.87 20.79 139.81 87.38
3 3 566.95 40 40 155 8.87 20.79 136.72 85.45
Average 8.87 20.80 137.55 85.97
Table 7. Mechanical properties at the curing age of 5 days.
Curing Sample Sample Dimensions Maximum Flexural Maximum Compressive
Sample Time Weight (mm) Flexural Load Strength Compressive Load Strength
Days (gr) X Y Z (kN) (MPa) (kN) (MPa)
1 5 567.68 40 40 155 10.33 24.21 147.82 92.39
2 5 566.17 40 40 155 9.97 23.37 149.15 93.22
3 5 564.6 40 40 155 10.17 23.84 148.88 93.05
Average 10.16 23.80 148.62 92.89
Table 8. Mechanical properties at the curing age of 7 days.
Curing Sample Sample Dimensions Maximum Flexural Maximum Compressive
Sample Time Weight (mm) Flexural Load Strength Compressive Load Strength
Days (gr) X Y Z (kN) (MPa) (kN) (MPa)
1 7 567.67 40 40 155 13.36 31.31 157.73 98.58
2 7 568.40 40 40 155 12.96 30.38 156.94 98.09
3 7 563.99 40 40 155 12.03 28.20 161.22 100.76
Average 12.78 29.96 158.63 99.14
Table 9. Mechanical properties at the curing age of 14 days.
Curing Sample Sample Dimensions Maximum Flexural Maximum Compressive
Sample Time Weight (mm) Flexural Load Strength Compressive Load Strength
Days (gr) X Y Z (kN) (MPa) (kN) (MPa)
1 14 571.67 40 40 155 14.31 33.54 163.03 101.89
2 14 568.74 40 40 155 13.98 32.77 164 102.50
3 14 559.89 40 40 155 14.05 32.93 163.26 102.04
Average 14.11 33.08 163.43 102.14
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Table 10. Mechanical properties at the curing age of 28 days.

Curing Sample Sample Dimensions Maximum Flexural Maximum Compressive
Sample Time Weight (mm) Flexural Load Strength Compressive Load Strength
Days (gr) X Y Z (kN) (MPa) (kN) (MPa)
1 28 561.61 40 40 155 14.55 34.10 163.88 102.43
2 28 570.74 40 40 155 14.50 33.98 164.89 103.06
3 28 569.96 40 40 155 14.21 33.30 163.67 102.29
Average 14.42 33.80 164.15 102.59
Table 11. Mechanical properties at the curing age of 105 days.
Curing Sample Sample Dimensions Maximum Flexural Maximum Compressive
Sample Time Weight (mm) Flexural Load Strength ~ Compressive Load Strength
Days (gr) X Y Z (kN) (MPa) (kN) (MPa)
1 105 567.50 40 40 155 14.65 34.34 165.61 103.51
2 105 568.98 40 40 155 14.51 34.01 166.25 103.91
3 105 569.01 40 40 155 14.74 33.38 167.77 104.86
Average 14.63 3391 166.54 104.09

When focusing on the mechanical tests performed on
the hardened concrete tests, it was seen that the com-
pressive strength of the samples varies between ap-
proximately 45.76 MPa and 104.09 MPa at 1 day and
105 days, respectively (Fig. 2). According to the average
compressive strengths, the PCs gain more than 40% of
their strength 1 day after pouring. Within 3 days, PCs
gained more than 80% of their compressive strength,
and long-term compressive strength did not signifi-
cantly change after 7 days (Fig. 2). When the flexural
strengths of the samples were examined, the average
flexural strength obtained on the 15t day was 11.66 MPa,
while the average flexural strength obtained on the
105t day was 34.30 MPa (Fig. 3). When the time-de-
pendent variation was examined, the long-term flexural
strength of the materials became significantly un-

120
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= 85.97
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o 80
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] 45.76
£
5 40 .
o i
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P 20
>
<

0
1 day 3 days 5 days

changed after 7 days, as did the compressive strength of
the materials (Fig. 4). When focusing on the densities of
the materials, it was determined that the densities of the
materials were generally very close to each other and
the density to the medium was 568 gr/cm3. In addition,
it was seen that there was no significant time-depend-
ent change in densities in general (Fig. 5). The results
obtained in this study were examined to the results of
studies carried out in the literature. Based on the exam-
ination, Tae and Choi (2012) concluded that the unsatu-
rated polyester resin-based polymer concrete achieved
over 80% of its 28-day strength in 7 days. Similarly,
Hong (2017) emphasised the approximately 27% of the
compressive strength of curing polysulfide PC formed
within 6 hours and approximately 80% within 7 days of
curing.

104.09
99.14 102.14 102.59
7 days 14days 28days 105 days
Days

Fig. 2. The average compressive strengths (MPa).
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Average Flexural Strength (MPa)

Mechanical Strength (MPa)

Fig. 4. Comparison between the average compressive and flexural strength considering the curing time.
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Fig. 3. The average flexural strengths (MPa).
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Fig. 5. The average densities (gr/cm3).
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Comparing the results obtained from PCs with those
obtained from cement-based concrete (CBC), it turns out
that PCs gain strength earlier than CBCs. The American
Concrete Institute (ACI) Committee emphasizes that the
majority of the mechanical strength of cement-based

50
(a)
40 =

(o]
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£ 30 |-
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o

[

@

2

‘% 20 . .
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0 ] ]
0 10 20 30
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concretes reached in 28 days (ACI 308R-01 2008). Figs.
6a and 6b illustrate the relationship between compres-
sive strength and curing temperature, and the relation-
ship between long-term compressive strength and cur-
ing age of CBCs.

60
(b)
Moist-cured entire time
50
In air after 28 days moist curing
40 In air after 7 days moist curing
In laboratory air entire time
30
20
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0
07 28

9N

365

Age at test, days

Fig. 6. a) Relationship between a compressive strength curing temperature;
b) Relationship between a long-term compressive strength and curing age of CBCs (Kosmakta et al. 2008).

4. Conclusions

Polymer concretes (PCs) have become increasingly
common in many differentindustries in recent years and
they are generally used as special concrete in various
construction applications. PCs are seen as the best alter-
native to cement concrete because of their high perfor-
mance. Compared to the CBCs, PCs produce a very differ-
ent type of product. While cement is used as a binder ma-
terial in CBCs, resins are used as binders in PCs. This
study mainly focuses on the effect of curing age on PC
strength and the paper explains how different curing
times affect PC strength.

After performing mechanical tests on the hardened
concrete samples, a compressive strength ranging from
approximately 45.76 MPa to 104.09 MPa was deter-
mined at one day and 105 days, respectively. Based on
the average compressive strength, PCs gain more than
40% of their strength a day after pouring. After three
days, PCs regained more than 80% of their compressive
strength, and their long-term strength remained un-
changed after seven days. The flexural strength of 11.66
MPa was recorded on the 1st day, while the strength of
34.30 MPa was measured on the 105t day. After 7 days,
the flexural and compressive strengths of the materials
were unchanged considering the time-dependent varia-
tion. Regarding the densities, it was found that the mate-
rials have generally very close densities and that the
density of the average is 568 g/cm3. In general, it was
found that densities did not change significantly with
time.
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ABSTRACT

ARTICLE INFO

The use of naturally formed aggregates in concrete pavements is an innovative and
sustainable solution both environmentally and economically. This study investigates
the usability of fine and coarse aggregates formed spontaneously in Oltu, Narman,
Pasinler and Uzundere in concrete pavements by improving the mechanical proper-
ties of concrete. In the study, the compressive strength, flexural strength, water ab-
sorption capacity and capillarity permeability of the concrete samples planned to be
used on concrete pavements were obtained by considering the contribution of these
aggregates. In addition, microscopic electron scanning analyzes (SEM) were applied
to visualize the internal cracks that may occur in the concrete. The test results
showed that the concrete formed with aggregates from Oltu and Pasinler regions had
the highest compressive, flexural and hardened unit weights. It has been concluded
that the concrete produced from Uzundere region, which gives results below 35 MPa
in terms of compressive strength, is not applicable on concrete pavements. In addi-
tion, considering the high compressive, flexural, unit weight and capillary permeabil-
ity, it is predicted that the most suitable concrete design for the construction of con-
crete pavements is the Po (concrete formed with aggregates from Pasinler region)
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concrete sample.

1. Introduction

Today, concrete pavements, formed with cement as a
binding material, are a type of coating used on pave-
ments exposed to medium and heavy traffic loads. Con-
crete pavements are examined in joint-free concrete
pavement, joint-reinforced concrete pavement, and
joint-free reinforced concrete pavement. In addition,
concrete pavements can be formed as pre-stressed con-
crete, compacted with rollers and composite (Budak et
al. 2009). Concrete pavements have advantages such as
long structural life, being economical, being stiffness and
having high strength, being applicable in all conditions,
providing fuel savings and being costly (Kozak 2011).
With innovations and rapid developments in concrete
pavement technology such as ready-mixed concrete, slip
form, permeable concrete, fiber concrete, pre-stressed
concrete, and continuously reinforced concrete, con-

crete pavements have become an indispensable option
against asphalt pavements for today's modern roads
(Sengiin et al. 2020). Generally, as an alternative to as-
phalt pavements, roller compacted concrete pavement is
preferred because of its stiffness and non-collapsing, fast
construction and efficiency (Nanni et al. 1996). Concrete,
which forms the formation of roller-compacted concrete
pavements, has a high volume of fine aggregate, low vol-
ume of binder, coarse aggregate and water (Lam et al.
2018).

Population growth, rapid urbanization and continu-
ous economic developments create some basic needs in
transportation (Strieder et al. 2022). To meet these
needs, it is necessary to put forward innovative ap-
proaches in the transportation sector by using naturally
occurring components. Bitumen, a product of petroleum
decomposition, is used in the transportation field to re-
duce the decomposition of aggregates by interlocking
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and to reduce the water permeability of asphalt coatings
(Airey 2002). However, bitumen that undergoes age-
hardening has lower penetration and higher viscosity. As
a result, bituminous pavement layers may deteriorate
because the bituminous binder hardens and becomes
more brittle and its adhesion with the aggregate de-
creases (Isacsson and Lu 1995; Suo and Wong 2009). In
addition, considering that bitumen is a more costly ma-
terial, concrete coatings have been considered a new al-
ternative to asphalt coatings in recent years (Harrington
etal. 2010; Komastka et al. 2003). In the concrete design
to be used in the construction of concrete pavements de-
veloped as an alternative to asphalt pavements, the rele-
vant standards (ASTM C944 2019) should be considered
and with environmental conditions and application
(Ebrahimi Besheli et al. 2021). In addition, attention
should be paid to the compressive strength, durability,
and tensile strength in flexural and non-wearing con-
crete, which is the main component of concrete pave-
ments (Ebrahimi Besheli et al. 2021). In this context, to
provide optimum mechanical properties in concrete, the
design of binders, aggregates, plasticizers and set accel-
erator additives and solutions constituting concrete for-
mation should be made. It is also recommended that the
compressive strength of the concrete to be used in the
construction of concrete pavements be higher than 35
MPa and the flexural strength higher than 5 MPa (Lee et
al. 2005).

Researchers have conducted different studies on con-
crete pavements and concrete, one of the basic compo-
nents that make up concrete pavements. Studies have
shown that concrete pavements designed with aggre-
gates obtained by recycling from construction and dem-
olition wastes provide low energy consumption, less cost
and optimum mechanical properties (Delongui et al.
2018; Lee et al. 2005; Sangiorgi et al. 2015). Reducing
permeable surfaces in concrete pavements causes an im-
balance in the hydrological cycle, reducing water seep-
age and significantly increasing runoff, which causes
flooding due to excessive loads in the storm-water drain-
age system. To cope with these adverse situations, a per-
meable concrete consisting of rationally graded coarse
aggregates with a minimum amount of aggregate and
sufficient cement content to provide an optimum coating
around aggregates without additives has been designed
(American Concrete Institute 2010; Chandrappa and
Biligiri 2016). Strieder et al. (2022) evaluated the perfor-
mance of porous concrete pavements with recycled con-
crete aggregate. The study analyzed concrete permeabil-
ity, hardened density, hydraulic conductivity, seepage,
compressive and tensile strengths, abrasion resistance,
modulus of elasticity, and Poisson's ratio. Laboratory
study results showed that the replacement of recycled
concrete aggregates (RCA) improves hydraulic proper-
ties and reduces mechanical behavior (Strieder et al.
2022).Keles etal. (2022) investigated the strength prop-
erties of roller compacted concrete pavement (RCCP)
under different curing methods. According to the results
obtained, it was determined that the best curing method
for the compressive and flexural strengths of RCCP is wa-
ter curing, which provides approximately 29% and 34%
increase in strength compared to uncured mixtures

(Keles and Akpinar 2022). Eisa et al. (2022) investigated
the use of metakaolin-based geopolymer concrete in
concrete pavements. To determine how geopolymeriza-
tion contributes to the mechanical properties of concrete
used in concrete pavements, such as compression, flex-
ural and tensile in bending, the mechanical properties of
concrete produced with conventional Portland cement
and the mechanical properties of metakaolin-based geo-
polymer concrete were compared. It was observed that
geopolymer concrete pavements reached compressive
strengths of 30.3 MPa and 32.3 MPa on the 7th and 28th
days, respectively. In contrast, the conventional Portland
cement concrete pavements reached a compressive
strength of 14.0 and 33.1 MPa on the 7th and 28th days,
respectively. The results showed that metakaolin-based
geopolymer concretes are more suitable for use in con-
crete pavements than Portland cement concrete to
achieve higher strength values, be less energy consump-
tion, and be more environmentally friendly (Eisa et al.
2022). Acar (2022) investigated the usability of natu-
rally formed Kayseri volcanic slags as filling material in
flexible paved roads. The results showed that the ge-
otechnical properties of volcanic slags could be im-
proved by stabilizing them with cement, and it can be
used as a construction material in the base fill, sub-base
and foundation layers of flexible paved roads and all
kinds of fillings (Acar 2022). Yildiz (2012) investigated
the usability of self-forming pumice and zeolite added to
concrete in road pavements. Wet concrete tests, hard-
ened concrete tests and abrasion tests were carried out
on high-strength concretes containing pumice and zeo-
lite with different mixing ratios. The results showed that
all mixtures met the minimum concrete strength values
and wear limit values specified in ASTM C944 (2019).

In this study, the usability of natural aggregates in the
Erzurum region on concrete pavements was investi-
gated. Because concrete pavements that can be pro-
duced with local resources will be more economical.
Therefore, the physical, mechanical and microstructural
properties of concretes that can be used in concrete
pavements production were investigated.

2. Experimental Studies
2.1. Material

The type of cement used in the study is CEM 1 42.5 R
according to the TS EN 197-1 Standard (EN197-1 2004).
Micro limestone was used in the mixtures to reduce ce-
ment's environmental impact and increase its water ab-
sorption capacity (Bekem Kara 2020). The physical and
chemical properties of cement and micro limestone are
given in Table 1.

The mixture's aggregate is presented in Fig. 1 as 0-5
mm river sand, 0-5 mm stone dust, 5-15 mm fine gravel,
15-25 mm coarse aggregate. Each aggregate conforming
to the ASTM (C33 (ASTM C33 2016) standard was ob-
tained from the Narman, Oltu, Pasinler and Uzundere re-
gions. The sieve analysis of the blended aggregates used
in concrete mixes is presented in Fig. 1. The mixing ratios
of the blended aggregates in Fig. 1 are given in Table 2.
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Particle sizes, specific gravity, water absorption capaci- ing/plasticizer CHRYSO®Delta SL-T chemical additive

ties and fineness modules of naturally supplied aggre- was used to ensure that the hydration reactions in the
gates are given in Table 2. Aggregates used in concrete mixtures were homogeneously at every point of the con-
mixtures are given in Fig. 2. In addition, water-reduc- crete and improved the strength and durability.

Table 1. Physical and chemical properties of cement and micro limestone used in the study.

Material CEM142.5R Micro Limestone

Physical and Mechanical Properties

Blaine's Fineness (cm?/g) 3532 4780
Specific Gravity (gr/cm3) 3.12 2.70

Initial 155 =
Setting (min)

Finally 215 =

7 days 26.7 -
Compressive Strength (MPa)

28 days 55.1 -

Chemical Components (%)

Si02 18.99 1.67
Al203 4.62 0.40
Fe203 3.36 0.36
Ca0 63.4 53.01
MgO 1.83 -
SO3 2.80 -
Naz0 0.27 -
K20 0.86 -
Glow Loss 2.17 -
Free Ca0O 0.7 -

Table 2. Physical properties of aggregates from different regions used in the study.

. . Capacity of Water Modulus of
Region Pz S ) Absorption (%) Fineness
0-5 mm river sand (%55) 2.61 2.56
Narman 5-15 mm fine aggr. (%25) 2.58 5.02
15-25 mm coarse aggr. (%30) 2.59 6.13
0-5 mm river sand (%30) 2.62 2.68
0-5 mm stone powder (%25) 2.60 2.89
Oltu
5-15 mm fine aggr. (%19) 2.61 5.25
15-25 mm coarse aggr. (%26) 2.60 6.47
0-5 mm river sand (%30) 2.59 2.14
0-5 mm stone powder (%23) 2.60 2.89
Pasinler
5-15 mm fine aggr. (%20) 2.61 5.95
15-25 mm coarse aggr. (%27) 2.59 6.90
0-5 mm river sand (%57) 2.55 2.30
Uzundere 5-15 mm fine aggr. (%24) 2.56 5.04

15-25 mm coarse aggr. (%29) 2.54 6.61
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Fig. 1. Sieve analysis of the blended aggregates.

Fig. 2. Aggregates used in the concrete mix.

2.2. Mix design and curing

The mixture design of concretes formed with binder
cement, micro limestone, chemical additives and related
aggregates, the physical and chemical properties given
in Tables 1 and Table 2, are made according to TS EN
12350-2 (2009) Standard and shown in Table 3.

Table 3 shows Narman mixture without No micro
limestone additive, Narman mixture with N1o limestone,
Oltu mixture without Oo limestone additive, Oltu mixture
with 010 Pasinler mixture without Po limestone addi-
tive, Pasinler mixture with P10 limestone additive, Uz-
undere mixture without Uo limestone additive. And U1o
represents the Uzundere mix with limestone additives.

The amount of material specified in Table 3 was placed
in the manual cement mixer, and the mixture was cre-
ated. First, cement, river sand, stone powder, aggregate
and chemical additives were mixed in a cement mixer in
a dry environment for 3 minutes. Then, water was added
to the mixture, and the mixture was mixed for 3 minutes.
The concrete extracted from the mixer was placed in
15x15x15 cm cube and 7x7x28 cm prism molds (beam
mold). Beam and cube samples were kept in a water cur-
ing environment until the concrete gained strength on
the 7th and 28th days. The samples removed from the
water-cured environment were made ready for the
hardened concrete tests. The production phase of con-
crete samples is shown in Fig. 3.
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Table 3. Mixing ratios in 1 m3 of concrete (kg/m3).

Wy Qoo Water Cher.ni.cal . Micro 0-5 River 0-5 Stone 5-15 Fine  15-25 Coarse
Additive Limestone Sand Powder Aggregates  Aggregates
No 300 192 3 = 979 = 362 487
N1o 270 192 3 30 992 = 367 494
0o 300 189 3 = 565 456 350 476
O10 270 189 3 30 573 463 354 483
Po 300 164 3 = 578 435 381 510
P10 270 164 3 30 586 440 386 517
Uo 300 181 3 = 925 = 391 535
Uio 270 181 3 30 937 = 396 542

@

Fig. 3. Production stages of the concrete samples: a) Preparing the mixture in the mixer; b) Removing the mixture
from the mixer; c¢) Molding the prepared mixture; d) Keeping the concrete samples in the curing environment; €)
Concrete samples whose production has been completed.

2.3. Test procedures

According to TS EN 12390-2 (2009) Standard, the
consistency determination for fresh concrete mixes was
made. The hardened unit volume weights of the concrete
samples formed with the aggregate samples taken from
different regions were measured according to the ASTM
C642 Standard (1997). The mechanical properties of
compressive and flexural strength of 15x15x15 cm cube
and 7x7x28 cm beam concrete samples were deter-
mined according to ASTM C348 (1998) and ASTM €349
(2002) Standards, respectively (Fig. 4). To examine the
effects of concrete samples formed with different mix-
tures on the capillarity water absorption capacity of con-
crete pavements, the Capillarity water absorption capac-
ities were calculated according to the EN 1015-18 Stand-
ard. Capillarity water absorption of fresh concrete mixes
was measured in 15x15x15 cm cube samples in the first
24 hours (Fig. 5). Microscopic electron scanning (SEM)
was performed to determine the microstructural prop-
erties of possible cracks in the concrete samples. Micro-
structure analyzes were taken at Kastamonu University
MERLAB unit. SEM images of the mixtures at different
magnifications were determined by Quanta device.

3. Discussion and Results
3.1. Physical properties

Fig. 6 shows that the hardened unit weights of con-
crete mixes on concrete pavements vary between 2257-
2335 kg/ms3. It has been observed that the unit volume
weights of the hardened concrete samples are very close
to each other. It has been determined that micro lime-
stone in mixtures reduces the hardened unit weight. It
was determined that the unit weights of the concrete
samples formed with the aggregates taken from the Nar-
man region were 0.38%, 1.02% and 2.87% higher than
the calculated unit weights of the concrete samples
formed with the aggregates taken from the Oltu, Pasinler
and Uzundere regions, respectively. It is understood that
the reduction of the hardened unit weights of the con-
crete samples is negligible. Because the specific gravity
of natural aggregates obtained from Erzurum region is
close to each other. Therefore, no significant difference
was observed between the hardened unit weights of the
concrete mixtures.
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Fig. 4. Hardened concrete tests: a) Micro limestone cube sample; b) Micro limestone beam sample;
) Micro limestone-free cube sample; d) Micro limestone beam sample.

Fig. 5. Capillarity water absorption experiments.
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Fig. 6. Hardened unit weights of concrete samples.

3.2. Mechanical properties

According to the hardened concrete tests, Fig. 7 shows
that the compressive strength of the concrete mixtures

varies between 23.5-44.6 MPa, and the flexural strength
varies between 2.93-4.27 MPa.

Generally, it has been determined that micro lime-
stone in concrete mixtures reduces concrete's compres-
sive and flexural strength. It has been observed that the
highest compressive strength is in the concrete samples
formed with fine and coarse aggregates taken from the
Pasinler region without using micro limestone. It was
observed that the 28-day concrete compressive strength
of the concrete formed with the aggregates taken from
Pasinler region was 44.6 MPa and the 7-day concrete
compressive strength was 35.5 MPa. It was determined
that the compressive strength of the concrete formed
with the aggregates taken from Pasinler region was
0.22%, 9.64% and 26.45% higher than the compressive
strength of the concrete formed with the aggregates
taken from the Oltu, Narman and Uzundere regions, re-
spectively. In terms of compressive strengths, it was ob-
served that the most suitable mixture for concrete pave-
ments, among the concrete mixtures designed in this
study, was the concrete mixture formed with aggregates
taken from Pasinler region, and concrete mixtures
formed with aggregates taken from Uzundere region
were not suitable. In addition, it was determined that the
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strength of the concrete formed with aggregates from
the Oltu region, with a flexural strength of 4.27 MPa, is
higher than the strength of the concrete formed with ag-
gregates from Pasinler, Narman and Uzundere. It has
been determined that the flexural strength of the con-
crete formed with the aggregates taken from Oltu region
is 5.62%, 9.13% and 6.86% higher than the compressive
strength of the concrete formed with the aggregates
taken from Pasinler, Narman and Uzundere regions, re-
spectively. In addition, as the unit weights of the mix-
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tures decrease, their compressive and flexural strengths
decrease. The reduction in unit weight indicates that the
porosity is relatively increased. Therefore, the mechani-
cal properties of concretes are adversely affected. In Fig.
8, the flexural strength of concrete samples increases lin-
early with increased compressive strength. Generally,
there is a direct proportionality between the compres-
sive strength of concrete and other mechanical proper-
ties. Therefore, as the compressive strength increases,
the flexural strength of concrete increases.
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Fig. 7. Compression and flexural strength test results.
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3.3. Capillarity water absorption capacities

Fig. 9 shows the capillarity water absorption capaci-
ties of concrete mixtures. It was observed that the cap-
illarity water absorption capacities of the mixtures were
below 1.26 kg/mz2. It was determined that the concrete
mixture with the highest capillarity water absorption
was Uio with a value of 1.26 kg/m? and the mixture with

the lowest capillarity water absorption was Oo with a
value of 0.13 kg/m2. It has been determined that the
capillarity water absorption of the concrete formed with
the aggregates taken from the Oltu region is 62.85%,
23.52% and 86.45% less than the capillarity water per-
meability of the concretes formed with the aggregates
taken from the Narman, Pasinler and Uzundere regions,
respectively. It has also been determined that micro
limestone in mixtures increases the capillarity of water
absorption.
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Fig. 9. Capillarity water absorption of concrete samples.
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Fig. 10 shows the relationship of 28-day compressive
strengths with capillary water absorption and hardened
unit weights. The increase in the compressive strength of
the concrete samples decreases the capillary water ab-
sorption values parabolic and increases the hardened unit
weights parabolic. As the compressive strength of concrete

mixes increases, the capillary void volume decreases.
Therefore, the capillary water absorption of mixtures with
high compressive strength decreases. As the unit weight of
the mixtures increases, the compressive strength also in-
creases. This is another indicator showing that the capil-
lary void volume in the mixture has decreased.
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Fig. 10. The relationship of 28-day compressive strength of concrete samples with capillary water absorption
and hardened unit weights.

3.4. Analysis of microstructural results

SEM images in Fig. 11 were obtained from the mortar
phase of the mixtures. It was observed that SEM images
obtained from different mixtures were similar to each
other. As seen in the SEM images, it is seen that the ma-
trix is dense. Due to the dense microstructure formed,
the target compressive strength was achieved in the mix-
tures. A dense CSH gel was observed in the P10 mixture,
with a compressive strength of about 40 MPa. In addi-
tion, it was observed that the interfacial transition (ITZ)
region between the aggregate and the matrix was in-
tense. Microcracks were observed in some regions of the
matrix. These cracks were mostly formed after the com-
pressive strength test. In addition, micro limestone par-
ticles smaller than 50 pm were also seen in the matrix.
The microstructure condensation property of micro
limestone particles was determined. As a result of the
hydration reaction, needle-like CSH gels were formed. In
addition, spherical air voids were determined in the ma-
trix. These air voids were formed due to insufficient vi-
bration. The air voids formed are usually less than 50 pm
in diameter. In particular, SEM images show that micro
limestone is more concentrated in some regions. This in-
dicates that the micro limestone tends to agglomerate.
As a result, a dense microstructure was observed in SEM
images. It has also been determined that hydration prod-
ucts such as CSH are formed.

4. Conclusions

The usability of the concretes, which are obtained by
natural means and formed with aggregates found in Er-
zurum region, on concrete pavements was investigated
for the mechanical properties, physical properties, capil-
lary water absorption, and microstructural structure of
the micro limestone or non-limestone concrete mixes
formed with these aggregates, in this work. The results
of the study are summarized below.

e The use of micro limestone reduced the unit weights
of the mixtures. However, since the specific weights of
natural aggregates are close to each other, the unit
weights are very close to each other.

e 7 and 28 days, the mixtures' mechanical properties
(compressive and flexural strength) using micro lime-
stone decreased. However, if micro limestone is used,
C30/37 class concretes can also be produced. Simi-
larly, micro-limestone reduced the 7- and 28-day flex-
ural strengths of concretes. As the compressive
strength of concrete mixtures increased, the flexural
strength also increased. Maximum compressive and
flexural strengths were obtained in the concretes
formed with the aggregates taken from the Oltu and
Pasinler regions.

¢ Since micro limestone increases the capillary void vol-
ume, the capillary water absorption of the mixtures in-
creases. Especially the aggregates belonging to the Uz-
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undere region increased the capillary water absorp-
tion considerably. On the other hand, aggregates in the
Oltu region reduced capillary water absorption.

e Micro limestone particles with cement fineness were
observed in SEM images. Micro limestone grains have
concentrated the microstructure. In addition, needle-
like CSH gels were formed due to hydration.

e Asaresult,ithasbeen determined that concrete pave-
ments can be produced with natural aggregates from
the Erzurum region. Even when 10% micro limestone
is used instead of cement, C30/37 class concretes can
be produced. In this way, more environmentally
friendly concrete pavements will be made.

[e— L —

KASTAMONU UNIV

Fig. 11. SEM images of mixtures.
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In this study, optimal weight design of a reinforced concrete beam subjected to vari-
ous loading conditions is investigated. The purpose of the optimization is to attain
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two-point loads. The design problem is handled under three different design load
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novel metaheuristics, grey wolf (GW) and backtracking search (BS) optimization al-
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statistically to compare in accordance with algorithmic performances. The optimal
findings from optimization algorithms show that the GW algorithm is a little bit more
robust on the exploitation phase, while the BS algorithm is stronger on the explora-
tion phase. Moreover, it can be deducted from optimal beam designs that the GW al-
gorithm is more viable to minimize reinforced concrete beam design.
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1. Introduction

The engineering design is generally based on the re-
quirements of safety, economy and aesthetics, respec-
tively. In this context, it is not enough for the design to
fulfill the safety requirements alone. However, when all
these requirements are considered, a hard to solve engi-
neering design problem is confronted. Moreover, in
some engineering design problems, some preliminary
assumptions must be made in order to operate the re-
quired mathematical computations. For example, in or-
der to design a steel structural member, first of all, the
design loads acting on this member must be known.
Hence, the internal forces of the element are calculated,

and then the profile to be assigned to the structural ele-
ment is selected according to these calculated loads. Yet,
the design loads on the structural element are directly
related to the dead load and the section to be selected
(Tunca 2022). In the design of a reinforced concrete
beam, to calculate the area of longitudinal steel rebars,
first of all, the cross-sectional dimensions of the rein-
forced concrete beam should be instinctively selected. In
some cases, the selected section sizes are insufficient
and/or excessive (Coello et al. 1997; Hasan et al. 2019).
Practically, the required dimensions are tried to be
found by trial-and-error method. So, new calculation
methods are needed to obtain the optimal design (Abu-
bakar et al. 2021). At this point, the stochastic optimiza-
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tion methods come into the picture. These methods,
tackle with objective or objectives, design variables, and
design constraints of handled engineering design prob-
lem (Aydogdu 2016). In structural engineering, the ob-
jectives can be categorized as minimizing the cost of a
structure while maximizing the structural responses un-
der external loads (Jin et al. 2021). The design variables
can be related to material property and geometry of the
structure (Carbas et al. 2021). Some constraints are
needed to ensure that the structures or structural ele-
ments are serviceable and comply with the relevant
practical structural provisions. These are often selected
as displacement, drift, or strength (Aydogdu 2016).

In this study, itis aimed to minimize weight of a single
span reinforced concrete beam which is subjected to
three different load cases. The height and width of the
reinforced concrete beam, and the diameters of the lon-
gitudinal and confinement steel rebars are considered as
design variables. Additionally, the optimum designs are
intended to comply with Turkish Requirements for De-
sign and Construction of Reinforced Concrete Structures
(TS500 2000), and Turkish Building Earthquake Code
(TBEC 2018). The constraints of the design optimization
problem consist of the geometric constraints and neces-
saries of these requirements.

There are various optimization techniques applied to
accomplish optimum designs of reinforced concrete
structures and/or elements (Lu et al. 2021; Fahr et al.
2022). In this study, metaheuristic optimization meth-
ods are utilized as optimizer that do not require any de-
rivative operations and initial gradient information
(Kazemzadeh Azad and Aminbakhsh 2022). These
methos offer designers convenience and ease in solving
complex engineering design problems (Peng et al. 2022).
Moreover, the stochastic based metaheuristic methods
are also suitable for design problems involving nonlinear
material and/or geometry. However, the solution of
these problems is time consuming and it cannot be
claimed that the obtained results are global optimum. In
these kinds of problems, the design variables must be
calculated as discrete ones (Erdal et al. 2016). In in-
stance, the standard diameters of steel rebars are practi-
cally taken as 8mm, 10mm, or 12mm. Thus, to produce
an optimally designed reinforced concrete beam, the se-
lection of the steel rebars must be made amongst these
values.

From past to now, numerous stochastic based me-
taheuristic optimization methods have been developed.
Genetic algorithm (Goldberg and Holland 1988), har-
mony search method (Geem et al. 2016), particle swarm
optimization (Perez and Behdinan 2007), firefly algo-
rithm (Yang 2010) are some examples of so-called clas-
sical ones. To overcome their shortcuts and to enhance
their algorithmic performances in finding the optimum
results, so many brand-new stochastic optimization al-
gorithms have been emerged day by day. The polar opti-
mization algorithm (Chen et al. 2022), human felicity al-
gorithm (Verij kazemi and Fazeli Veysari 2022), trees so-
cial relations optimization algorithm (Alimoradi et al.
2022) are the latest examples of novel metaheuristic op-
timization techniques. In this study, the grey wolf (GW)
(Mirjalili et al. 2014) and backtracking search (BS) (Civ-

icioglu 2013) optimization algorithms that are verified

as successful to reach optimum results in the many engi-

neering design problems, are executed. Both algorithms

are tested on reinforced concrete beam design problems

subjected to various loading conditions. Thus, both the

optimum designs of reinforced concrete beams are ob-

tained and the performances of two innovative optimi-

zation algorithms in obtaining optimum results are com-

pared over the considered design problems.
The sections of the manuscript can be summarized as

follows;

e Inthe Introduction section, the general concept of the
study is defined.

e The practical design rules of the reinforced concrete
beams are given in the second section.

e [n the third section, the utilized stochastic based me-
taheuristic optimization methods are described.

e The design examples and obtained solutions and re-
sults are exhibited in the fourth section.

e The principal conclusions are presented in the fifth
section.

2. Design Rules of Reinforced Concrete Beams

The design of a reinforced concrete beam having min-
imum design weight is considered as the objective of the
optimization problem. The general illustration of the re-
inforced concrete beam design problem is given in Fig. 1.
In Eq. (1), the IT vector consists of sequence numbers of
the height and width of the reinforced concrete beam,
and diameters of the longitudinal and confinement steel
rebars. Thus, it includes four different design variables.

1" =1[1,1,,11,] (1)

The weight of the reinforced concrete beam can be de-
termined multiplying the volume and the unit weights of
the components as shown in Eq. (2).

9* 03
szchbwLb+ps(nnTLl+nchLc) (2)

Here,p. and p, are the unit weights of the concrete
and steel. The h and b,, are the height and width of the
reinforced concrete beam. L,, L; and L, represent the
lengths of the beam, longitudinal and confinement steel
rebars, respectively. @ and @, are diameters of the longi-
tudinal and confinement steel rebars, and n and n, are
total number of these.

o

a

2h 2h
L

Fig. 1. The reinforced concrete beam.
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In the first part of design problem, the height and
width of the reinforced concrete beam should be deter-
mined. Here, if these are chosen small, the cross-section
of the concrete part of the beam may be insufficient. If
these are chosen large, it will be an uneconomical engi-
neering design. The calculation of reinforced concrete
beams is based on the assumption that the concrete part

of the beam bear only compression loads. Therefore, the
location of the neutral axis must be found. The distribu-
tion of compression loads in the cross-section is not uni-
form as seen Fig. 2a. However, for ease of calculation, the
length of the neutral axis (¢ distance), is converted to
uniform by multiplying the k; factor (Fig. 2b).

Fig. 2. Compressive stress distribution on the cross-section of the reinforced concrete beam:
(a) Real distribution; (b) Uniform distribution.

The height of the effective compression area can be
calculated using Eq. (3).

2Mg
k3fcabw

kje=d— |d?— (3)

Here, k; c is location of reduced neutral axis, d is ef-
fective height, M, is the design moment, and ks f, is re-
duced concrete design strength. In such a reinforced con-
crete beam, the compressive force carried by the con-
crete and the total tensile force carried by the steel re-
bars should be equal. So, the total area of the longitudinal
reinforcement (A,) is generated easily via Eq. (4).
Mg

A fyd(d'%) @

The number of longitudinal steel rebars (n) is deter-
mined through Eq. (5). In the mentioned equation, the int
represents the integer transformation function. Here,
the diameter of the longitudinal reinforcement is prede-
termined by designer.

n =int (f,‘—g) +1 (5)
4
The length of the longitudinal steel rebars is required
to determine the quantities. This is determined accord-
ing to Fig. 1.

The confinement steel rebars reinforce the beam to
the shear loads. These are handled in two regions as con-
finement zone and remaining zone. The shear force at a
distance d from the column face is considered for con-
finement zone. In the other, this distance is taken as 2h.
Before the calculation of confinement steel rebars, the
cross section of the reinforced concrete beam is checked
utilizing Eq. (6).

Va-max = 0.85 by, h/ o (6)

Here, V;_nqx is the maximum designable shear carry-
ing capacity of the reinforced concrete beam. The char-
acteristic pressure strength of the concrete is repre-
sented as f;. The critic shear force is calculated consid-
ering the unreinforced condition of the concrete beam
using Eq. (7).

Ver = 0.65 feeq bud (7)

Here, V,, is critic shear force and f,.; is the tension
design strength of the concrete. The shear force carried
by the steel rebars is calculated via Eq. (8).

V, =V, - 08V, (8)

The minimum amount of steel rebar determined by
structural specifications can be calculated from Eq. (9).
Here, the double-armed confinement steel rebar is uti-
lized for beam modelling since this kind of confinement
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steel rebars are practically implemented in real-life rein-
forced concrete beam applications too often.

Aswfywdd
Vw
h

Se=min| 5 | 9)
80 /
150mm
Here, S, is the distances between two confinement

steel rebars. In the remaining zone, this value is symbol-
ized with S,, and determined via Eq. (10).

Aswfywdd
Vw

S, =min| if V, < 3V,, thenS, =§ | (10)
if V, > 3V,, thenS, = %/

The obtained S, and S, are used to determine the to-
tal number of the confinement steel rebars (n,).

. L—4d
ng mt( + 1) + mt( s ) (11
The lengths of the confinement steel rebars are calcu-
lated considering Fig. 3. As the hook length of the con-
finement steel rebars, the biggest one of 6@ and 8 cm is
accepted as the minimum value.

6 @ 8cm

Fig. 3. Confinement rebars of reinforced concrete beam.

Finally, it should be checked that the determined steel
rebars fits into the cross section of the reinforced con-
crete beam as illustrated in Fig. 4. For this aim, Eq. (12)

e o

Fig. 4. Settlement of reinforcements.

b, = 2C. + 20, + n® + (n — 1)C, (12)

Here, C/ is the thickness of concrete cover, and C, is
the distance between longitudinal steel rebars.

3. Optimization Methods

In this study, two recent metaheuristics, namely grey
wolf (GW) and backtracking search (BS) optimization al-
gorithm are utilized as optimizers to minimize the de-
sign weight of the reinforced concrete beam.

3.1. Backtracking search (BS) algorithm

Backtracking search (BS) algorithm is encoded by Civ-
icioglu in 2013. BS has only a single control parameter,
and simple and effective algorithmic structure. It con-
sists of five main steps such as initialization, selection-I,
mutation, crossover, and selection-II. In the first step, the
population size, the total number of dimensions, the
lower and upper bounds of the design variables are de-
fined. Then, initial population is obtained utilizing Eq.
(13).

P,; ~ U(low;, up;) (13)

Here, U symbolizes uniform distribution probability
and, Pi; is possible solution value.

The historical population is generated in the selec-
tion-I step. When initial Pow is generated, this based on
randomization as in P. Then, Eq. (14) is utilized for the
other iterations.

ifa < b then oldP = Pla, b ~ U(0,1)| (14)

In Eq. (14), a and b are generated randomly between
0 and 1. If b is bigger than a, the element of the Poad is
shifted with the element of P. Otherwise, the element
value of Pou is saved as memory of BS. Then, the order of
the elements in Poid is permuted using Eq. (15).

oldP := Permuting(oldP) (15)

In the mutation step, the form of the trial population
Mutant is obtained via Eq. (16).

Mutant = P + F (oldP — P) (16)

Here, F represents an adjusting coefficient of the
search direction amplitude that is randomly generated
in each iteration. The trial population is shaped final
form in crossover step. The crossover step has two main
stages. Initially, the binary integer-valued matrix (map)
is created based on randomization. The map consists of
the 0 and 1 values. Here, the dimensions of the T, P, and
map are same. On condition that, element of the map is
0, element of T is saved. Otherwise, the element of the T
is manipulated with the element of the P in same matrix
index. In case the values exceed the upper and lower
boundaries, the limit values are assigned instead of these
values.
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Finally, the global minimum value is checked in selec-
tion-II step. If the old global minimum value that is better
than the fitness of best vectors of P (Poest), it is saved. Oth-
erwise, The Phest is saved as the global minimum value.

3.2. Grey wolf (GW) algorithm

Grey wolf (GW) algorithm was encoded by Mirjalili et
al. (2014). It imitates the social and hunting behaviors of
grey wolves (Canis lupus). The grey wolfs have hierar-
chical characteristics. They move together to hunt preys.
There are three dominant grey wolf named alpha («),
beta (8), and omega (w). The domination is getting in-
crease from w to a.

In a hunting, the grey wolves group encircles the prey
at the beginning. This behavior of grey wolves is oper-
ated via Egs. (17) and (18).

—

D = |CX,(t) — X(®)| (17)
Xt+1)=X,(t) - AD (18)

Here, the number of iterations is symbolized with ¢.
The X and X, represent the locations of grey wolves and
prey, respectively. The expression of A and C, which are
the coefficient vectors, are given in Egs. (19) and (20).

Q

A=2

=2 (20)

o

Here, 7, and #, are randomly generated between 0 and
1. In the iterative process, d is linearly reduced 2 to 0.

The hunting starts after the encircling process. The
most dominant gray wolf @ manages the hunt. However,
sometimes  and w also contribute to management. So,
the positions of the grey wolves are relocated consistent
with the results of @, £, and w. Egs. (21) to (23) are per-
formed for this purpose.

2Xpg —X, Ds =03 s—X (21)

X; = X5 — A4(Ds) (22)
X(t +1) = L% (23)

3

The hunting step of the algorithm is completed by ter-
minating the repositioning. Here, the A starts to de-
crease due to the decrease in d. The reduction of the
value of A impress the gray wolves to hunt.

4. Design Examples

Three reinforced concrete beams having three differ-
ent mid-spans (a distance) are considered as design ex-
amples as showed in Fig. 5. All of them has 6m of total
span length. They are placed on columns having 400 mm
wide at its supports. The yield strength of the concrete

and steel rebars are taken as 25 MPa and 420 MPa, re-
spectively. The safety factors are considered as 1.5 for
concrete and 1.15 for steel. The unit weights of them are
taken as 24 kN/m3 and 76.98 kN/m3, respectively. The
distributed loads of 25kN/m and two-point loads of
100kN are assigned as design loads as shown in Fig. 5.
Here, the two-point loads represent the beam connec-
tion joints, and the distance between them varies from
structure to structure. So, the distance between two-
points loads (a distance) is taken as 2m, 3m, and 4m for
reinforced concrete beams.

q(x)=25kN/m S
LYYVVVUVIOY|YVUUIIIVY | UVVIIIITTY

L=6m

Fig. 5. General scheme of reinforced concrete beam.

The minimum design weight is considered as objec-
tive. Before solving such a concrete beam design prob-
lem, the b and h values should be estimated. So, these
are taken as first two design variables. After their esti-
mation, the required amount of steel rebars can easily be
calculated. However, the selection of the diameters of re-
bars is also needed to complete the design. Thus, the di-
ameter of longitudinal steel rebars and confinement
steel rebars are also treated as design variables. To ob-
tain viable design, the structural necessities for design
constraints are taken from Turkish Requirements for
Design and Construction of Reinforced Concrete Struc-
tures (TS500 2000), and Turkish Building Earthquake
Code (TBEC 2018). As addition to these, the geometric
constraint is considered as the steel rebars fits into the
cross section of the reinforced concrete beam. The pop-
ulation size is taken as 20 for both algorithms. The ad-
justing coefficient (F) of the BS algorithm is considered
as 3 and the (a) parameter of the GW algorithm is line-
arly reduced from 2 to 0. The number of iterations is
taken as 500 in each optimization process. So, the total
number of required structural analyses is taken as
500x20=10000.

The optimum designs of the reinforced concrete beams
are independently obtained via GW and BS algorithms as
given in Table 1. From this table, it is clearly seen that
there are no any violations on design constraints in opti-
mally designed beams. Besides, the most dominant design
constraint is the geometric constraint which checks
whether steel rebars fits into the cross section of the rein-
forced concrete beam or not. Moreover, in order to statis-
tically evaluate the attained optimal design solutions, each
algorithm is executed on the same design example for five
times. Among these, the minimum design weight histories
of the algorithms are illustrated in Fig. 6. In the first design
example, which has 2 m distances between two-points
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loads (a=2m in Fig. 5), the GW and BS algorithms attain
the same optimal design weight of 17.317 kN. However,
the GW and BS algorithms require 377 and 221 structural
analyses to reach minimum design weights, respectively.
It means that in the first design example, the BS algorithm
require 70.59% structural analyses than the GW algo-
rithm. In the second design example, which has 3m dis-
tances between two-points loads, the GW algorithm does
not only find a lighter beam design, but also converge
21.37% faster than BS algorithm since it needs only 234
structural analyses. In the third and final design example,
which has 4 m distances between two-point loads, both
metaheuristic optimization algorithms show almostiden-
tical algorithmic performances. They generate same min-
imum optimal design weight of 14.534 kN. But to accom-
plish this design weight the GW algorithms show 10%
faster convergence rate than BS algorithm.

Furthermore, the accomplished statistical results are
tabulated in the Table 1. Here, the worst weight, the av-
erage weight, and the standard deviation values are pre-
sented to illustrate the dispersion between optimal de-
sign weights attained from five different initial popula-
tions via GW and BS optimization algorithms. The rela-
tively lower standard deviations indicates that the ob-
tained minimum design weights are tend to be smoothly
scattered around the average weights and the box-plots
of these executions are illustrated in Fig. 7. From these
findings, it can be deduced that although the BS algo-
rithm seems as more successful in the design of rein-
forced concrete beams with a distance of 2 m between
two-points loads, the statistical data indicates that the
GW algorithm puts forward more stable and more con-
sistent performance in attaining the final optimum de-
sign of reinforced concrete beams.

18.0 18.0
2m 3m
17.5
17.8
=] Gw g 170 —GW
2176 —8Bs = ——BS
= oo
7] L 16.5
= =
17.4
16.0
17.2 15.5
0 100 200 300 400 500 0 100 200 300 400 500
(a) Number of Iterations (b) Number of Iterations
17.0
4m
16.5
= 160 —GW
=3
£ 155 BS
Qo
o
= 150
14.5
14.0
0 100 200 300 400 500
() Number of Iterations

Fig. 6. Design histories of reinforced concrete beams having a) 2m; b) 3m; and c) 4m between two-point loads.
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Fig. 7. Box-plots of obtained optimum reinforced concrete beams.
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Table 1. Optimum design results of reinforced concrete beams.

Distance between two-point loads 2m 3m 4m
Algorithm BS GW BS GW BS GW
by (mm) 252 252 251 250 250 250
h (mm) 468 468 433 434 394 394
Be 8 8 8 8 8

4] 40 40 38 38 38 38
g(1) -0.439 -0.439 -0.430 -0.431 -0.490 -0.490
9(2) -0.872 -0.872 -0.872 -0.872 -0.872 -0.872
9(3) 0.000 0.000 -0.020 -0.016 -0.016 -0.016
Weight (kN) 17.317 17.317 15.992 15.966 14.534 14.534
No. of required structural analyses 221 377 287 234 350 315
Worst weight (kN) 20.265 17.394 17.189 15.966 15.596 14.534
Standard deviation 1.307 0.035 0.578 0.000 0.435 0.000
Average weight (kN) 18.718 17.379 16.395 15.966 14.916 14.534

5. Conclusions

The optimum design of reinforced concrete beams
having three different mid-span lengths between two-
point loads as 2 m, 3 m, and 4 m are obtained. Finding
the minimum design weights of the beams are taken as
main objective. When the design weights of the rein-
forced concrete beams are calculated, the confinement
steel rebars are considered as well as the weight of the
concrete and longitudinal steel rebars. The design varia-
bles are set as discrete values in order to make possible
of fabrication the designed beams. To do this, the struc-
tural necessities from Turkish Requirements for Design
and Construction of Reinforced Concrete Structures
(TS500 2000), and Turkish Building Earthquake Code
(TBEC 2018) are considered. So, totally three optimum
design problems are handled utilizing the grey wolf
(GW) and backtracking search (BS) optimization algo-
rithms for this purpose. Thus, both the optimum designs
of reinforced concrete beams are found and the perfor-
mances of metaheuristic optimization algorithms are
compared. Both algorithms are independently operated
five different times for each design example. By this
means, the obtained results are statistically examined
and discussed. The principal conclusions of this study
can be itemized as in the following bullet points:

e The GW and BS algorithms can robustly be used as the
design optimizer to minimum weight design of rein-
forced concrete beams.

e The GW and BS algorithms accomplish identical min-
imum design weight of 17.317 kN for design example
having 2 m distance between two-point design loads.
However, to produce this optimum design weight the
BS and GW algorithms require 221 and 377 structural
analyses, respectively. So, BS algorithm computation-
ally performs 70.59% better than GW algorithm for
the first design example. Yet, in other design exam-
ples, the algorithmic performance of the GW algo-
rithm is better than BS algorithm.

e The design history graphs prove that while BS algo-
rithm has better exploration capacity, the GW algo-
rithm has powerful in exploitation capacity.

¢ Finally, the statistical analyses illustrate the suprem-
acy of GW algorithm in finding the minimum design
weights of the reinforced concrete beams.
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