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Modeling of the Load and Deflection Response of
Concrete Deep Beams Reinforced with Frp Bars

Frp Donatili Derin Betonarme Kirislerin Yiik Ve Sehim
Kapasitelerinin Modellenmesi

Merve Etel**, Abdulkadir Cevik!

1 Gaziantep University, Faculty of Engineering, Departmen of Civil Engineering, Gaziantep/Tiirkiye

Abstract

Construction sector is developing in the same direction
with technological developments. Thanks to these
developments, we meet new designs. Examples for
these designs are FRP (Fiber Reinforced Polymer)
composites can be shown. It has become a preferred
material in the construction sector due to its many
benefits such as being resistant to corrosion, having
high tensile strength and showing resistance to
chemicals. In this study, the load and deflection at the
midpoint of the span for 53 simple deep beams,
reinforced longitudinally with FRP rods, were
calculated (this analysis was derived from the research
presented in reference number 10 in the literattire). In
section 7, new formulas suggested (equation 39 and 40)
for load and deflection of RC deep beams with FRP and
those formulas were derived using Eureqa, which is a
symbolic regression program. The suggested formulas
are compared with other methods in the existing
literature. According to the comparison results, it has
been determined that the real-life applicability of the
suggested new formulas are higher and gives more
accurate results compared to other studies

Oz

Yapr sektorti teknolojik gelismelerle birlikte aymi
dogrultuda gelisim sergilemektedir. Bu gelismeler
sayesinde her gecen giin yeni tasarimlar ile
tanismaktayiz. Bu tasarimlara FRP (Fiber Reinforced
Polymer yani Lif Takviyeli Plastik) kompozitlerini
ornek olarak gosterebiliriz. Korozyona kars: direncli
olmasi, ¢gekme dayaniminin yiiksek olmasi ve kimyasal
maddelere kars1 direng gostermesi gibi faydalarindan
dolay1 yap1 sektoriinde oldukca tercih edilen bir
malzeme haline gelmistir. Bu ¢alismada FRP ¢ubuklar
yardimi ile uzunlamasina gii¢lendirilen 53 adet basit
mesnetli derin kirislerin nihai asamadaki ytik ve orta
agiklik sapmasi hesaplanmistir (bu analiz literattirde 10
numarali referansta sunulan makaleden elde
edilmistir). Ek olarak bolim 7'de, FRP RC derin
kirislerin yiik ve sapmasi igin yeni formdiiller 6nerilmis
(denklem 39 ve 40) ve bu formiiller, sembolik bir
regresyon programi olan Eureqa kullanilarak
tiiretilmistir. Onerilen formiiller, mevcut literatiirdeki
diger yontemlerle karsilastirilmistir. Karsilastirma
sonuclarina gore, onerilen yeni formiillerin gercek
hayattaki uygulanabilirliginin diger calismalara
kiyasla daha yiiksek oldugu ve daha dogru sonuglar
verdigi tespit edilmistir

Keywords: FRP Reinforcement, Deep Reinforced Concrete
Beam, Load, Deflection

Anahtar Kelimeler: FRP Donati, Derin Betonarme Kiris,
Yiik, Sehim
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Ete and Cevik Modeling of the Load and Deflection Response of Concrete Deep Beams Reinforced with Frp Bars

1. Introduction

Reinforced concrete (RC) deep beams are often used for transfer girders, bridge cap beams, and pile-
supported foundations [1]. The corrosion of steel reinforcement bars in reinforced concrete buildings
within severe environments has emerged as a major factor contributing to concrete degradation, leading
to reduced service life and expensive repairs [2].

Due to such problems in reinforced concrete structures, the use of fiber reinforced polymer (FRP)
reinforcements, which is a corrosion resistant material, has emerged as an alternative solution method. It
has started to be used because of its advantages such as lightness, high strength, corrosion resistance, high
fatigue strength, low thermal conductivity and lack of magnetic permeability [3-4].

2. FRP bars

The usage of FRP composites in the construction industry first started for the purpose of strengthening
the building elements, and then its usage areas have expanded and it is rapidly moving towards being an
alternative to existing building materials [5]. FRP bars have lower weight, lower Young's modulus, and
stronger strength than steel bars. The three types of fiber that are most frequently used are aramid (AFRP),
glass (GFRP) and carbon (CFRP).

2.1. Types of FRP bars

FRP bars are made of different fibres (glass, carbon and aramid). The kind and shape of the surface of FRP
bars may significantly vary from those of deformed steel bars. Diverse surface profiles entail varying
bonding processes and causes of failure. [6].

GEFRP (glass fiber reinforced polymer) bars has advantages such as resistance to corrosion, lightness, high
strength, being able to give the desired shape, high fatigue resistance, low thermal conductivity properties.
However, it has disadvantages such as low E-modulus, dependence of strength on fiber direction, brittle
material properties, problems in adherence and clamping due to the flat surface, and being expensive [7].

AFRP (aramid fiber reinforced polymer) bars have secured a lasting and expanding presence in the
construction sector due to their advantageous mechanical properties and endurance, particularly in the
reinforcement of reinforced concrete elements [8]. Its specific gravity is 6 times less than steel. In addition,
its modulus of elasticity is 4 times lower compared to steel. This provides advantages such as less losses
due to the shrinkage and creep of the concrete and the need for during the initial stretching, the tendon
extended farther.

CFRP (carbon fiber reinforced polymer) bars are dimensionally stable, resist moisture and many chemicals
due to their chemical content, and have high electrical/thermal conductivity. The most important
disadvantage of carbon fibers for the user is that the composite color cannot be preserved as desired due
to its black color. Another disadvantage is the high cost. Carbon fibers have a strong but light structure

[7].

3. Proposed study

In this chapter proposed formulas are sourced from reference [10] and showed as follows:

A modified version of study developed by Lu [9] to use concrete beams with steel reinforcement is used
to forecast the midspan deviation associated with various loading stages in deep FRP RC beams [10]. This
proposed study [10] was created using test results from totally 53 beams that underwent 4-point bending
and were documented in the literature 11-16.

Adyii | Eng Sci 2025;12(25):1-19 /Adyii Miih Bil Derg 2025,12(25):1-19 2



Ete and Cevik Modeling of the Load and Deflection Response of Concrete Deep Beams Reinforced with Frp Bars

A= As+ Af )

Where, A is total deflection, As and As are eflections deflections resulting from shearing and bending,
respectively.

3.1. Cracking load (P)

The cracking load P, is calculated using P.¢load of cracking caused by crack of flexure and Pe,w load of
cracking caused by cracking of the web. Pcr is determined by choosing the smaller of these two cracking
values. Pe;w is calculated using the following equation [10],

4
Pcr,w = cfcr,wbD (2)

where f.;wis max tensile stress (N/m?) in beam’s web, b is beam’s width (mm), D is beam’s depth(mm) .
In accordance with IS: 1343-1980 [17] the fcr,w magnitude is calculated as [10],

fer,w = 0.24v1.25f'c (3)

where f'c is compressive strength of concrete (MPa). In order to calculate the load at which flexural
cracking occurs (Pe,f) equation in below [10],

= 2
Per, f = Mcr — 4)

where a is shear span lenght. According to Dischinger's model [18], M is cracking moment determined
by following Equation 5 [10],

Mcr = a ft —2 )

ymax

where I;is gross moment of inertia.

fi (stress of cracking) is provided by IS:456 [19] and it is calculated by equation in below [10],

ft = 0.7v1.25fc (6)
a in Equation (5) is given by [10]

0.46%0.55; whenl< = <4

S|
—_
N
N

0.46; when %< 1

3.2. Ultimate load (P.)
Pu=2.Vu ®)

where P, is ultimate load. According to Hwang and Lee [20], Ultimate shear strength V., is calculated by
following Equation 9 [10],

Adyii | Eng Sci 2025;12(25):1-19 /Adyii Miih Bil Derg 2025,12(25):1-19 3
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Vu = (kn + ky — 1)€ (f'c Astr)sin® )

where ki, is reinforcement index in horizontal, ky is reinforcement index in vertical and kv is equal to 1. & is
softening factor. A is effective section of diagonal strut. © is inclination angle.

3.35

Z=WSO.52 (10)
kn=1+ (kn— DL <Ky (11)

where kh is the highest permissible value of ky. Af is FRP bar’s area in tensile region. f, is FRP bar’s tensile
strength. Fy, is horizontal force of tension.

— 1
kn = 1-0.2(yh—vyh2) (12)

where vh is horizontal factor of shear.

2 tanf —1

vh = ,but0 < vyh <1 (13)

= tan—1 (M4
6 = tan—1 () (14)
where, as shown in Figure 1 (the datas presented in this figure are sourced from article number [10] in the

literature), the distance between compressive force C and tensile force T is called as jd [10].
Vll

L2

>
>

AN

Figure 1. Model of the Internal Forces with Softened Strut and Tie [10]

id =g«
jd =d - = (15)

where d is effective beam depth, kd is compression zone depth, L is deep beam span.

k=J[mp+(m—1)p']2+ 2 [mp+ E=L] - [mp + (m-1) p'];0< k<1 (16)

where k is natural axis coeff. p’ is compression reinforcement ratio. d' is a compression zone that
provides cover of effective.

Adyii | Eng Sci 2025;12(25):1-19 /Adyii Miih Bil Derg 2025;12(25):1-19 4
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Ef
m = — (17)

where E; elasticity modulus of bars, Ec elacticity modulus of concrete. The ratio of the tension zone's
longitudinal FRP reinforcement is denoted as p in Equation (16), and it is calculated as follows [10]

_Af

P = %d (18)
p' = % (19)
where Afis FRP bar’s area in compression region.
Fh = yh xkh & (f'c Astr) x cos@ (20)
where Fh is horizontal concrete force. According to Lu [9], A« is given by [10],
Astr = bsx ts (21)

where bsis strut width, ts is strut thickness.
ts = /(kd)2 + Ib"2 (22)

where Iy, is the upper sided loading plate's width.

Vu = kh & (f'c Astr) sinf (23)

Bs is factor of strut efficiency. Equation (23) is adjusted to become Equation (24) in this purposed study
[10].

Vu = Bskh& (f'c Astr) sinf (24)
The regression analysis of empirical strength of shear parameter of 53 deep concrete reinforced beams
made of FRP, showed in the literature [11,12,13,14,15,16] establishes the size of the effectiveness factor for

strut [s. Bs is discovered to have a value of 0.71. Equations (8) and (24) are used to calculate the shear
strength and the ultimate load of the beam, respectively [10].

3.3. Calculation of the deflection caused by shear (As)

As=va (25)
where vy is average shear strain. For the membrane components made of RC exposed to normal load and
shear load, Hsu [21], Hwang and Lee [20-21], and Hwang et al. [23, 24 and 25] suggested using a two-

dimensional compatibility condition [10].

Yy = 2(er - &d)sinf cosf (26)

Adyii | Eng Sci 2025;12(25):1-19 /Adyii Miih Bil Derg 2025,12(25):1-19 5
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& is principle tensile strain perpendicular to the compression strut. &4 is the diagonal compression strut's
strain. Hwang [23], suggested the equation shown below to calculate er [10],

er + ed = ¢h + ev (27)
where e is the horizontal tie's normal strain, &y is the vertical tie's normal strain. According to Hwang and

Lee [22] &, is considered to be 0.002. Hwang [24] suggested e, and provided by [10],
Fh fp
< =z

eh = e S B (28)
Fh = yh V/tan® (29)
V=P/2 (30)
g4 from Equation (27) suggested by Zhang and Hsu [26] and is determined by [10],

ed =—Ce (31)

3.4. Calculation of the deflection caused by shear (As)

This proposed study [10] makes modifications to the bilinear model that was originally put forward in CP
110 [27].

Af = Af1 + Af2 (32)
Af1 =B2M when 0 < M < Mer (33)
Eclg

where I is beam span, M is beam moment.

(" Bl2 (M-Mcr)

K Ecleff > when Mo <M < M,
Ap= <
BI2 (M-Mcr) B

" KfEcler when My=M
(34)

where I.; cracked area’s moment of inertia.
B = 1/24[3 —-4(a/D)2] (35)
M=2a and Mcr="Z3 (36)

2 2

To reduce bar pullout that would result in severe beam deformation, the FRP bars in this investigation are
anchored at the ends [10]. IS:456 [19] proposed I which represents efficient moment of inertia of the beam
[10],

Adyii | Eng Sci 2025;12(25):1-19 /Adyii Miih Bil Derg 2025,12(25):1-19 6
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leff = —reryarm where ler < leff < Ig (37)

M d
IS:456 [25] suggested L. moment of the broken concrete portion [10],

_ bz

Ier (m — 1DAf(kd — d")? + m Af(d — kd) "2 (38)

4. Experimental program

Experimental details regarding the samples used in the database, sourced from reference [10], are
provided in this chapter as follows:

By altering the ratio of reinforcement throughout the were fabricated and evaluated using a four-point
testing method. Figure 2 (the datas presented in this figure are sourced from article number [10] in the
literature) provides the cross-sectional schematic, beam reinforcement details, and test setup. Table 1 (the
datas presented in this table are sourced from article number [10] in the literature) includes information
about the beams [10].

Table 1: Specifications of the test bars [10]
[Authors | Beam ID [Type of FRP| 1(mm) | b (mm) | d (mm) | D(mm) | a/d | 1, (mm) E:(GPa) | f, (Mpa)| = (%) | E (Gpa) | f. (Mpa)

Present Study G6/0.50 GFRP 990 170 416 500 0.50 30 1.70 41,0 655 1.54 B510 LD
G6/0.75 GFRP 990 170 416 500 0.75 30 1.70 40,0 680 1.53 36.1 59.0
G6/1.0 GFRP 990 170 416 500 1.00 30 1.70 39,0 650 1.56 35.8 58.0
G4/0.5 GFRP 990 170 416 500 0.50 50 1.14 42,0 640 1.52 35.6 575
G4/0.75 GFRP 990 170 416 500 0.75 50 114 41,8 660 1.55 358 58.0
G4/1.0 GFRP 990 170 416 500 1.00 50 1.14 41,0 645 1.57 36.4 60.0

The datas presented in this table are sourced from article number [10] in the literature.

The beams were cast, cured with wet burlap for 28 days, evaluated using a digital beam 1000 kN with a
four - point loading setup with 25 kN increments at a 0.250 kN/s rate. The loads were measured with a
load cell, deflection by dial gauges, and strain in the FRP bars with electrical strain gauges at mid-span.
Concrete strain was measured by demec gauges. Testing data was recorded through a multi-channel
system, which captured load and mid-span deflection; reports included the final phase loads and initial
cracks. Figures 3 (a) to (d) provide images of the construction phases and beam testing [10].

Adyii | Eng Sci 2025;12(25):1-19 /Adyii Miih Bil Derg 2025;12(25):1-19 7
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. .
D d
.
L] L]
. .
End-zone +— —]
reinforcement cage b b
(a) Cross section at (b) Cross section at
end mid-span

#10 two legged

closed stirrup @ 90 c/cl 1 /
p f

EEE :

300 T span T 300

2, 10 mm diameter GFRP bars

LN

GFRP bars

(c) Details of reinforcement

P
é ; ; é All dimensions
are in mm
"ooo
—dy

(d) Test set-up

Figure 2: Information about the test set-up and test beam [10]

(a)Reinforcement cage of the beam (b) Reinforcement cage at the end
zone

(c)End anchorage of the longitudinal ~ (d)Position of Location of Dial

bars gauges

Figure 3: Construction phases of the testing beams [10]
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5. Discussion the results of experimental program

The datas presented in this section are sourced from article [10] in references.

Deformations were seen to be gradual during the first phases of load in all six beams. Response of
deflection of the broken beam is discovered to be nonlinear throughout the succeeding loading stages. As
compared to beams with four longitudinal bars, the longitudinal bars of the six-bar beams have a smaller
deflection of middle span. For beams with a lower ratio of a/d, the deflection of mid-span discovered as
smaller. At the beam's tension face, fractures first appeared. Later steps in the loading process, it was seen
that the diagonal crack's breadth increased. The transverse shear caused the beams to fail. The reduction
in the shear span to depth (a/d) ratio was shown to greatly boost the GFRP beam's load carrying
capability. With increasing (a/d) ratio, it was discovered that the mid span deflection was increasing as
well. Figure 4 displays beam cracks at the point of fail. All of the study's specimens experienced a similar
failure mechanism [10].

Figure 4: Testing beams' cracking model and fail mechanism [10]

6. Estimated and experimental test values analysis

The datas presented in this section are sourced from article [10] in references.

Table 2 (the datas presented in this table are sourced from article number [10] in the literature) compares
predicted and experimental loads at initial cracking and final stages. The mean ratio of experimental to
predicted strength (Pere/Perp) is 0.99 at initial cracking (variation coefficient 7.07%) and 1.13 at the final
stage (variation coefficient 3.54%). The proposed study [10] accurately estimates both ultimate (final)
stages and first cracking load.
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Table 2: Comparing testing sample's estimated and experimental loads at the first step of cracking phase
and ultimate (final) phase [10]

At first Cracking stage At ultimate stage

m Type of FRP [Py (KN) |Perp (KN) |Pere/Perp Pue (KN) |Pyp (KN) |Pyo/Pyp  Type of Failure

Present Study G6/0.50 GFRP 250 233 1.07 900 757 1.19 D.S.
G6/0.75 GFRP 170 183 093 550 508 1.08 D.S.
G6/1.0 GFRP 130 136 0.96 460 404 1.14 DS.
G4/05 GFRP 250 231 1.08 760 681 112 DS.
G4/0.75 GFRP 170 181 094 520 457 114 DS.
G4/1.0 GFRP 130 138 094 410 371 111 DS.
Mean 0.99 alales
S.D. 0.07 0.04
CoV (%) 7.07 3.54

The datas presented in this table are sourced from article number [10] in the literature.

Table 3 (the datas presented in this table are sourced from article number [10] in the literature) compares
anticipated and empirical deflections at initial cracking and ultimate stages. The ratio of experimental to
predicted deflection (Acre/Acr,p) at initial cracking is 0.75 with a CoV of 6.67%. At the ultimate stage, the
ratio (Aue/Aup) is 0.88 with a CoV of 5.68%. These results indicate the proposed study [10] accurately
estimates deflections at both stages.

Table 3: Testing sample's deflections of estimated and experimental at initial stage of cracking and at the
ultimate (final) stage [10]

At first Cracking stage

At ultimate stage

m Type of FRP |A, . (mm) ‘Acm, (mm)|A, /A, A,.(mm) A, (mm) (A, /A, Type of Failure
Present Study 66/0.50 GFRP 0.41 0.50 0.82 3.10 3.40 0.91 D.S
66/0.75 GFRP 0.46 0.66 0.70 3.21 3.94 0.81 D.s
66/1.0 GFRP 0.51 0.71 0.72 3.62 4.37 0.83 D.S
(}4-/0.5 GFRP 0.51 0.63 0.81 3.51 3.85 0.89 D.S
G4-/0.75 GFRP 0.58 0.79 073 4.11 4.43 0.93 D.S
G‘l—/l.U GFRP 0.62 0.85 0.73 4.32 4.88 0.89 D.S
Mean 0.75 0.88
S.D. 0.05 0.05
CoV (%) 6.67 5.68

The datas presented in this table are sourced from article number [10] in the literature.

The proposed model [10] was used to project 53 beams' load and deflection. It is possible to estimate 53
FRP-RC deep beams' strength via studies from literature [28,29,30,31,32] and with the help of study called
as 'strut and tie' which suggested from ACI 318 [33]. 53 FRP-RC beams' experimental and predicted
strengths are contrasted in Table 4 (the datas presented in this table are sourced from article number [10]
in the literature). By a CoV of 36.3%, the average value of (Py./Pyp) which represents experimental to
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estimated ultimate (final) load for 53 pieces of beams was determined as 0.89, which is consistent with the
model suggested by ACI-318 [33]. Using the models suggested by [28-32] it is discovered that mean
(average) value of the ratio of the experimental to the estimated ultimate (final) load (Py,e/ Py p) is moderate.
When proposed model [10] was used to forecast the (Py./Pyp) ratio, it was discovered that the mean value
of 53 beams was 1.05, with a coefficient of variation of 29.5%.

Tables 5 and 6 (the datas presented in these tables are sourced from article number [10] in the literature)
compares the deflection of 53 pieces of FRP reinforced concrete beams' final stages via empirical and
estimated data from different publications [34, 35, 36, 37, 38, 39] and the current codes [28, 32, 40, 41].

For 53 beams the proposed model [10] was found to have a CoV 40.80% and a value of mean as 1.03 for
empirical to the estimated deflection ratio (Aue/Aup) at final stage. It was discovered that the value of
Aue/ Aup was varying 0.340 to 2.140. Value of ratio Aye/Ayp was determined for amount of 34 beams, to be
lower than 1.0 with a ratio of a/d below 1.00 out of 53 test data utilized in this investigation. This suggests
that when a/d ratio is lower than 1.00, the deflection is overstated by the proposed study [10]. This could
be because the arching effect has a reducing effect on bending and shearing-related deformation.

In table 5 (the datas presented in this table are sourced from article number [10] in the literature) the mean
1.03, that matches with the proposed study [10], is lower than the mean of (Aue/ Ay p) for other models [34,
35, 36, 37, 38, 39] which was found to be in the range of 1.28 to 2.04 for those models. The proposed study's
[10] CoV of estimation was determined as 40.80%. On the other hand for other studies CoV value is
ranging from 27.6% to 33.9%. It was discovered that other studies existing to determine the deflection of
FRP RC beams were extremely conservative. In light of this, that may said the proposed model's [10]
estimation of final step of FRP deep reinforced concrete beams deflection and strength is comparable to
the convenient empirical outcomes.

7. Numerical study modeling

Accurate measurement of ultimate load and deflection is essential for assessing structural condition and
determining necessary improvements. This study introduces new formulas for these measurements,
developed using scientific approaches and engineering standards from the literature. These formulas aim
to provide precise and comprehensive results, contributing to the field. The results will be compared with
existing studies, application codes, and the study's predictions, using the symbolic regression method in
accordance with Eurocode standards.

7.1. Suggested Formula for Determining Load

For the ultimate load capacity (Pu), the newly proposed formula is presented below in the Numerical Study
Modelling (NSM) section:

(Pu) = 0.896 *D* 0.405(a/d) logy/0.013 b ,/0.013 = b x 0.0624 * pf * fp (39)
where pf represents the reinforcement ratio of the FRP bars.

Table 7 (the datas presented in this table are sourced from article number [10] in the literature) compares
the estimated and experimental ultimate loads of 53 FRP-RC beams using the new formula from the
Numerical Study Modelling (NSM) section, current application codes, and existing studies. Additionally,
results from Equation 39 for these beams are listed in the 'NSM (Equa. 39)' column in Table 7.

According to the results presented in Table 7; the mean Pu,e/Pu,p ratio for 53 FRP-RC beams is 0.89 with

a CoV of 36.3% for ACI-318 [33]. Other studies [28,29,30,31,32], Pye/Pu,p ratios ranging from 1.6 to 5.13,
with CoV values of 25.6% to 41.7%. The proposed study's [10] Equation 8 yields a mean ratio of 1.05 with
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a CoV of 29.5%. Equation 39 from the NSM section, with a mean ratio of 2.48 and a CoV of 19.57%, offers
superior accuracy and reliability, closely aligning with actual structural behavior.

7.2. Suggested Formula for Determining Load

For the ultimate stage total deflection (Aye), the newly proposed formula is presented below in the
Numerical Study Modelling (NSM) section:

b+Ef

- D(f'c) (40)

D
98.6+d*L+Ec oD EF
L jEC VGD-Ef
A =

Table 8 (the datas presented in this table are sourced from article number [10] in the literature) compares
the predicted and experimenta; ultimate loads of 53 FRP-RC beams using the new formula from the
Numerical Study Modelling (NSM) section, current application codes, and existing studies. Results from
Equation 40 for these beams are also shown in the 'NSM (Equa. 40)' column of Table 8.

According to the results presented in Table 8, the Proposed Study’s [10] Equation 1 yields Au,e/Au,p ratio
of 1.03 with a CoV of 40.80%. Current codes and studies [28,32,40,41] shows Au,e/Au,p ratio between 1.90
and 2.03, with CoV values from 33% to 34%. Other studies [35,36,37,38,39] report a Ay/ Aupratio between
1.28 and 2.04, with CoV values from 32.5% to 33.9%. Equation 40 from the NSM section gives a Aye/Aup
ratio of 1.04 with a CoV of 26.99%. Equation 40 from the NSM section outperforms existing formulas and
studies, proving to be more effective and reliable. Its low CoV value indicates less variability and closer
alignment with actual structural behavior, confirming its accuracy.

8. Conclusion

Vertical deflections at the mid span and loading point are similar, indicating uniform deflection along the
beam. Experimental results align well with predicted load and deflection of RC deep beams with FRP,
confirming model reliability. An increase in beam depth reduces normalized shear stress, showing
sensitivity to geometric parameters. During initial breaking, shear deflections account for 89% to 95% of
total deflection, while in the final phase, they contribute 42% to 58% of overall displacement, highlighting
their significant impact on beam behavior [10].

New formulas (equation 39 and 40) for load and deflection of RC deep beams with FRP proposed in
Section 7 were derived using Eureqa, which is a symbolic regression program. They were compared with
existing results and this comparison showed that the new formulas better reflect reality, providing more
accurate results in structural modeling.
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Abstract

In buildings and enclosed spaces, the majority of
energy consumption is attributed to space heating
systems. The integration of renewable energy sources
into these systems plays a crucial role in reducing both
energy costs and environmental impacts. In this study,
a hybrid system was designed to enable the efficient
utilization of solar energy in space heating systems.
Data obtained from the system were processed using
an Arduino board to develop a control mechanism. The
system can be remotely controlled by users via the
Arduino IoT Cloud platform. To demonstrate the
effectiveness of the designed system, an experimental
setup was established. The application results were
obtained in Hakkari Province over several days and at
three different operational levels. Transitions between
levels occurred either automatically, based on ambient
temperature, or manually by the user. At Stage 3, the
highest temperature achieved was approximately
43°C, indicating that maximum benefit from solar
energy was obtained. This system has the potential to
significantly contribute to future energy management
in buildings and provide sustainable solutions to
energy challenges.

Oz

Binalarda ve kapali ortamlarda enerjinin ¢ogunlugu
mahal 1sitma sistemleri tarafindan saglanmaktadir.
Hem enerji maliyetleri hem de c¢evresel etkilerin
azalmasinda yenilenebilir enerji kaynaklarimin sisteme
entegrasyonu Onem arz etmektedir. Bu calismada;
mahal 1sitma sistemlerinde, giines enerjisinin etkin bir
sekilde kullanimmi saglayan hibrit bir sistem
tasarlanmustir. Sistemden alinan veriler Arduino
kartinda  degerlendirilip  kontrol = mekanizmasi
tasarlanmistir. Arduino IoT Cloud platformu tizerinde;
kullanici sistemi uzaktan kontrol edebilmektedir.
Tasarlanan sistemin etkinligini gostermek amaciyla bir
deney diizenegi hazirlanmistir. Uygulama sonuglar;
Hakkari Ilinde farkli giinlerde ve i kademede
gerceklestirilmistir. Kademeler arasindaki gegisler
ortam sicakligia bagli olarak otomatik olarak ya da
kullanic1 tarafindan gerceklesmektedir. Kademe 3’de
en ytiksek sicaklik yaklasik 43°C olarak 6lctilmiis ve bu
kademede giines enerjisinden maksimum fayda
saglandig1 sonucuna varilmistir. Tasarlanan bu sistem;
ozellikleg gelecekte bina enerji yonetiminde yon
verebilecek ve siirdiiriilebilir enerji problemlerinde
¢oziim olabilecek potansiyele sahiptir. oldugu ve daha
dogru sonugclar verdigi tespit edilmistir
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1. Introduction

Energy has become the most fundamental problem and indispensable need due to the requirements of the
age we live in. In the production phase of energy, the increase in fossil fuel consumption has brought
about the problem of environmental pollution [1-2]. Greenhouse gases released into the atmosphere along
with the increasing consumption of fossil fuels in the energy production phase have also triggered global
warming [3-4]. Today; As a result of the increase in unnecessary energy consumption, energy and financial
savings have been ignored. Due to the cost of energy, high bills have emerged. With the increase in energy
prices day by day, users have to struggle to solve financial problems. As a result, problems have arisen
regarding the efficient and economical use of energy. In order to minimize these problems, users have
turned to search and developed many methods to use energy efficiently and maximize efficiency with
smart systems. There are many projects and studies in the literature for the development of smart systems
and efficient use of energy to minimize high energy costs. In addition, many countries offer solutions and
incentives for the development of these systems. Because it is extremely important to take measures to
improve the environmental conditions we live in and reduce fossil fuel consumption. In order to minimize
the effects of global warming, intensive and efficient use of renewable energy resources is important. It is
known that access to electricity is difficult and heating problems are experienced, especially in some rural
areas. It has been observed that solar panels installed in these regions provide home heating, hot water
and electricity [5]. It is important to implement such applications more frequently in regions where the
sun is intense. Solar energy is one of the renewable energy production sources and does not leave any
harmful waste. Therefore; various methods and designs have been developed to provide maximum
efficiency in solar energy. Generally, solar panels are positioned at fixed angles and maximum efficiency
is not obtained from the sun. In order to solve this problem, dual-axis solar photovoltaic (PV) panels are
used to track the sun and improve system performance [6-7]. However; the controller designs developed
for the designed solar-powered mechanisms to work with high performance are very important. Different
programming cards are preferred for the control of the system. The Arduino card is frequently used to
control the system and develop smart designs. For instance, this card is used in energy optimization and
management [8]. Additionally, Arduino cards are preferred in various applications, including the control
of IoT-based smart solar energy systems [9-10], the analysis phase of solar energy systems [11], the
management of buildings that rely entirely on renewable energy for their energy consumption [12-13], the
control of hybrid dryers powered by biomass and solar energy [14], and methods developed to enhance
the performance of PV systems.

Apart from the use of renewable energy sources, monitoring them by remote access is also important.
Energy consumption and monitoring are carried out using the IoT (Internet of Things) system [15]. Remote
access to information about the system allows the development of appropriate control methods. Keeping
energy savings at optimum values can be achieved by constantly monitoring these systems. Therefore;
IoT technology is frequently used in industry and applications [16]. Examples include IoT-based smart
campus applications developed using hybrid renewable energy [17], IoT-based cybersecurity frameworks
proposed to ensure the security of designed renewable energy systems [18], agricultural applications [19],
and loT-based designs enabling the monitoring of the developed system [20].

This study consists of four main sections: Introduction, Materials and Methods, Results and Discussions
and Conclusions. In the Introduction section; information about the importance of the system designed in
the study and the scope of the study is given. In the Materials and Methods; information about the
equipment used is provided and also the working principle of the systems designed using natural gas and
renewable energy is mentioned. In the Results and Discussions section; the application results of the
designed system are given. The data realized at different stages are evaluated. Finally, in the Conclusions
section; a general evaluation is given in a summary form. In this section, suggestions are also made
regarding future studies on the subject in the light of the knowledge and experiences gained throughout
the this study.
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2. Materials and Methods

This section provides information about the equipment used and the system design in the study. The
Arduino IoT Cloud Platform used to enable internet access for the heating system, the structure of the
Wemos D1 R2 ESP8266 board, the sensors employed for obtaining temperature and humidity data, and
the hybrid heating systems are addressed sequentially.

2.1. Arduino IOT Cloud Platform

With the increasing focus on network technologies, the internet has become an integral and indispensable
part of daily life. As is well known, the widespread adoption of network technologies has enabled
communication between devices used in everyday life, leading to the concept of the Internet of Things
(IoT). The Arduino IoT Cloud platform serves precisely this concept. It facilitates remote access to objects
and allows users to obtain data from any system created in the web environment. In the heating
automation system to be developed, the Arduino IoT Cloud platform enables access to data related to
heating values and results derived from the designed system. The Arduino boards to be used in this setup
must be ESP32- or ESP8266-based to ensure internet connectivity. In this study, the Wemos D1 R2 board
was used to access the data generated by the system via the internet. This board is based on the ESP8266
microcontroller. As shown in the block diagram in Figure 1, users are required to have an account on the
Arduino IoT Cloud platform to access the system's data via the internet. The Wemos D1 R2 board used in
this study facilitated access to the data by connecting to the Arduino IoT Cloud platform via the internet.
In the block diagram shown in Figure 1, energy was regulated using the data obtained from the sensors
and control mechanisms, thereby achieving energy efficiency. Additionally, the results derived from this
data were transmitted to the internet using the ESP8266-based Wemos D1 R2 board and accessed through
the Arduino IoT Cloud platform.

Temperature Sensor (DTH22) —>

Relay ——>

WEMOS D1 R2
ESP8266

i

Computer Web «— Internet = ——— > Smartphone+Web

Step Motor ——— —> Energy Control — Energy Efficiency

Gas Sensor ————>»

Figure 1. Block Diagram for Heating Automation Internet Access

As seen in the block diagram of the heating automation system, the data obtained from the sensors
requires the use of the WEMOS D1 R2 ESP8266 board, and the user must access the data via the Arduino
IoT Cloud through internet connectivity. By enabling this access, user control and energy efficiency will
be achieved.

2.2. Wemos D1 R2 ESP8266 Board

The Wemos D1 R2 ESP8266 board is similar to an Arduino board but is Wi-Fi based. It operates with 3.3V
power and may require an additional power source if the number of sensors connected to it increases.
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Compared to Arduino, it has 11 digital input/output pins and 1 analog pin. Due to its Wi-Fi capability,
the Wemos D1 R2 board allows data to be collected from various platforms, providing information about
the system. In our application, the board, programmed on the Arduino IoT Cloud platform, enables the
system data to be monitored at any time and location via internet connectivity. The Arduino IoT Cloud
platform, which supports various Wi-Fi module-based boards, enables the visualization of the data
obtained from this system. The structure of the Wemos D1 R2 ESP8266 board is shown in Figure 2.

DC Power Jack USB Micro-B Port
7-12VDC Input To Computer
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DLt sS0e R) /PWM/ (12C) SDA - Serial Data

round

N/C 0 Eyeanill (D13) Digital Pin 13/ PWM / (SPI) SCK
5V Output il | D S e (D12) Digital Pin 12/ PWM/ (SPI) MISO
Reset Input i Z|8) O11/MOSI (D11) Digital Pin 11/ PWM/ (SPI) MOSI
3.3VOutput or Input ) = oo (D10) Digital Pin 10/ PWM/(SPI) SS
5V Output (R - — I (Do) Digital Pin 9/ PWM/TX1/Built-in LED
gmu'\: N . IR (Ds) Digital Pin 8/ PWM
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Analog Pin 0 (A0) 2 A (D5) Digital Pin 5 /PWM/ SCK
N/C oy - b e, LA (D4) Digital Pin 4/ PWM / SDA
N/C AR bl (D3) Digital Pin 3/PWM / SCL

N/C ; - B (D2) Digital Pin 2/ PWM
N/C SR (D1) Serial Port TXD / Digital Pin 1/PWM
N/C (Do) Serial Port RXD / Digital Pin 0

Figure 2. Wemos D1 R2 ES8266 Board

2.3. DTH11 Temperature and Humidity Sensors

The Arduino-compatible sensor is used for temperature and humidity measurement. After the Arduino
circuit is connected, the microcontroller on the Arduino reads the values from the sensor, and components
such as valves and motors operate accordingly. The system is controlled based on the data obtained from
these measurements. In this study, the temperature and humidity sensor shown in Figure 3 has been used.

Figure 3. DHT11 Temperature and Humidity Sensor

The primary purpose of using the sensor is to accurately obtain both the internal temperature and
humidity values of the environment, as well as the external temperature and humidity values. Based on
these readings, a method and approach are designed to operate the system. The microcontroller processes
the data obtained from the sensor using a specific algorithm, ensuring that the system operates in
synchronization with the data.
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2.4. Hybrid Heating Systems

Renewable energy sources are preferred as cheap, alternative and clean energy. The most commonly used
energy types in this area are known as wind and solar energy. In order to keep energy efficiency at a
maximum level, the Figure 4 modeling designed with the AutoCAD program is preferred. There are more
than one different mechanism in the system. The control mechanism designed for the optimum operation
of the system is important. In such studies; system control is possible with controllers designed using the
Arduino microcontroller card. The hybrid mechanism given in Figure 4 includes natural gas energy and
solar energy. One of the main purposes of this system design is to ensure that the user benefits from the
solar energy system at the maximum level. Hybrid heating systems can be used in places such as homes,
greenhouses and swimming pools.

When the working principle of the system is examined; firstly the water in the solar energy system is
sufficiently heated, then the circulation pumps are activated. Finally; the heat energy is released to the
exchangers. As seen in Figure 4; when the solar energy system is activated, the stages of the circulation
pumps are adjusted and the average heat value in the house is determined by the user. There are two
different types of energy in the system. Energy types are activated according to different situations. The
operation of the system is completely controlled by the user.

Combi Boiler
Cold Water Line '
Solar Energy Collector
Y Type Strainer _ Valve =
Heat Exchanger
Check Valve
Cold Water Line .
] Hot Water Line
Check Valve
Check Valve Vave, (Y Type Strainer
Fay
P L de
Circulation Pump Ty Radiator
Shower Head

Circulation Pump

L

Hot Water Line
q—

Check Valve

N

Check Valve

Figure 4. Hybrid Modeling in Heating System

In the heating system; the water heated by the solar collectors, passes through the exchanger plates and
transfers its heat to the radiator line on the opposite side. The radiator line distributes the heat with the
circulation pump that circulates its heat and then the heated water cools down again. Finally; the cooled
water returns to the system and continues to work by heating up in the exchanger plates. This system
continues to work in a cycle. The check valves and strainers used in the system are intermediate elements
used entirely for the safety of the system and to extend its service life. Exchangers are the heat transfer
elements of the system and the exchanger size changes completely according to the size of the system to
be used. In fact, the size of the exchangers to be used in the systems changes in direct proportion to the
size of the system. In the heated hybrid modeling given in the figure above; the heating energy obtained
with natural gas or any other type of fuel is deactivated and when the weather is sunny, the heating energy
obtained from the solar collector saves on fuel type, reduces fuel consumption against environmental
pollution and also saves the user from the bill burden.
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3. Results and Discussion

In this study; the system was designed with a solar energy collector and the maximum benefit was tried
to be obtained from the heat energy obtained by heating the water. The system that was established is a
hybrid system design that works with both natural gas and solar energy. In cases where there is no sun; a
mechanism was designed that will automatically activate the natural gas system with the programming
developed in the microcontroller card Arduino. At the same time; when the sun is effective, the solar
energy system is activated; the system fed by natural gas or other energy sources is prevented from
working. Therefore; in sunny weather, only solar energy is activated and the aim is to use only renewable
energy sources effectively and efficiently in the system.

The experimental set modeling that provides the effectiveness of solar energy on heating systems and the
high efficiency of the engine used is given in Figure 5. The application set includes 1 solar collector, 1
radiator, 2 circulation pumps and 1 heat exchanger. The main purpose of this experimental set is to ensure
that the system works more efficiently by making transitions between the stages of the circulation pumps
and also to produce solutions to problems that may occur in the automation system. Cold water circulating
in solar collectors; heats up by passing through the collectors. Therefore; heat energy obtained from solar
energy is released as heat in the exchanger system with the help of circulation pump. This heat passing
through the exchanger plates provides the heating of cold water coming from radiators. Thanks to the
circulation pump on the cold water on the radiator line, it ensures that the water heated in the exchanger
is compressed in the radiators and distributes the heat energy on the radiator.

Solar Energy Collector

Y Type Strainer Val\_

. L ry  Redator
Cold Water Line Check Valve A
0
Cold Water Line
Hot Water Ling
—

Heat Exchanger

Check Valve

Check Valve e, lation Pump

Figure 5. Modeling of the System Used in the Experiment

A solar collector consisting of 16 collectors is seen in Figure 6. The cold water passing through this solar
collector is heated and converted into heat energy in the system. There is a cold inlet line and a hot water
outlet line on the collector. In the experiment, the solar collector was set to the full south direction in order
to provide maximum benefit. There are also more suitable situations to provide this maximum benefit. In
Figure 7, the heat energy obtained in the solar heating system transfers heat energy to the radiator by
releasing its heat to the exchanger. For the data planned to be obtained here, there are three different stages
in the circulation motor on the solar collector. The effects of these motor stages on the system were
analyzed. In order to analyze the effects of the circulation pump stages on the system, data was collected
and the automation system was designed by taking this data as a reference.
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Figure 6. Solar Collector Used in the Experiment

As seen in Figure 7; there is a circulation pump on the lines belonging to a radiator and a solar collector.
The circulation pump on the hot water line that comes from the solar collector heats up and circulates the
water and the heated water is converted into heat energy by means of the exchanger. The heated water is
transferred to the radiator by the circulation of the water on the hot water line that comes from the
exchanger plates heats up and heat energy is created.

R!?diator
Hot Water

i ¥

Circulation

/ Valve

changer \ \ T

Valve Cold Water Line

Figure 7. Heat Exchanger and Radiator Used in the Experiment

The cooled water is heated by passing through the solar collector. The main function of the circulation
pump is to ensure that the water circulates. The application was carried out using 1 heat exchanger, 2
circulation engines and 1 radiator. Here, the engine was operated in three stages and the results were
compared.
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3.1. Circulation Pump Stage 1 Results

The solar heating system used in the experiment was operated in three different stages of circulation
pumps on different days and times. As seen in the Figure 8; the circulation pump was operated in the first
stage. The heat values left by this stage on the exchanger and radiator during the day are given. Figure 8
was obtained by operating the circulation pumps in the Stage 1 between 11:45 and 13:00 on April 19, 2024.
The data was obtained from DTH22 humidity and temperature sensors compatible with the Arduino
microcontroller. The temperature data obtained in 1 minute and 40 seconds with the microcontroller was
taken from the system. While the pumps were operating in the Stage 1, a temperature difference of 1.5
Degrees Celsius was calculated between the average heat energy released to the exchanger and radiator.
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Figure 8. Stage 1 Results of the System (On April 19, 2024 between 11:45-13:00)
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Figure 9. Stage 1 Results of the System (On April 19, 2024 between 13:00-14:30)
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Table 1. The Weather Conditions for Hakkari on April 23, 2024

Hour Temperature Real Feel Temperature
(WS (WS
03:00 5°C 2°C
06:00 5°C 1°C
09:00 16 °C 12 °C
12:00 19 °C 19 °C
15:00 20 °C 19 °C
18:00 17 °C 15 °C
21:00 11°C 7°C
00:00 7°C 3°C

The results presented in Figure 9 were obtained by operating the circulation pumps at the Stage 1 between
13:00 and 14:30 on April 19, 2024. Data was collected using DTH22 temperature and humidity sensors,
which are compatible with the Arduino microcontroller. While the circulation pumps were operating at
the Stage 1, there was a temperature difference of 1 Degree Celsius between the average heating energy
transferred to the heat exchanger and the radiator.

The weather conditions for the province of Hakkari on April 23, 2024, are presented in Table 1 As shown
in the weather data, the highest temperatures of the day occurred between 12:00 and 15:00. The maximum
temperature during the day reached 19 degrees Celsius.
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10:45
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11:25

11:35:00
11:45
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10:55:00

Exchanger Radiator
Temperature Temperature
Figure 10. Stage 1 Results of the System (On April 23, 2024 between 09:45-15:15)
Figure 10 was obtained by operating the circulation pumps at the Stage 1 between 09:45 and 15:15 on April
23, 2024. Temperature data was collected from the system by the microcontroller for a duration of 3

minutes and 20 seconds. Upon examining Figure 10, it can be seen that maximum efficiency was achieved
between 12:00 and 15:00.

3.2. Circulation Pump Stage 2 Results

In the designed system, the circulation pumps were operated at the Stage 2 during different time intervals.
Here, an analysis of the heat energy values transferred to the heat exchanger and radiator was conducted.
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Figure 11. Stage 2 Results of the System (On April 20, 2024 between 13:50-14:38)

The heating values transferred by this stage to the heat exchanger and radiator are presented in the figure
below. On April 20, 2024, between 13:50 and 14:38, the motor was operated while the circulation pumps
were at the second stage, and the results obtained are shown in Figure 11. According to the obtained data,
an average temperature difference of 1.07 degrees was observed over the 1 minute and 40 seconds of
recorded temperature data.

Table 2. The Weather Conditions for Hakkari on April 26, 2024

Hour Temperature Real Feel Temperature
(WS (WS

03:00 6 °C 2°C

06:00 6 °C 2°C

09:00 16 °C 12 °C

12:00 20 °C 18 °C

15:00 21 °C 19 °C

18:00 19 °C 16 °C

21:00 14°C 11 °C

00:00 9°C 5°C

In Table 2, the weather conditions for Hakkari on April 26, 2024, are presented. As shown in the weather
data, the highest temperatures of the day occurred between 12:00 and 15:00. Therefore, the system's
highest performance was achieved during this time interval. On April 24, 2024, the circulation pumps
were operated at the second stage between 10:15 and 16:55, and Figure 12 was obtained.
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Figure 12. Stage 2 Results of the System (On April 26, 2024 between 12:00-15:00)
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Data was periodically collected from the microcontroller every 3 minutes and 20 seconds. According to
the results obtained at the first stage, the results from the Stage 2 were found to be better. Upon examining
Figure 12, it is understood that the maximum efficiency was achieved between 12:00 and 15:30. Based on
these data, an average temperature difference of 1.10 degrees was calculated between the temperature
readings taken every 3 minutes and 20 seconds.

3.3. Circulation Pump Stage 3 Results

In this section, the circulation pumps were operated at the Stage 3 on different days and times. The aim
here is to examine the heat energy values transferred to the heat exchanger and radiator by operating the
circulation pumps at the third stage. The heating energy values transferred by this stage to the heat
exchanger and radiator are presented in Figures 13 and 14 below.
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Figure 13. Stage 3 Results of the System (On April 19, 2024 between 11:00-13:15)

On April 16, 2024, the circulation pumps were operated at the third stage between 11:00 and 13:15, and
Figure 13 was obtained. Data was periodically collected from the system via the microcontroller every 1
minute and 40 seconds. According to the obtained data, it was observed that the operation of the pumps
at the third stage resulted in a smaller temperature difference between the heat exchanger and the radiator
compared to other stages, with a difference of 0.51 degrees.

Table 3. The Weather Conditions for Hakkari on April 25, 2024

Hour Temperature Real Feel Temperature
(O (WS

03:00 7 °C 3°C

06:00 7 °C 3°C

09:00 17 °C 14 °C

12:00 21 °C 22 °C

15:00 22 °C 22 °C

18:00 19 °C 18 °C

21:00 15°C 13 °C

00:00 10 °C 7°C

Table 3 presents the weather conditions for Hakkari province on April 25, 2024. As shown in the weather
report, the highest temperatures of the day were recorded between 12:00 and 15:00. Consequently, it was
observed that the hours during which the system achieved optimal efficiency were between 12:00 and
16:00. On April 25, 2024, the circulation pumps were operated in the Stage 3 between 08:00 and 16:40, as
depicted in Figure 14. The microcontroller collected data from the system every 3 minutes and 20 seconds.
Upon analyzing the results, it was found that the best outcomes for the system occurred in the Stage 3.
Additionally, maximum efficiency was observed between 12:00 and 16:30.

Adyii | Eng Sci 2025;12(25):20-32 /Adyii Miih Bil Derg 2025;12(25):20-32 30



Levent Thermal Control System Developed to Maxumize the Use of Renewable Energy Space Heating Systems

45

40 p—— : ——
——
——
—
35 e
7
o > 7
’ 4
g 7
825 e——
=5 e ——
= _—
= =
>
&20
g
3 1s
l'_1
10
5
)
O NS nNOoONMIETO-T NITNOANMTOATNITNOAMFTOANITNOANNMNST O N F
00 O O 0 W O OO O O O O O o = = = &N N N AN N OO N N N ST ST ST ST S N WM W W W W
O O 0O 00O O OO ™ ™ ™ ™ ™ = = e S R SR JEAA SRR S S S AL AL i L /gl G Gk gk G I 1 -
Exchanger .
‘:'T %ur Radiator
emperature
P Temperature

Figure 14. Stage 3 Results of the System (On April 25, 2024 between 08:00-16:40)

As a result of the increase in the motor stages within the system, it has been observed that the difference
between the heat values released to the heat exchanger and the radiator is decreasing, and the amount of
heat released is directly proportional to the increase in the motor stages.

4. Conclusions

In this study; an automation system design that provides maximum performance has been carried out in
order to minimize the harmful effects of fossil fuels on the atmosphere. This smart system provides the
opportunity to control mechanical parts and prevent unnecessary energy consumption of the system.
Space heating systems are specifically used in indoor spaces and buildings to maintain a balanced indoor
temperature. In this study, the aim is to reduce energy costs, utilize resources efficiently, and achieve
energy independence by using both renewable energy and natural gas in the space heating system. The
system is controlled by the microcontroller added to the system and the user is automatically able to
intervene in the system via wireless network access. During the application phase; a hybrid heating system
working with solar energy and natural gas has been designed. When there is solar energy, solar panels
are actively working. However; when there is no solar energy, natural gas is activated. In our automation
system, adjustments are made according to the comfort value determined by the user with motor stages.
The energy to be obtained from solar energy is designed to be suitable for use in home heating and water
heating. The engine was operated in different stages and the heat values released to the heat exchanger
and radiator in the stages of the engine were measured and compared. The efficiency status of the engine
was observed by comparing the temperature values between the engine stages. Since our work is an
efficiency-based smart automation and the engine was operated according to the user comfort value. At
the same time; the user was provided with access to the system status via the internet to the data obtained
from the sensors in the system. When the results between the stages are analyzed, it is concluded that the
best result was achieved by Stage 3. In Stage 1, the radiator temperature was approximately 39°C, in Stage
2 it was approximately 40°C, and in Stage 3 it was approximately 43°C. The differences between these
stages vary according to the user's preferences. This method is particularly recommended for space
heating systems. The smart automation system developed in our study can be developed with artificial
neural networks and adaptive control mechanisms. An example can be given by training the weather data
obtained in previous years of a region with artificial neural networks and making optimum system
designs. This designed system can be realized with a 3-stage hybrid system on generating electrical
energy.
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Oz

Son yillarda diinya genelinde artan tiretim ve tiiketim
miktarlarma baghh olarak atiklarin depolanmasi ve
bertarafi énemli bir sorun olarak ortaya cikmustir. Cesitli
cevresel yaklasimlarla bu atiklarin geri dontistiirtilmesi ile
elde edilen farklh yan drtinlerin kullanimi tesvik
edilmektedir. Bu ¢alismada agaclarin islenilmesinden
elde edilen yan/atik iirtin olan odun talasinin bittimlii
sicak karisim yol {iist yapist1 kaplama tiretiminde
kullanilabilirliginin ~ deneysel olarak arastirilmasi
amaglanmistir. Bu dogrultuda, sicak karisimdaki agrega
yerine, %5, %10 ve %15 oranlarinda iri agrega, ince agrega
ve mineral filler boyutlarinda odun talas: kullanilarak
numuneler elde edilmistir. Bu numuneler, TS EN 12697
standardina gore Marshall testine tabi tutularak stabilite
ve akma degerleri elde edilmistir. Karayolu Teknik
Sartnamesi uyarinca elde edilen sonuglar
degerlendirildiginde optimum sonucun %4.3 bitiim
oranina sahip %10 filler boyutunda odun talas1 ikamesi
iceren 4.3FI10 numunesinde elde edildigi goruilmiistiir.
Buna gore kontrol numunesine oranla stabilite acisindan
yaklasik %27’lik bir iyilesme sagladig1, akma degerinde
ise kayda deger bir fark olusturmadig: goriilmiistiir. Elde
edilen sonug filler boyutunda odun talasinin bir yan tirtin
olarak sicak asfalt betonu karisimlarda kullanilabilecegini
ortaya koymus olup calismanin cevresel anlamda
attk/yan {rtin yonetimi cabalarina katki saglayacag:
degerlendirilmektedir.

Abstract

In recent years, the storage and disposal of waste have
emerged as an important problem due to the increasing
production and consumption of waste worldwide. Using
different by-products obtained by recycling these wastes
is encouraged with various environmental approaches.
This study aimed to investigate the usability of wood
sawdust, which is a by-product/waste product obtained
from the processing of wood, in the production of
bituminous hot mix asphalt pavements. In this context,
samples were obtained by using 5%, 10% and 15% coarse
aggregate, fine aggregate and mineral filler-sized wood
sawdust instead of aggregate in the hot mix asphalt
concrete. These samples were subjected to the Marshall
test according to TS EN 12697 standard and stability and
flow values were attained. When the results obtained in
accordance with the Highway Technical Specification
were evaluated, it was seen that the optimum result was
obtained in the 4.3FI10 sample containing 10% filler-sized
wood sawdust substitution with a 4.3% bitumen ratio.
Accordingly, it was observed that it improved
approximately 27% in terms of stability compared to the
control sample, and that there was no significant
difference in the flow value. The results revealed that
filler-sized wood sawdust can be used as a by-product in
hot mix asphalt pavements, and it is hoped that the study
will contribute to environmental waste/by-product
management endeavors.
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1. Giris

Atik malzeme yonetimi ve bertarafi, diinya genelinde bircok tilkede ele alinmasi gereken baslica bir cevre
ve saglik sorunudur. Diinya capindaki tiiketimin hizla artmasi nedeniyle, sorun giiniimiizde daha da
onemli hale gelmistir. Gelismis tilkelerin cogunun bu durumla basa ¢ikmak igin gesitli 6nlemler almasina
ragmen, atik sorunu giderek daha da biiytimektedir. ABD'de tiretilen toplam kat1 atik 2018'de 292.4
milyon ton olup bunun yaklasik 69 milyon tonu geri dontistiirtilmiis, 25 milyon tonu ise kompostlanmistir
(Sekil 1) [1]. AB-27'de tiim ekonomik faaliyetler ve haneler tarafindan tiretilen toplam atik 2.317 milyon
tona ulasmistir [2]. Atik tiretimi son yillarda diinya capinda 6nemli dl¢tide artmis ve dniimtizdeki yillarda
daha da artacak gibi gortinmektedir. 2050 yilina kadar, diinya capinda kat1 atik {iretiminin yaklasik %70
oraninda artarak 3.4 milyar metrik tona ulasmasi beklenmektedir. Bunun nedeni, kentlesme, niifus,
ekonomik btiytime, tiiketici alisveris aliskanliklari ve davranislar1 gibi cesitli faktorler olarak
siralanabilmektedir [3,4].

Uretim Tonajlari, 1960-2018
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Sekil 1. ABD'de yillik bazda tiretilen kat1 atik miktar1

Son yillardaki hizli endiistriyel ve teknolojik gelismeler nedeniyle gelecek nesiller, ciddi cevre sorunlariyla
bas etmek zorunda kalacaktir. Dogal kaynaklarin hizla tiiketilmesi, artan cevre kirliligi ve ekolojik
dengenin genel olarak bozulmas: tiim diinyay1 etkilemekte ve ciddi onlemler alinmasin gerektirmektedir.
Avrupa Atik Cerceve Direktifi 2008/98/ECnin atik hiyerarsisine gore, atiklarin yeniden kullanimini ve
geri dontisumiinii tesvik ederek ve atiklarin bertarafini veya yakilmasini asamali olarak kaldirarak AB
kaynak verimliligini iyilestirmeye ve iklim ve cevresel etkileri azaltmaya acik bir ihtiya¢ vardir [5].

Ahsap (odun) sanayi, yangin ve kuraklik nedeniyle orman miktarimin azalmasi ve yan tirtin olarak ytiksek
miktarda talas tiretilmesi agisindan kritik konulardan biridir. Odunun testere vasitasi ile kesilirken diisen
kiictik bir pargasi olan odun talasi, biyolojik olarak parcalanabilen bir malzemedir. Ancak talas genellikle
imalat sanayinde ahsap levhalar, raflar, ilan panolari, mobil evler icin duvar ve ¢at1 kaplamalari gibi hafif
yap1 malzemeleri i¢gin hammadde olarak kullanilmaktadir. Ayrica sogutma sisteminde izolator olarak ve
enerji endiistrilerinde soguk muhafazasinda, dogrudan veya dolayli olarak odun gazi, briket, pelet vb.
uretmek icin de kullanilmaktadir. Fakat odun talasi bu ve benzeri alanlarda degerlendirilmedigi takdirde
cevreyi kirleten bir endiistriyel atik olarak kabul edilmektedir [6]. Son yillarda islenmis ahsaba olan talep
artis1 ahsap endustrisinin hizli bir sekilde biiytimesine neden olmustur. Ahsap isleme sirasinda ortaya
¢ikan talas miktari, ahsabin tiirti, kullanilan makineler ve isleme teknikleri gibi faktorlere baglh olarak
degisir. Tipik olarak talas, islenen odun hacminin yaklasik %10-15'ini olusturmaktadir. 2018 yilinda diinya
genelinde yaklasik olarak 49-74 milyon metrekiip talas tiretildigi ifade edilmektedir [18].

Ahsap malzemeler, pencere, kapi, insaat elemanlari, ambalaj ve mobilyalarda kullanilmakta olup cam,

metal ve plastik gibi malzemeleri icermektedir. Ayrica yapistirici, boya, vernik, ahsap koruma tirtinleri ve
cesitli kimyasallarla kaphdir. Ekonomik ve teknolojik acidan en rasyonel yaklasim, daha fazla islenmemis
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talas ve talas tozu seklindeki birincil ahsap isleme malzemelerinin kullanilmasidir [7]. Insaat
uygulamalarinda yan {rtin ve kalmtilarin degerlendirilmesi, bertaraf problemlerinin azaltilmasinda
ekonomik ve ¢evre dostu bir alternatif ¢oziim olabilir.

Insaat miihendisligi uygulamalarinda ozellikle karayolu {iist yapi kaplamalarinin insasinda, geri
kazanilmis asfalt kaplama ve beton agregasi, yikim atiklari, mermer tozu, ¢cimento tozu, kirint1 kauguk,
hurda lastikler, cam, plastik atiklar, gelik ctiruflari, komiir atiklari, ugucu kiil, yakma kiil, seramik atiklari,
beton atiklari, odun atiklari, tekstil atiklari, atik yaglar gibi birtakim geri dontistiirtilmiis ve yan tirtin
malzemelerin kullanimina y6nelik talep artis1 olmustur. Bu uygulamalar, hammadde kullaniminin en aza
indirilmesine, sera gazlarmin (emisyonlarin) azaltilmasina, stirdiirtilebilirligin artirllmasina ve bertaraf
sorunlarmin dolayisiyla kiiresel cevre sorunlarinin azaltilmasina katkida bulunmaktadir [8-11].

Literatiirde odun atiklarinin asfalt betonlarda kullanilabilirligi ile ilgili bir¢cok ¢alisma
bulunmaktadir. Odun atiklar1 karayolu iistyapis1 yapiminda genellikle iki sekilde kullanilmaktadir.
Birincisi kimyasal katki maddesi (biyo-asfalt baglayic1) olarak, ikincisi ise geri doniistiiriilmiis atik
talas veya aga¢ tozunun yakilarak agreganin belirli bir yiizdesi olarak kullanimi seklindedir.

Fayissa vd. [12] talas kiiltintin asfalt beton tiretiminde filler malzemesi olarak uygulanmasi tizerine bir
calisma ytrttmislerdir. Bu kapsamda Talas Tozu Kulii (SDA) igin cesitli fiziksel ve kimyasal testler
yapimistir. Bazalt tozu miktarmin %3, %6, %9 ve %12 oranlarinda SDA kullanilmistir. Asfalt betonunun
yorulma omrti, kalic1 deformasyon ve nem hassasiyeti kullanilan SDA miktari ile iyilesme gostermistir.
Osuya [13], asfalt betonunda bir katki maddesi olarak talas kiiltintin etkinligini degerlendirmistir. Asfalt
beton numuneleri, granit filler maddesinin agirlikca %0, %5, %10, %15, %20 ve %25 oraninda talas kiilti
ile hazirlanmistir. Numuneler tizerinde Marshall Stabilite testleri yapilmistir. Talas kiilii asfalt betonunun
reolojik 6zelliklerini olumlu yonde ve dikkat cekici bir sekilde etkilemistir. Yasanthi vd. [14], sicaklik
degisiminin talasli sicak karisim asfalt betonu tizerindeki etkilerini gozlemlemislerdir. Geleneksel filler
malzemesinin yerine kismen talas kuilti kullanilmistir. Marshall testi sonugclari, talasli karisimlarin yiiksek
sicakliklara daha duyarh oldugunu ancak buna mukabil talas tozu kiiliintin diisiik sicakliklarda filler
malzemesinin belirli bir miktar1 yerine kullanilabilecegini ortaya koymuslardir. Osinubi vd. [15], talas
kiiltintin (SDA) asfalt kaplamalarda alttemel ve taban zemini katmanlar1 olarak kullanilmak tizere geri
kazanilmis asfalt kaplamanin (RAP) performansi tizerindeki etkinligini gozlemlemislerdir. Numunelere
Standart Proctor (SP) ve California Bearing Ratio (CBR) testleri uygulanmistir. Test sonuglari, RAP'1n
mekanik 6zelliklerinin SDA ilavesi ile olumlu yonde gelistigini gostermistir. Dimter vd. [8], odun kiilii
filler asfalt karistminin mekanik o6zelliklerini ve suya direncini degerlendirmislerdir. Bu kapsamda
Marshall stabilite ve dogrusal olmayan ¢ekme dayanimi testleri uygulanmustir. Filler icerisindeki %50
biyo-kiil icerigi, asfalt karisimin ¢ekme dayanimini, plastik deformasyonlara ve su etkisine kars1 direncini
artirmistir. Odun kiiliintin endistriyel filler maddesinin kismi ikamesi olarak kullanilma potansiyeline
sahip oldugunu ancak bu alanda daha fazla test/calisma yapilmas: gerektigini vurgulamislardir. Akter
vd. [16], Marshall testi ile asfalt betonunda geleneksel filler maddesine alternatif olarak odun tozu
kiltintin (WPA) performansini gozlemlemislerdir. Sonuclar, deformasyona, yorulma dmriine ve nemin
neden oldugu hasarlara karsi daha iyi direng gosterdigi yontindedir. Arastirmacilar, dolayli ¢cekme
yorulma testi, dort noktali egilme testi, tekrarlanan aks ytik testi ve tekerlek izleme testi gibi birtakim
ozellikler hakkinda daha fazla arastirma yapilmasini 6nermislerdir. Nassef vd. [8] odun talasim1 modifiye
malzemesi olarak kullanarak asfalt baglayicilarin ve karisimlarin performansi tizerindeki etkisini
degerlendirmislerdir. Asfalt baglayicinin toplam agirligina gore %10, %15 ve %20 oraninda talas ilave
edilmistir. Calismada modifiye malzemesi olarak sadece 150 pm elekten (ASTM standard1 Elek No. 100)
gecen ince pargaciklar kullanilmistir. Daha sonra talas modifiyeli asfalt baglayicilarin mikroyapisal ve
kimyasal karakterizasyonlarmni gozlemlemek i¢in Taramali Elektron Mikroskobu (SEM) ve Fourier
Dontistimu Kizilotesi Spektroskopisi (FTIR) testleri yapilmustir. Bu talas modifiyeli baglayicilarla Sicak
Karisim Asfalt (HMA) numuneleri hazirlanmis ve Marshall, Cekme Dayanimi Orani (TSR) ve Stabilite
Kaybr testleri uygulanmistir. Marshall stabilitesi talasli karisimlarda bir miktar azalma gostermekte ancak
limitler icerisinde kalmaktadir. Karisim, stabilite Kayb1 ve TSR acisindan nem hasarina karsi iyi bir direng
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gostermistir. Yasanthi vd. [11] karbonize edilmis (yanmus) talasin sicak karisim asfaltta (HMA) filler
malzemesi olarak performansini Marshall testi ile incelemislerdir. Sonuclar, oksijensiz durumda
karbonize edilen talas tozunun, toplam agrega agirhigimin %2.74'tine kadar HMA betonundaki geleneksel
filler malzemesinin yerini almak icin kullanilabilecegini gostermistir. Jegatheesan [12], Sicak Karisim
Asfaltin (HMA) toplam agrega agirliginin %1.77'si, %2.73'ti ve %3.75'i ile 1.18 mm (filler malzemesi olarak)
olan karbonize edilmis (yanmuis) odun talasinin (CWD) uygunlugunu Marshall Metodu uygulayarak
arastirmistir. CWD modifiyeli sicak karisim asfaltta Marshall Stabilitesi azaltilmistir ancak sonuglar
minimum gereksinimleri karsilamistir. Buradan hareketle karbonize edilmis (yanmis) odun talasmin
geleneksel filler malzemesi ile degistirilebilecegi sonucuna ulasilmistir. Bao vd. [17], odun atiklarindan
elde edilen biyo-asfaltin reolojik ozelliklerini ve kimyasal bilesimini arastirmislardir. Sonuglar, odun
atigindan yapilan biyo-asfalt baglayicinin 6zelliklerinin petrol bazli asfaltinkine benzer oldugunu,
dolayisiyla odun atigindan elde edilen biyo-asfalt baglayicinin petrol bazli asfalt baglayiciy1 temsil
edebilecegini ortaya koymuslardir. Turobova [13], bitiim modifikasyonu icin agag isleme endiistrisi atigin
(ahsap filler katki maddesi) kullanmistir. Ahsap filler malzemesi olarak ortalama tane boyutu 0.5-1 mm
araliginda olan Sarigam Agacinin kabugu kullanilmistir. Ahsap filler katki maddesinin kullanilmasi,
organik baglayicinin termal ve fiziksel ozelliklerini (yumusama sicakligi ve kirilma sicakligi)
iyilestirmistir.

Ozetlemek gerekirse, literatiirde odun talas1 ¢cogunlukla yakilarak kiil haline getirilip sicak karisim
asfaltta filler malzemesi olarak ve ayrica asfalt baglayicilarin modifiye edilmesinde kullanilmaktadar.
Talasin dogrudan (yakilmadan) iri, ince ve filler boyutlarinda agrega olarak kullanildig: herhangi bir
calismaya rastlanilamamistir. Dolayisiyla bu calisma, konusuyla yenilikgiligini ve 6zgiin degerini
ortaya koymaktadir.

2. Deneysel Metodoloji
2.1 On Deneyler

Deney metodolojisinin saglikli olarak belirlenebilmesi amaciyla iki 6nemli 6n arastirma sorusuna cevap
arama ihtiyact dogmus ve bu dogrultuda birtakim 6n deneyler gergeklestirilmistir. Odun malzemesi
yanici Ozelliklere sahip bir malzeme olup {iiretim prosesine bagl olarak agrega ve bitiim, sicak karisim
elde etmek amaciyla 160 °C’lere varan sicakliklara maruz kalabilmektedir. Calismada kullanilacak olan
ahsap talasi ise agrega yerine ikame edilecek olup bu karisim sicakliklarindan nasil etkileneceginin
belirlenmesi gerekmektedir. Bu 6n arastirma sorusuna cevap aramak amaciyla iki adet 6n deney
gerceklestirilmistir. Calismada kullanilan odun talag1 Safranbolu Sevingen Orman Uriinleri Firmasindan
ve bitiim malzemesi ise Karabiik 11 Ozel Idaresi Asfalt plentinden temin edilmistir. ilk &n deney, Sekil
2a’da farkli boyutlardaki talas malzeme tizerine 160 °C 1s1ya sahip bittim dokiilerek talasin ytiksek sicaklik
karsisindaki fiziksel tepkisi gozlemlenmistir. [Ik adim basarili olmus ve talas numunelerinin en yiiksek
karisim sicakligina dayanikli oldugu ve onerilen hipotez icin odun talasinin kullanilmasina engel bir
durum olmadig1 kanitlanmistir. Sonrasinda diger deneyle ise talas numuneler ettivde 3 saat boyunca 160
0C sicaklikta tutulmus ve sonug olarak bitiimli sicak karisim (BSK) sicakliklarina dayanikli oldugu
goriilerek talas malzeme agisindan riskli sicaklik degerinin gozlemlendigi ©n deney safhasi
tamamlanmustir (Sekil 2b).
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fkinci onemli 6n arastirma sorusu ise iri, ince ve filler boyutlarinda olmak tizere agrega yerine kullanilacak
olan odun talast miktarinin uygun oranlarmin tespiti olup bu sorunun cevabinin bulunabilmesi igin
oncelikle %30 ve %20 oranlarinda talas igeren numuneler tiretilerek Marshall testlerine tabi tutulmasi
planlanmistir.  Bunun icin farkhh oranlarda %4, %5, %6 oranlarinda bitiim kullanilarak numuneler
hazirlanmis ancak numunelerin bir kismi1 hentiz daha kaliptan ¢ikarilamadan dagilmis (Sekil 3a), bir kismi1
ise kaliptan basariyla ¢cikmis ancak su banyosunda 1sitildiginda dagilmis (Sekil 3b) ve Marshall stabilite

testlerine tabi tutulamamuistur.

Sekil 3. a) Kaliptan glkamadan dagilan numune 6rnegi (%30 talas ikamesi) b) Su banyosunda dagilan

numune Ornegi (%20 talas ikamesi)

Elde edilen sonuglar degerlendirilerek ikame talas miktarlar1 agisindan %5, %10 ve %15 oranlarinin yeterli
ve uygun olacag1 kararlastirilmistir. Cizelge 1’deki deney matrisi dikkate alinarak deneylere baslanmaistir.

Deney metodolojisine ait akis semasi ise Sekil 4’te sunulmustur.

Cizelge 1. Deney Matrisi

Ikame Oranlar1

Deney Tiirleri

0% 10% 20% 30%
Kontrol numunesi cs* - - -
Iri agrega ile ikame edilen odun talagi miktari - CA10* CA20*  CA30*
Ince agrega ile ikame edilen odun talagi miktari - FA10* FA20* FA30*
Filler ile ikame edilen odun talasi miktari - FI110* F120* FI30*

* Her bir deney tiirii icin en az 3 bagarili numune tiretilecektir
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Optimum Degerleri Veren Numunenin Belirlenmesi
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Sekil 4. Calismanin metodolojisi

2.2 Marshall Deneyleri

Bu safhada ilgili numunelerin TS EN 12697 standardi [19] dogrultusunda hazirlanmas ve stabilite/akma
deneylerine tabi tutulabilmesi amaciyla malzeme temini saglanmistir. Bu dogrultuda gerekli odun talas:
Safranbolu Sevingen Orman Uriinleri Firmasmdan temin edilmistir. Bu calismada cam agacindan elde
edilen talas malzemesi deneylerde kullanilmakla birlikte gelecek calismalarda farkli agag tiirlerine ait talas
kullaniminin etkisinin de arastirilmasi 6nerilmektedir.

AC50/70 penetrasyon degerine sahip bittim ve 0-5mm, 5-12 mm ve 12-25 mm aralikli agregalar Karabiik
11 Ozel Idaresi asfalt plentinden temin edilmistir. Deneylerde kullanilan bitiimiin karakteristik dzellikleri

Cizelge 2'de, agregalarin karakteristik ozellikleri ise Cizelge 3'te sunulmustur.

Cizelge 2. Deneylerde kullanilan bittimiin karakteristik 6zellikleri

Ref. Bagil Deney Deney
Deney Adi Birim Simir  Belirsizlik Sonuglari  Yéntemi
Degeri % * (1)
Penetrasyon, 25°C'ta, 100g, 5 sn. (Otomatik) x0.1mm 50-70 4.61 59 TS EN 1426
Yumusama Noktasi (Su banyosu), (Otomatik), oC 46 - 54 251 48.8 TS EN 1427
(pt 100)
Sertlesmeye Kars: Direng, 163°C'ta
Kiitle Degisimi % (-)0.5 55 (-)0.03 TS EN 12607-
Kalic1 Penetrasyon % <50 4.61 65 1
Yumusama Noktas1 Yiikselmesi °C 2.51 4.2
Parlama Noktasi °C <230 2.2 338 TSENISO
2592
Cozunirliik (Toluen, cam fiber filtre) % (m/m) 99 0.03 99.85 TS EN 12592
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Cizelge 3. Deneylerde kullanilan agreganin karakteristik 6zellikleri

Ocak Ad1 Cumayani Tas Ocag
Kayacin cinsi Kalker

Kaba Ince
Deney Adi Agrega Agrega  Filler Deney Standard:
Hacim Ozgiil Agirhig 2.696 2.649 TS EN 1097-6
Zahiri Ozgiil Agirhg 2.737 2.745 2.756
Absorpsiyonu, % 0.5 1.3
Karisimin Efektif Ozgiil Agirhig1 (deneyle) 2.711 ASTM D-2041
Karigimin Efektif Ozgiil Agirhig1 (hesapla) 2.711
Cilalanma Degeri TS EN 1097-8
Micro-Deval TS EN 1367-1
MgS04 Donma Kayb1 % 18 TS EN 1367-2
Los Angeles Asinma Kaybi, % 21 TS EN 1097-2
Yassilik Indeksi, % 12.7 BS 812
Soyulma Mukavemeti 65/70 KTS Kisim 403 Ek-A
Bittim 6zgil agirligi 1.03 TS-1087
Bitiim Penetrasyonu, dmm 60 TS EN 1426
Yumusama Noktasi, 0 C TS EN 1427
Imalatta Kullanilacak Bittimlii Baglayici Rafinerisi Kirikkale

Tipi Bittim
Simifi B50/70

Malzeme temini sonrasi ilk adim olarak optimum bitiim oraninin belirlenmesine ¢alisilmistir. Bunun igin
oncelikle elek analizleri gerceklestirilerek agregalar Karayollar1 Teknik Sartnamesinde verilen ilgili elek
boyutlarinda elde edilmistir. Bu safhada, daha sonra kullanilacak olan talas malzemeler de elek islemine
tabi tutulmustur.

Sonrasinda kontrol numunesi i¢in optimum bitiim muhtevasmin tespit edilebilmesi ve dizayna esas
miktarlarin belirlenmesine yonelik Marshall testleri gerceklestirilmistir. Bu safhada 6 adet Marshall
numunesi tiretilerek optimum bittim oran1 %4.3 olarak tespit edilmistir.

Optimum bitiim oranin belirlenmesinden sonra Cizelge 1’de sunulan deney matrisine gore TS EN 12697
Marshall Deney standardi ve Karayollar: Teknik Sartnamesi dikkate alinarak ilgili numuneler tiretilmistir.
Marshall standardina gore agregalar 110 £ 5 0C" de en az 1 saat boyunca etiivde kurutulmali ve
isitilmalidir, bitiim ise 150 + 5 °C’ye kadar 3-5 saat boyunca etiivde 1sitilmalidir. Bu durum go6z 6ntinde
bulundurularak talas malzeme de dahil olmak {izere tiim karisim malzemeleri ilgili siire ve sicakliklarda
etiivde bekletilmistir.

Malzemelerin etiivde 1siilmasindan sonra bitiim, agregalar ve odun talasi, 1siticili mikserde karistirilarak
kompaksiyon 1s1s1 olan 150 °C de karisim elde edilmistir. Bu safthada karisimin 1s1s1 elektronik bir ¢ubuk
(prob) termometre vasitasiyla izlenmistir.

Isiticili mikserde elde edilen karisim sicak olarak etiivden cikarilan Marshall kaliplarma vakit
kaybetmeksizin dokiilmiis, sisleme islemi ile numunenin homojenligi saglanmaya calisilmis ve standartta
belirtildigi sekliyle her iki ytize 75 defa olacak sekilde tokmaklanarak kompaksiyon islemi
tamamlanmuistir.

Her bir deney i¢in 3’er adet numune tiretilmis olup kaliba yerlestirilerek kompaksiyon islemi tamamlanan
numuneler, oda sicakliginda sogumaya birakilmis ve standartta bahsedilen siire icerisinde kalip cikarici
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ile kaliplardan cikarilarak bir kumpas yardimiyla boyut ol¢timleri yapilmistir. Sonrasinda ise Marshall
testine tabi tutulabilmesi i¢in 60 °C su banyosunda 45 dk bekletilmistir. Su banyosundan ¢ikarilan
numuneler Marshall cihazina yerlestirilerek stabilite ve akma sonuglar1 elde edilmistir.

Ttm bu islem adimlar1 Cizelge 1’de belirtilen deney matrisinde yer alan biitiin numunelere uygulanmaistir.
Calismanin bu safhasinda, odun talasiin organik bir malzeme olmasi ve bittim ihtiyacini etkileyebilecek
olmasi ihtimali goz oniinde bulundurularak bitiim miktarmin da sonuglar tizerinde etkisinin olabilecegi
degerlendirilmistir. Buna istinaden tiim deneyler optimum bittim oran1 olan %4.3’e ilave olarak %3.5, %5
ve %6 oranlarinda olmak {izere tekrarlanarak yeni deney stiregleri gelistirilmistir. Bitim oranlar1 da
dikkate alinarak ortaya ¢ikan en son deney matrisi Cizelge 4’te, takip edilen tiim islem adimlarma iliskin
gorsel is akis semasi ise Sekil 5’te sunulmustur.

Cizelge 4. Revize edilmis deney matrisi

BITUM MIKTARI
3.50% 4.30% 5.00% 6.00%
KOMPAKSIYON
75x2 75x2 75x2 75x2
KONTROL
Talass1z NUMUNESI CS
Iri agrega 3.5CA5 4.3CA5 5CA5 6CA5
% 5 talas Ince agrega 3.5FA5 4.3FA5 5FA5 6FA5
Filler 3.5FI5 4.3F15 5FI5 6FI5
Iri agrega 3.5CA10 4.3CA10 5CA10 6CA10
%10 talas  Ince agrega 3.5FA10 4.3FA10 5FA10 6FA10
Filler 3.5FI10 4.3FI10 5FI10 6FI10
Iri agrega 3.5CA15 4.3CA15 5CA15 6CA15
% 15 talas Ince agrega 3.5FA15 4.3FA15 5FA15 6FA15
Filler 3.5FI15 4.3FI15 5FI15 6FI15

Mikserde karistirma Kaliba yerlestirme

4

=T e | ween n
T DOOnEE0
i ;

I 3 £ T ) B D B
s PRl
felal [l L]

B iy r> ™ e - - - -
Sonuclarn tablolastiriimasi Marshall Deneyi Su banyosu Kahptan cikarma

Sekil 5. Islem adimlarina ait gorsel is akis semasi

3. Sonuclar

Cizelge 4'deki deney matrisi dikkate alinarak gerceklestirilen deney sonuclarindan elde edilen Marshall
deney verileri Cizelge 5'te sunulmustur.
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Cizelge 5. Marshall deney sonuglar1

Kontrol

Numtne iri agrega (CA) Ince agrega (FA) Filler (FI)

2’" Kod (&) 35CA5 43CA5 5CA5 6CA5 3.5FA5 4.3FA5 5FA5 6FA5 3.5FI5 4.3FI5 5FI5 6FI5
E Stabilite 13.58 * 9.38 8.33 9.14 * 8.09 873 1093 1354 1598 13.82 9.19
§ Akma 4.96 * 8.80 6.85 6.71 * 8.25 8.84 6.54 3.89 481 547 576
g Kod CS 35CA10 4.3CA10 5CA10 6CA10 3.5FA10 4.3FA10 5FA10 6FA10 3.5FI10 4.3FI10 5FI10 6FI10
ﬁ Stabilite 13.58 * * * * * * * * * 1731 16.24 1248
§ Akma 4.96 * * * * * * * * * 4.65 423 498
,%? Kod CS 35CA15 4.3CA15 5CA15 6CA15 3.5FA15 4.3FA15 5FA15 6FA15 3.5FI15 4.3FI15 5FI15 6FI15
£ Stabilite 1358 . * * . * . . » * » o

o e —

*

Basarisiz deneyleri ifade etmektedir.

Cizelge 5'te (*) ile ifade edilen deneyler karisimin kaliptan c¢ikarilma esnasinda dagilmasi veya su
banyosunda bekletilmesi sonras1 dagilmasina bagli olarak Marshall deneyine tabi tutulamayan deneyleri
ifade etmektedir.

%5 talas ikamesi iceren numuneler degerlendirildiginde; iri agrega ve ince agrega boyutlu talas iceren
numunelerin stabilite degerlerinin kontrol numunelerine oranla belirgin bir diistis (%40 - %20) sergiledigi,
akma degerlerinin ise kontrol numunesine oranla oldukga yiiksek bir artis (%32 - %78) sergileyerek
sartname limitleri acisindan yetersiz kaldig1 gortilmuistiir. Filler boyutunda talas iceren numunelerin
stabilite degerlerinin kontrol numunelerine oranla minimum %32 diistis ile maximum %18 artis
sergiledigi gortilmiis olup %5 talas iceren numunelerde en iyi sonug %4.3 bitiim oranina sahip %5 filler
boyutunda talas ikamesi iceren 4.3FI5 numunesinden elde edilmistir.

%10 talas ikamesi iceren numuneler degerlendirildiginde; iri agrega ve ince agrega boyutlu talas iceren
numunelerin su banyosunda dagilmasi sebebiyle Marshall testlerine tabi tutulamamis dolayisiyla stabilite
ve akma degerleri tespit edilememistir. Filler boyutunda talas iceren numunelerin stabilite degerlerinin
ise kontrol numunelerine oranla minimum %8 dustis ile maximum %27 artis sergiledigi goriilmiis olup
%10 talas iceren numunelerde en iyi sonug %4.3 bitiim oranina sahip %10 filler boyutunda talas ikamesi
iceren 4.3FI10 numunesinden elde edilmistir.

%15 talas ikamesi iceren numuneler degerlendirildiginde numunelerin bir kismmin hentiz kaliptan
¢ikarilma esnasinda, bir kisminin ise su banyosunda dagilmasi sebebiyle Marshall testlerine tabi
tutulamamus dolayisiyla stabilite ve akma degerleri tespit edilememistir.

Elde edilen sonuglar, ilgili numunelerin degisen bitiim oranlar1 dikkate alinarak degerlendirildiginde ise
tasarima esas optimum bittim igerigi olan %4.3 orani, genel olarak tiim boyutlardaki (iri, ince, filler) talas
iceren numuneler agisindan en uygun orandir. Bu oranin kullanildig: testlerde, stabilite ve akma degerleri
saglanmis olup odun talasinin 6zellikle filler boyutunda ikamesinin, karisimin bitiim miktar1 acisindan
herhangi ilave bir ihtiya¢ dogurmayacag1 ve ekonomik agidan bir mahzur olmayacag degerlendirilmistir.

Tum deney sonuglar: dikkate alindiginda stabilite ve akma degerleri acisindan en uygun sonucun filler ile
ikame edilen talas miktarlar1 i¢in ortaya ¢iktig1 goriilmektedir. Hem stabilite degeri hem akma degeri hem
de performans acisindan kullanilabilecek maksimum miktar agisindan en uygun oran olarak %4.3 bitim
oranina sahip %10 filler boyutunda talas ikamesi igeren 4.3FI10 numunesi optimum numune olarak tayin
edilmistir.
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4. Tartisma ve Degerlendirme

Bu calismadan elde edilen sonuclar, odun talasinin sicak asfalt karisimlarda Marshall stabilitesi ve akma

degerleri agisindan kullaniminin fizibil oldugunu ortaya koymustur.

Buna gore;

e Deney sonugclar iri ve ince agrega boyutlarinda kullanilan ikame odun talasindan ziyade 6zellikle
filler boyutunda odun talas1 ikamesinin daha anlamli sonuclar ¢ikardigini gostermistir.

e Degisen bitiim miktarinin sonuglar tizerindeki etkisi smirli olmakla birlikte baslangicta secilen
tasarima esas optimum bitiim muhtevasinin korunmasmin uygun oldugu goriilmis, en iyi sonuglar
optimum bitim oraninda elde edilmistir. Buradan hareketle odun talasi iceren numunelerin ilave
bitim ihtiyact dogurmadigi ve ekonomik acidan herhangi bir kaygi olusturmadig:
degerlendirilmistir.

e (Calismada kullanilan odun talas: bir atik/yan {irtin olup elde edilen sonuclarin hem geri dontisim
ve atik bertarafi gibi gevresel gabalara katki saglayacagi hem de maliyet etkin bir ¢oztim olarak
degerlendirilebilecegi gorulmiistiir.

e (Calismada cam agacindan elde edilen odun talas: kullanilmis olup farkli agag tiirlerine ait talas
kullanimlar1 ile mukayeseli deneyler gerceklestirilmesi 6nerilmektedir.

e Gelecek calismalarda Marshall testlerine ilave olarak asfalt kaplamanin uzun siireli ytikler altindaki
reolojik performansinin gozlemlenebilmesine yonelik ilave deneylerin yapilmas: onerilmektedir.
Ayrica BT (bilgisayarli tomografi) gortintiileri veya ultrasonik 6l¢timler gibi teknikler de kullanilarak
numunelerin bosluk orani ve homojenlik agisindan durumlarmin da irdelenmesi nerilmektedir.

Fon Destek Beyan1

Bu ¢alisma Karabiik Universitesi (KBU) Bilimsel Aragtirma Projesi (BAP) Koordinasyon Birimi KBUBAP-
23-YL-134 ve ayni zamanda TUBITAK 1002/B Acil Destek Modiilii 223M421 nolu projeler ile
desteklenmistir.

Tesekkiir

Calismada kullanilan bitiim ve agrega malzemeleri Karabiik Il Ozel Idaresi'nden ticretsiz olarak temin
edilmis olup 6zellikle Yol ve Ulasim Hizmetleri Miuidiirliigii' ne tesekkiirlerimizi sunariz.

Etik Standartlarin Beyani

Bu makalenin yazarlari ¢alismalarinda kullandiklari materyal ve yontemlerin etik kurul izni ve/veya
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Oz
Tirkiye'nin yiiksek deprem riski ve kentsel dontisim
projeleri, geri dontistiiriilmiis beton agrega (GDBA)
kullanimimi artirma potansiyeline sahiptir. Ancak
tastma maliyetleri ve emisyonlar, bu malzemenin
kullanimini sinurlamaktadir. Bu ¢alismada, Tiirkiye’de
yol dolgu projelerinde dogal agrega (DA) ve GDBA
kullanimimi etkileyen mesafe, maliyet ve emisyon
faktorlerini karar agac1 yontemiyle analiz edilmistir. 0-
100 km tasmma mesafesinde farkli senaryolar
incelenmis ve kisa mesafelerde (0-30 km) GDBA'nin
cevresel avantajlarinin 6ne ¢iktigl, uzun mesafelerde
(70-100 km) ise DA'nin ekonomik tsttinliik sagladig:
belirlenmistir. Modelin smiflandirmasinin  ytiksek
dogruluk oranlarma sahip oldugu, ROC egrisi ve AUC
degeri (0.97) gibi metriklerle gosterilmistir. Sonuglar,
yol dolgu projelerinde mesafe bazli maliyet ve emisyon
optimizasyonunda DA ve GDBAnin siirdiiriilebilirlik
acisindan kritik bir rol oynadigimi gostermektedir.
Bulgular, kaynak yerlerinin bélgesel dagilimina gore

degisebileceginden, gelecekte daha genis
surdurtilebilirlik kriterleriyle incelenmesi
onerilmektedir.

Abstract

Turkey's high seismic risk and extensive urban
transformation projects present significant potential for
the use of recycled concrete aggregate (RCA).
However, transportation costs and emissions limit its
widespread adoption. This study analyzes the factors
of distance, cost, emissions influencing the use of
natural aggregate (NA) and RCA in road embankment
projects in Turkey through a decision tree
methodology.  Various  scenarios  within a
transportation range of 0-100 km was examined,
revealing that RCA offers environmental advantages at
short distances (0-30 km), while NA demonstrates
economic superiority at longer distances (70-100 km).
The classification accuracy of the model has been
demonstrated through metrics such as the ROC curve
and AUC value (0.97), indicating its high performance.
The findings underscore the critical role of NA and
RCA in sustainability, particularly in optimizing cost
and emissions based on transportation distance.
Results may vary regionally; future studies should
consider broader sustainability criteria.

Anahtar Kelimeler: Deprem atiklari, geri doniistiiriilmiis
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Akbas ve Iyisan Karar Agact Yaklagim Ile Dogal Ve Geri Doniistiiriilmiis Beton Agreganin
Mesafe Bazli Maliyet Ve Emisyon Optimizasyonu

1. Giris

Geri dontisturtilmiis beton agrega (GDBA), insaat ve yikim atiklarinin geri dontisimiiyle elde edilen ve
altyapi projelerinde dogal agregalarin yerini alabilen alternatif malzemedir. Yikim sonrasi kirma ve eleme
islemlerinden gegirilerek yeniden kullanilabilir hale gelen bu malzemeler, cevresel ve ekonomik anlamda
onemli avantajlar sunmakta; atik miktarin1 azaltarak, dogal agrega talebini sinirlayarak ve karbon
emisyonlarimni énemli dlciide diistirerek siirdiirtilebilir insaat yaklasimina katki saglamaktadir [1, 2]
GDBA, cevresel ve ekonomik avantajlar1 nedeniyle bircok tilkede dikkat cekmis ve yaygin bir sekilde
kullanilmaya baslanmistir. GDBA'nin Avrupa’daki toplam agrega tiiketimindeki orani ve Amerika
Birlesik Devletleri'ndeki uygulamalar1 dikkat cekmektedir [3]. Turkiye'de ise ozellikle 6 Subat 2023
depremleri sonrasinda olusan biiyiik miktardaki insaat ve yikim atiklari, geri dontisim stireclerine
kazandirilmadig takdirde yalnizca depolama alanlariin dolmasina ve gevresel kirlilige neden olmakla
kalmayip, ayni zamanda ekonomik bir deger yaratma firsatim1 kullanamama riski tasimasma ragmen;
GDBA kullaniminin toplam agrega talebindeki pay1 hala %5'in altinda kalmaktadir [4]. Bu siurli
kullanim, mesafeye bagh artan tasima maliyetleri, kalite standartlarim1 saglama zorluklar1 ve geri
donustim farkindaligindaki eksiklikler gibi cesitli nedenlere dayanmaktadir [5].

Turkiye nin yiiksek deprem riski ve yogun kentsel dontisiim projelerinin sagladig1 potansiyel goz oniine
alindiginda, GDBA'nin 6zellikle yol dolgular1 gibi yiiksek miktarda malzeme gerektiren uygulamalarda
onemli bir alternatif olarak degerlendirilme imkani sundugu goriilmektedir. Ozellikle esneklik,
dayanikliik ve yiiksek mukavemet gerektiren yol insaatlarinda temel ve alt temel tabakalarinda
kullanilan agrega secimi, projelerin uzun vadeli dayanikliligi, maliyet etkinligi ve cevresel
strdurtlebilirligi acisindan kritik bir rol oynamaktadir [6]. Bununla birlikte, geleneksel olarak dogal
agrega (DA), dayaniklilik ve stabilite saglama ozellikleri nedeniyle siklikla tercih edilmektedir. Ancak,
DA’'nin tas ocaklarindan c¢ikarilmasi, islenmesi ve tasinmasi siirecleri, dogal kaynaklarin hizla
tiitkenmesine ve ekosistem tizerinde olumsuz etkiler yaratmasina neden olmaktadir [7,8]. Bu baglamda,
GDBA'nin yol insaatlarinda ¢evre dostu ve ekonomik bir alternatif olarak kullanilmasi, Tirkiye nin
surdiiriilebilir insaat hedeflerine ulasabilmesi i¢in biiytik 6nem tasimaktadir. Tuirkiye’de GDBA elde
edilme ve yol dolgu malzemesi olarak tekrar kullanima kazandirma stireci Sekil 1'de detayl bir sekilde
verilmistir. Ancak, tasima mesafelerinin bu stirecteki etkisi gz ontine alindiginda, GDBA'nin ekonomik
ve cevresel faydalarinin mesafe arttikca azalma egiliminde oldugu bilinmektedir. Bu durum, GDBAnin
tasima mesafesi kisa olan projelerde hem gevresel hem de ekonomik agidan tercih edilmesini saglarken,
daha uzun mesafelerde tasima maliyetleri ve emisyonlarin artmasi nedeniyle verimliligin diisme riskiyle
kars1 karstya kalmasina neden olmaktadir [6,9].

Bu avantaj ve dezavantajlar dogrultusunda, Tiirkiye’de yapilan arastirmalar, GDBA'nin miihendislik
ozelliklerini incelemeye ve ozellikle yol temel ile alt temel tabakalarinda kullanilabilirligini
degerlendirmeye odaklanmigtir. Ornegin, Aytekin ve ark. [10] geri dontistiiriilmiis malzemelerin
mithendislik performansini dogal agregalarla karsilastirarak, GDBA'nin belirli yol tabakalarinda
stirdurtilebilir bir secenek olabilecegini ortaya koymustur. Akbas ve ark. [11], geri dontistiiriilmiis beton
agregalarin donma-coziilme dongiilerine karsi dayanikliligini analiz etmis ve bu malzemenin
Turkiye'deki yol projelerinde kullanimina uygun oldugunu gostermistir. Toka ve Olgun [6] ise GDBA'nin
yol alt temeli olarak hem mekanik performans hem de ekonomik acidan avantajlarini incelemis ve
ozellikle kisa tasima mesafelerinde maliyet etkin bir ¢oziim sundugunu belirtmistir. Bu ¢alismalar,
Turkiye’de GDBA'nin yol projelerinde miihendislik ozelliklerini, ekonomik faydalarini ve gevresel
surdirilebilirlik agisindan degerli bir alternatif oldugunu ortaya koymaktadir. Ancak mevcut
arastirmalar, daha detayli analizler ve karar destek sistemleriyle giiclendirilmis veri setlerinden yoksun
oldugu igin, GDBA'nin potansiyel kullanim alanlarinda optimum c¢oziimleri belirlemede yetersiz
kalmaktadir. Bu durum, 6zellikle maliyet ve emisyon gibi cevresel ve ekonomik kriterlerin bir arada ele
alinmasi gerektigini ortaya koymakta ve bu alanda uzun vadeli stirdiirtilebilir hedeflere ulasmak icin
kapsamli planlamalar1 ve ileri diizey analizleri igeren bir yaklasimin énemini vurgulamaktadir.
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Sekil 1. Turk1ye deGDBA elde edllme ve tekrar kullanima kazandirma stireci

GDBA'nin tasima mesafeleriyle iliskili ekonomik ve cevresel performansini degerlendirmek, farkl
degiskenlerin bir arada ele alindigr kapsamli analizleri gerektirmektedir. Bu tiir karmasik karar
stireclerinde, veri odakli analiz yontemleri 6nemli bir rol oynamaktadir. Karar agact modelleri, istatistiksel
ve gorsellestirme temelli bir analiz yontemi olup, veri setlerini dallara ayirarak farkli kosullara bagh
sonuglar1 gorsellestirebilme kapasitesine sahiptir. Bu modeller, tasima mesafesi, maliyet ve cevresel etkiler
gibi ¢ok boyutlu degiskenleri anlamli bir sekilde analiz ederek, GDBA'min yol projelerinde hangi
kosullarda daha avantajl1 bir segenek oldugunu belirlemek i¢gin etkili bir ara¢ sunmaktadir [12]. Modellerin
smiflandirma basarisini degerlendirmek igin sik¢a kullanilan ROC (Alic Isletim Karakteristigi) ve AUC
(Egri Altindaki Alan) analizleri ise modelin dogru tahmin yapma kapasitesini 6l¢gmek i¢in 6nemli
metriklerdir. ROC egrisi, modelin dogru pozitif oranini yanhs pozitif oranina gore gorsellestirirken, AUC
degeri, ROC egrisinin altinda kalan alan1 hesaplayarak modelin genel dogrulugunu ve performansini nicel
bir sekilde ortaya koymaktadir [13,14]. Bu metodolojiler, maliyet ve emisyonlarinin etkilerini daha somut
bir sekilde ortaya koyarak, veri odakli karar destek stireclerine katki saglamaktadir [15].

Turkiye’de yol yapim projelerinde kullanilan malzemelerin cevresel ve ekonomik etkilerini
degerlendirirken, stirdiiriilebilirlik ile maliyet etkinligi arasinda bir denge kurmak giderek daha énemli
hale gelmektedir. Bu ¢calisma, Karayollar1 Teknik Sartnamesi (KTS) [16], kapsaminda kullanim uygunlugu
belirlenen DA ve GDBA malzemelerinin tasima mesafesine bagli cevresel ve ekonomik performanslarinm
analiz etmeyi amaclamaktadir. Calismada tasima mesafesi, maliyet ve emisyon gibi kritik parametreler
dikkate alarak karar agaci modeli kullanilmistir. Her bir mesafe araliginda hangi malzemenin daha
uygun oldugu GDBA'min kisa mesafelerde cevresel ve ekonomik usttinltigiinti, uzun mesafelerde ise
maliyet ve emisyon avantajlarin yitirme riski dikkate alinarak analiz edilmistir. Modelin performansi
ROC egrisi ve AUC degeri gibi metriklerle dogrulanmistir. Elde edilen sonuglar, tasima mesafesine bagh
olarak malzeme tercihlerinde karar vericilere rehberlik edecek somut karar sinirlar1 ve alanlar: sunmustur.

2. Materyal ve Metod

Bu calismada, Akbas ve lyisan [17] tarafindan miihendislik o6zellikleri detayli bir sekilde incelenerek
Karayollar1 Teknik Sartnamesi (KTS) [16] kapsaminda yol alt temel ve temel tabakalarinda kullanim
uygunlugu belirlenen dogal agrega (DA) ve geri dontistiiriilmiis beton agrega (GDBA) malzemelerinin
cevresel performanslari tasima mesafesi, maliyet ve emisyon parametreleri dogrultusunda, karar agaci
modeli kullanilarak analiz edilmistir.

Analiz stireci Sekil 2’den de gortilebilecegi tizere tasima mesafesinin belirlenmesiyle baslamis, ardindan

maliyet ve emisyon verilerinin hesaplanmasiyla devam etmistir. Karar agact modeli olusturularak
malzeme tercihleri degerlendirilmis ve modelin performansi, ROC (Alic1 Isletim Karakteristigi) ve AUC
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(Egri Altindaki Alan) analizleriyle dogrulanmistir. Stirecin sonunda, ¢evresel ve ekonomik faktorler
dogrultusunda tasima mesafesine bagl olarak dogal veya geri dontistirtilmiis malzeme tercihleri
yapilmustir.

Tasima
Mesafelerinin S
: : Verilerinin
Belirlenmesi

Hesaplanmast Olugturulmas:

Maliyet ve Karar Agact GDBA
Emisyon Mode 25 ROC-AUC Malzeme
Analizi Tercihi

Sekil 2. Analiz siirecinin genel gercevesi

2.1. Veri Toplama ve On isleme

Bu calismada kullanilan veri seti, Ttirkiye’deki yol projelerinde DA ve GDBA malzemelerinin, tiretim ve
nakliye kaynakli emisyonlarimi belirlemek amaciyla olusturulmustur. Veri setinin olusturulma stirecinde,
uluslararas literattirde yer alan emisyon katsayilar: ve Tuirkiye insaat sektoriine ait yerel veriler sistematik
bir yontemle bir araya getirilmistir. [k olarak DA GDBA iiretim ve nakliye stireglerine iliskin karbon
emisyon katsayilar1 ve enerji tiiketim degerleri uluslararasi akademik calismalardan [18-22] elde
edilmistir. Ardindan, Turkiye'de biiyiik 6lcekli yol insaat projelerinde faaliyet gosteren sektor
temsilcileriyle gergeklestirilen goriismeler dogrultusunda DA ve GDBA'nin maliyet dinamikleri, lojistik
stirecleri ve tasima maliyetlerine iliskin yerel veriler toplanmistir. Son olarak, literatiirden elde edilen
kiiresel katsayilarin saha verileriyle uyumlulugu degerlendirilmis ve dogrulandiktan sonra, karar agaci
modelinde kullanilmistir. Bu yontem, dogal ve geri donitistiiriilmiis malzemelere iliskin ekonomik ve
cevresel parametrelerin karsilastirilabilirligini artirarak, tasima mesafesine bagli maliyet-etkinlik
analizinin cevresel stirdiirtilebilirlik cercevesinde gerceklestirilmesine olanak saglamaktadir.

Tasima mesafesi, maliyet ve emisyon parametrelerini dikkate alarak, 0-100 km mesafe araliklarinda hangi
malzemenin ekonomik ve cevresel acidan daha uygun oldugunu belirlemek icin karar agaci analizi
gerceklestirilmistir. Bu analiz icin DA ve GDBA'min 0-100 km arasindaki mesafe kombinasyonlarmi
iceren, toplamda 10.000 senaryoyu kapsayan veri seti olusturularak maliyet ve emisyon ytiklerinin
kapsamli bir sekilde karsilastirilmas: hedeflenmistir. Tasima maliyeti (TL) ve emisyon yiikii (kg CO,) gibi
farkli olceklerdeki parametrelerin dogru bir sekilde karsilastirilabilmesi icin veri normalizasyonu
uygulanmistir. Normalizasyon islemi, her bir parametrenin minimum ve maksimum degerleri
kullanilarak yeniden 6lceklendirilmis ve boylece farkl: buytiklikteki degiskenlerin karar agaci ile analiz
stirecinde esit agirlikla degerlendirilmesi saglanmistir.

Karar agaci analizi icin kullanilan verilerden biri, DA'nin tretim emisyonlaridir. DA icin {iretim
emisyonlar1 804 kg CO,/ton olarak belirlenmistir. Bu deger, Sabdau ve Bompa [18] tarafindan dogal
agregalarin karbon ayak izi tizerine yapilan kapsamli bir analizle dogrulanmistir. Calismada bu ytiksek
emisyonun, dogal kaynaklarin ¢ikarimi sirasinda yogun enerji tiiketimi ve ilgili lojistik stireclerden
kaynaklandig1 vurgulanmistir. GDBA igin ise tiretim emisyonu 536 kg CO, /ton olarak hesaplanmustir. Bu
deger, Pradhan ve ark. [19] tarafindan geri doniisim siireclerinin gevresel etkilerini detayli olarak
inceleyen calismada sunulan degerlerle uyumludur. Bu durum, GDBA'nin yeniden islenmesinin DA
¢ikarimina kiyasla daha diuisiik enerji ve kaynak tiiketimi gerektirdigini gostermektedir [20].

Nakliye stirecleri sirasinda olusan karbon emisyonlarinin hesaplanmasinda, Tang ve ark. [21] tarafindan
Onerilen, Avrupa ve Asya tasimacilik sistemlerindeki karbon salinimi standartlariyla tutarli olan tasima
mesafesine bagli katsay1 kullanilmistir. Bu katsayi, her bir ton malzeme igin kilometre basina 0.804 kg CO,
olarak belirlenmistir. Boylece, tasima kaynakli emisyonlar, toplam tasima mesafesi ve tasinan malzeme
miktarma bagl olarak hesaplanmis ve iiretim emisyon miktarina eklenerek toplam emisyon degeri
belirlenmistir. Bu veriler dogrultusunda, her iki malzemenin 0-100 km aras1 tasima mesafesinde toplam
karbon emisyonlarmin dagilimi Sekil 3’'te sunulmustur. Sekildeki kutu grafikler, her malzeme tiirti igin
belirlenen mesafe araliginda tiretim ve nakliyeden kaynakli toplam karbon emisyonlarinimn medyanini,
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ceyrekler araligimi ve en diistik/en yiiksek degerlerini temsil etmektedir. DA igin toplam karbon
emisyonlarinin medyan degerinin yaklasik 840 kg CO, oldugu, GDBA icin ise bu degerin 580 kg CO,
civarinda gerceklestigi gortilmektedir.
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DA GDBA

Sekil 3. DA ve GDBA malzemelerinin tasima mesafelerine bagli olarak toplam emisyon degerleri

Maliyet analizi kapsaminda hem DA hem de GDBA i¢in tasima maliyetleri ve satin alma maliyetleri esit
olarak degerlendirilmistir. Bu esitlik, sektérde biiyiik hacimli malzeme alimlar1 gerceklestiren
uygulayicilarla yapilan goriismeler sonucunda belirlenmistir. Ozellikle yol dolgusu gibi projelerde,
yiiksek miktarda alim yapildiginda GDBA'min birim maliyetinin DA ile ayni seviyeye geldigi ifade
edilmistir. Bunun yani sira, tasima maliyetlerinin de her iki malzeme igin benzer oldugu kabul edilmistir.
Maliyet (satin alma ve nakliye) ve tasima mesafesi igin toplam agirhik %70 (her biri icin %35) olarak,
emisyon icin ise %30 agirhik atanmustir. Bu oranlar, stirdiiriilebilirlik odakli projelerde ekonomik ve
cevresel hedefler arasindaki dengeyi temsil etmektedir. Agirhiklandirma degerleri, Tiirkiye baglamindaki
surdiiriilebilir insaat projelerine yonelik hedefler ve Marinkovi¢ ve ark. [22] ile Tang ve ark. [21] gibi
literatiirdeki benzer ¢alismalarda kullanilan yaklasimlar temel alinarak belirlenmistir.

2.2. Karar Agaci Modeli, Modelin Derinlik Optimizasyonu ve Karisiklik Matrisi Analizi

Karar agac1 yontemi, bir veri kiimesindeki bagimsiz degiskenler ile bir hedef degisken arasindaki iliskileri
gorsellestirmek ve analiz etmek icin kullanilan bir makine 6grenimi ve veri madenciligi teknigidir. Bu
yontem, karar problemlerini ¢6zmek icin verileri dallara ayirarak farkli kosullar altinda elde edilen
sonugclar1 acgik ve kolay anlasilir bir sekilde sunar. Her bir dal, bir karar kuralini veya kosulu temsil
ederken, yaprak diigtimleri son kararlar1 veya smiflar1 ifade eder. Bu nedenle ¢alismada karar agaci
modelinin olusturulma stirecinde DA ve GDBA'nin 0-100 km arasindaki mesafe kombinasyonlarimni
iceren, toplamda 10.000 senaryoyu kapsayan veri seti, her iki malzemenin ekonomik ve cevresel
avantajlarinin detayli bir sekilde analiz edilmesine olanak tanimistir. Modelin egitim siirecinde, tasima
maliyeti, emisyon ve nakliye mesafesi parametreleri, Onem Kkatsayilar1 dikkate alinarak
degerlendirilmistir. Modelin sonuglarini ifade eden ve malzeme se¢imini belirleyen bir degisken olan
hedef degisken DA ve GDBA arasinda secim yapmak tizere kodlanmistir. Model, malzeme tercihini ikili
siniflandirma bigiminde gergeklestirmistir; 0 degeri DA’y1, 1 degeriise GDBA y1 temsil etmektedir. Python
programlama dilinde veri bilimi i¢in yaygin olarak kullanilan Scikit-learn kiittiphanesi ile gelistirilen karar
agac1 modelinin performansini artirmak amaciyla, Scikit-learn'tin sundugu hiperparametre optimizasyon
araglarindan olan ve belirli hiperparametreler icin ¢énceden tanimlanmis bir deger kiimesi tizerinden
sistematik bir arama gerceklestirip her kombinasyonu deneyerek en iyi performans gosteren
parametreleri secen grid search yontemi kullanilmistir. Bu kapsamda, en uygun derinlik seviyesi,
boliinme kriteri ve minimum yaprak diigtim boyutu gibi hiperparametreler optimize edilmistir. Optimize
edilen bu parametreler, modelin smiflandirma dogrulugunu ve genelleme kapasitesini artirmayi
hedeflemistir.
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Derinlik seviyesi, karar agacinin dallanma miktarin belirleyen 6nemli bir parametredir. Daha ytiksek bir
derinlik, modelin veriyi daha ayrintili 6grenmesini saglarken, asir1 6grenme riskini artirabilir. Bu nedenle,
modelin smiflandirma dogrulugunu korurken genelleme kapasitesini optimize etmek icin uygun bir
derinlik seviyesi secilmistir. Segilen derinlik seviyesi ve maksimum derinlikteki modelin dogruluk
oranlari, dogru ve yanhs tahminlerini ayrmtili bir sekilde gorsellestiren karisiklik matrisi analizleri ile
degerlendirilmistir. Segilen derinlik seviyesi icin sonuglar Python programlama dilinde Scikit-learn
kutiphanesinde yer alan plot_tree fonksiyonu ile gorsellestirilmistir.

Karisiklik matrisi ise dort temel bilesenden olusmaktadir. Dogru Pozitif (True Positive, TP), modelin
pozitif bir sinift dogru bir sekilde tahmin ettigi durumlari ifade ederken; Yanls Pozitif (False Positive, FP),
modelin negatif bir sinif1 pozitif olarak yanlis siniflandirdig1 durumlar: temsil etmektedir. Benzer sekilde,
Dogru Negatif (True Negative, TN), modelin negatif bir sinif1 dogru bir sekilde siniflandirmasini, Yanlis
Negatif (False Negative, FN) ise modelin pozitif bir sinif1 yanlis bir sekilde negatif olarak siniflandirmasini
ifade etmektedir. Bu calismada, karisiklik matrisindeki TN, modelin DA smifin1 dogru bir sekilde tahmin
ettigi durumlar1 ifade etmektedir. Ornegin, gercek malzeme tercihi DA iken, modelin bu tercihi dogru bir
sekilde DA olarak tahmin etmesi bir TN durumu olarak degerlendirilmektedir. FN ise, gercek smif GDBA
iken modelin bu smif1 yanlis bir sekilde DA olarak siniflandirmasi anlamina gelmektedir. Benzer sekilde,
TP modelin gercek sinif GDBA olan bir durumu dogru bir sekilde GDBA olarak smiflandirdigi durumlar:
temsil ederken; FP ise, gercek sinif DA iken modelin bu sinifi yanlis bir sekilde GDBA olarak tahmin ettigi
durumlari ifade etmektedir.

2.3. Model Performansinin ROC Egrisi ve AUC Degerine Gore Analizi

Bu calismada, karar agaci modelinin siniflandirma basarisini kapsamlh bir sekilde degerlendirmek
amactyla Alici Isletim Karakteristigi (ROC) egrisi, Egri Altindaki Alan (AUC), Dogru Pozitif Oran1 (TPR)
ve Yanlis Pozitif Oran1 (FPR) metrikleri tercih edilmistir. ROC egrisi, modelin farkl esik degerlerinde nasil
bir performans sergiledigini analiz etmeye olanak tantyan énemli bir gorsellestirme arac1 olup; karar agaci
gibi ikili siniflandirma modellerinde, modelin pozitif ve negatif siniflar1 ne kadar iyi ayirt edebildigini
degerlendirmek acisindan kritik bir rol oynamaktadir. ROC egrisinin altinda kalan alani temsil eden AUC
metrigi ise, modelin genel performansini 6zetleyen tek bir deger sundugundan, siniflandirma basarisin
nicel olarak ifade etmek ve modelleri karsilastirmak icin yaygin olarak kullanilmaktadir. AUC degeri 0 ile
1 arasinda degismekte olup, 1'e yakin bir deger modelin miikemmel bir smniflandirma performansi
sergiledigini, 0.5’e yakin bir deger ise modelin rastgele tahmin ettigini ifade etmektedir. ROC egrisi ve
AUC degeri farkl esik degerlerinde modelin performansini kapsamli bir sekilde degerlendirme imkéam
sundugundan dolay1 bu calismada karar agaci modelinin siiflandirma basarisini analiz etmek icin tercih
edilmistir. Modelin dogru pozitif siniflar1 yakalama kapasitesini 6l¢gmek icin TPR metrigi kullanilmistir.
Ozellikle, GDBA'nin dogru bir sekilde smiflandiriimast gevresel ve ekonomik analiz agisindan biiyiik
onem tasidigindan, TPR'nin yiiksekligi model basarisint1 dogrudan etkileyen bir faktor olarak
degerlendirilmistir. Ote yandan, modelin negatif siniflar1 yanls pozitif olarak tahmin etme egilimini
belirlemek i¢in FPR metrigi hesaplanmistir. FPR'nin diistik olmasi, modelin yanlis pozitif tahmin oraninin
az oldugunu ve karar destek siireclerinde giivenilir bir sekilde kullanilabilecegini gostermektedir. Genel
dogruluk metrigi, model basarisimni 6l¢mek icin temel bir kriter olsa da dengesiz veri setlerinde yaniltici
olabileceginden, tek basma degerlendirilmesi yeterli bulunmamuistir. Bu nedenle, ROC egrisi ve AUC
metrigi gibi smiflandirma esiklerinden bagimsiz metrikler tercih edilerek, modelin yalnizca genel
dogrulugu degil, ayn1 zamanda karar verme stirecinde farkl siniflar1 ne kadar iyi ayirt edebildigi analiz
edilmistir. TPR ve FPR'nin kullanimi ise modelin hangi durumlarda dogru ve yanlis tahminler yaptigin
daha detayli anlamay1 saglamis, boylece modelin giivenilirligini artirmistir. Bu dogrultuda, ¢alismada
ROC egrisi, AUC, TPR ve FPR metriklerinin birlikte kullanimi, modelin smiflandirma performansinin
kapsamli ve giivenilir bir sekilde degerlendirilmesini saglamistir.

Modelin ROC egrisi, Python programlama dili ve Scikit-learn kiitiiphanesi kullanilarak olusturulmustur.

Bu stirecte, modelin tahmin ettigi olasilik degerleri ile gercek smiflar karsilastirilmis ve farkli esik
degerlerine gore TPR ve FPR degerleri sirasiyla Denklem 1 ve 2'ye gore hesaplanmustir.
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TP
= 1
TPR TP I;I-PF N 1)
= 2
FPR FP+TN @)

Burada, TP (True Positive) dogru pozitif tahmin sayisini, FN (False Negative) ise modelin yanlis negatif
siniflandirmalarini ifade ederken; FP (False Positive) yanlis pozitif tahmin sayisini, TN (True Negative)
ise dogru negatif siniflar1 ifade etmektedir. TPR'nin yiiksek olmasi, modelin hedef siniflar1 dogru bir
sekilde yakaladigini, FPR'nin diistik olmasi ise modelin yanls pozitif tahmin oranmnin diistik oldugunu
gostermektedir. Hesaplanan TPR ve FPR degerleri, ROC egrisi tizerindeki noktalar1 olusturmustur. Bu
noktalarin gorsellestirilmesiyle elde edilen egrinin altinda kalan alan, trapez entegrasyonu yontemiyle
hesaplanarak AUC degeri Denklem 3 ile bulunmustur.

n o1
AUC = Zl__lz- i + Yier)- (6 + xi41) ®)

Burada, y;ve y;,1bu noktalara karsilik gelen TPR degerlerini ifade ederken; x; ve x;,, ise ardisik FPR
degerlerini ifade etmektedir.

2.4. Karar Siir1 ve Karar Alanlar

Karar smirlari, modelin belirledigi tasima mesafesi faktoriine bagl olarak DA ve GDBA arasinda tercih
yapilmasini saglayan ayrim cizgilerini ifade etmektedir. Bu smirlar, tasima mesafesi kriterine gore
malzemelerin cevresel ve ekonomik uygunluklarmi gorsellestirerek karar vericilere rehberlik etmektedir.
Bu nedenle DA ve GDBA tercihlerini belirleyen karar sinrlarimi gorsellestirmek ve farkli tasima
mesafelerinde malzeme segimi ile ilgili karar alanlarmi netlestirmek amaciyla, karar agac1 modelinin
¢iktilar1 analiz edilmis ve karar alanlar1 0-100 km mesafe araligindaki tiim kombinasyonlarda DA veya
GDBA'nin tercih edildigi bolgeleri agikca gosterecek sekilde ayrilmustir.

Karar smirlarmin gorsellestirilmesi icin Python programlama dilindeki Matplotlib ve Seaborn
kiitiphanelerinden yararlanilarak iki boyutlu grafik olusturulmustur. Bu grafik, tasima mesafesi ile
malzeme tercihleri arasindaki iliskiyi gorsellestirerek karar stireclerini sadelestirmeyi ve somutlastirmay1
amaclamaktadir. Grafiklerin tasima mesafesi ve malzeme tercihini gostermesinin nedeni, Ttirkiye'de
GDBA kullaniminin 6niindeki temel engellerden biri olan tasima mesafesi kaynakli maliyet ve emisyon
yiiklerini karar vericilere net bir sekilde sunma ihtiyaci ve bu baglamda, tasima mesafesi degistiginde
hangi malzemenin cevresel ve ekonomik acidan daha uygun oldugunu belirtmektir.

3. Bulgular ve Tartisma

Bu boliimde, galismanin sonuglar: kapsamli bir sekilde ele alinmis ve kullanilan karar agact modelinin
performansi detayli olarak incelenmistir. ilk olarak, modelin farkli derinlik seviyelerinde siiflandirma
basarisi ve genelleme kapasitesi degerlendirilmis, optimum derinlik seviyesi belirlenmistir. Daha sonra,
modelin DA ve GDBA siniflarin1 dogru tahmin etme kapasitesi karisiklik matrisi analizleriyle incelenmis
ve smiflandirma performanst ROC egrisi ve AUC degeriyle degerlendirilmistir. Karar agaci
gorsellestirmesi, tasima mesafesi degiskeninin malzeme tercihleri {izerindeki etkisini agikga ortaya
koymus, karar smirlari ve alanlarmin gorsellestirilmesiyle farkli mesafe araliklarinda suirdiiriilebilir
malzeme secimleri icin i¢goriiler sunulmustur. Son olarak, elde edilen bulgular literatiirdeki ilgili
calismalarla karsilastirilarak tartisiimis ve modelin agrega secimi tizerindeki etkisi analiz edilmistir.

3.1. Derinlik ve Karisiklik Matrisine Gore Model Performansi
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Karar agaci modelinin performansini degerlendirmek ve optimum derinligi belirlemek icin model
dogrulugu farkli derinlik seviyelerinde analiz edilmistir. Daha ytiiksek bir derinlik, modelin daha fazla
parametreyi dikkate alarak daha ayrintili tahminler yapmasini saglar; ancak bu durum ayni zamanda asir1
ogrenme riskini de beraberinde getirebilmektedir. Bu nedenle bu ¢alismada farkl derinlik seviyelerindeki
model dogruluklar: egitim ve test veri setleri {izerinde elde edilen smiflandirma sonuglarina dayali olarak
hesaplanmustr.

Sekil 4, modelin farkli derinlik seviyelerinde smiflandirma dogrulugunu gostermektedir. Sekilden de
gortilecegi tizere, derinlik seviyesi arttikca model dogrulugunun onemli dlctide yiikselmis, ancak 9.
derinlikten sonra doygunluga ulasmistir. Model dogrulugu, diistik derinlik seviyelerinde (%75-85
araliginda) siurli bir performans gosterirken, 4. derinlikten itibaren dogruluk orami %95 seviyesine
ulagsmustir. Bu durum, modelin daha fazla karar noktasi ile siniflandirma basarisini artirdigini gosterirken;
derinlik 9°dan sonra dogrulugun sabitlenmesi, eklenen karar noktalarmin smiflandirma basarisina
anlamli bir katki saglamadigimi ortaya koymustur. Ayrica, 4 ile 9 arasindaki derinlik seviyelerinde
dogruluk oranindaki artis, siniflandirma performansini iyilestirse de eklenen karar noktalarmin neden
oldugu artan karmasikligin modelin genelleme yetenegini siurlayabilecegi ve asir1 6grenme riskini
artirabilecegi goz ontinde bulundurularak, bu durum karisiklik matrisi analizleri ile de kapsamli bir
sekilde degerlendirilmistir.

1.00 ——————
0.95 -

0.90

0.85 /
0.80 /
0.75

0.70

0.65

0.60

0.55
0.50

Dogruluk

1 2 3 4 5 6 7 8 9 10
Karar Agaci Derinligi

Sekil 4. Derinlige gore karar agact dogrulugunun degisimi

Karar agac1 modelinin smiflandirma basarisin1 daha ayrintili bir sekilde anlamak ve farkli derinliklerdeki
dogruluk ve hata oranlarini karsilastirmak icin karisiklik matrisi analizleri gerceklestirilmistir. Sekil 5a ve
Sekil 5b, modelin sirasiyla 9. ve 4. derinlik seviyelerinde DA ve GDBA smiflarii dogru ve yanlhs tahmin
ettigi durumlar gorsellestirmektedir. Matrisin yatay ekseni tahmin edilen smiflari, dikey ekseni ise gercek
smiflar1 gostermektedir. Her hiicrede yer alan degerler, modelin ilgili smiflar i¢in dogru veya yanls
smiflandirma durumlarim ifade etmektedir.
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Sekil 5. Karar agaci derinliginin 4 ve 9 olmas: durumunda karisiklik matrisler

Sekil 5a’dan da goriilecegi tizere, 9. derinlik seviyesinde model DA smifinda 1475 dogru ve 15 yanlis
tahmin yaparken, GDBA sinifinda 1551 dogru ve 20 yanlis tahminde bulunmustur. Bu sonuglar, derinlik
arttikca modelin smniflandirma basarisinin daha hassas hale geldigini gostermektedir. Ancak, asiri
ogrenme riski nedeniyle bu derinlik seviyesinde modelin genellestirme yetenegi sinirli olabilmektedir.
Sekil 5b’den ise, 4. derinlik seviyesinde modelin DA sinifinda 1438 dogru ve 52 yanlis tahmin yaparken,
GDBA smifinda 1461 dogru ve 110 yanhs tahminde bulundugu goriilmektedir. Daha diistik derinlik
seviyesinde siniflandirma dogrulugu bir miktar diisse de modelin genellestirme kapasitesinin artmasi ve
asir1 ogrenme riskinin azalmasi bu derinlik seviyesini daha uygun hale getirmistir. Bu dogrultuda karar
agaci gorsellestirmesi icin derinlik 4 olarak secilmistir.

Elde edilen sonugclara gore, modelin dogruluk oran1 derinlik arttik¢a yiikselmis, ancak 9. seviyeden sonra
doygunluga ulasmistir. Bu noktadan sonra, eklenen karar noktalarmin smiflandirma basarisina anlamli
bir katki saglamadigi ve test veri seti tizerindeki dogruluk oranimi belirgin sekilde artirmadig:
gorilmiistiir. Karisiklik matrisleri incelendiginde, daha yiiksek derinlik seviyelerinde modelin egitim
verisi tizerinde ytiksek dogruluk saglarken, test verisi tizerinde daha diistik dogruluk oranina sahip
oldugu gozlemlenmistir. Bu durum, modelin asir1 6grenmeye yatkin hale geldigini ve yeni verilere
genelleme yapma yeteneginin azaldigini gostermektedir. Modelin dogruluk ve genelleme dengesini
saglamak amaciyla, asir1 6grenmeyi minimize edecek ve modelin aciklanabilirligini koruyacak bir derinlik
seviyesi belirlenmesi amaglanmustir. 4 ile 9. derinlik seviyeleri arasinda modelin dogruluk orani artmasimna
ragmen, hata oranlarinda belirgin bir azalma saglanmamustir. Bu nedenle, gereksiz karar noktalarmnin
eklenmesini 6nlemek, modelin agiklanabilirligini artirmak ve genelleme yetenegini korumak amaciyla
optimum derinlik seviyesi 4 olarak belirlenmis ve karar agac1 bu derinlik seviyesinde gorsellestirilmistir.

3.2. Karar Agaci Gorsellestirmesi ve Analizi

0-100 km tasima mesafesi araliginda DA ve GDBA malzeme tercihlerinin analiz edilmesi igin olusturulan
karar agaci modelinin gorsellestirilmis hali Sekil 6'da verilmistir. Bu karar mekanizmalarini1 daha detayl
anlamak ve duigtimlerdeki kararlarin hangi metriklere dayandigim agiklamak amaciyla ise Cizelge 1
hazirlanmustir.

Sekil 6'dan da goriilecegi tizere, karar agacinda yer alan her diigtim, modelin karar verme stirecini detayl
bir sekilde aciklayan bilgiler icermektedir. Her diigtimiin tist kisminda yer alan kosul, karar stirecinde
kullanilan bir esik degeri belirtmektedir. Karar agacindaki yesil ve kirmizi oklar ise modelin hangi
kosullar1 sagladigini ve karar dallariin hangi yonde ilerledigini gorsellestirmektedir. Yesil oklar "kosul
dogru" durumlarini ifade ederken, kirmizi oklar "kosul yanlis" durumlarini temsil etmektedir. Ornegin,
kok diigimde "DA Mesafe < 49.5 km" kosulu yer almaktadir. Eger bu kosul saglaniyorsa yesil ok takip
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edilerek sol dala ilerlenir ve 'DA Mesafe < 18.5 km' kosulu kontrol edilir. Kok bolgesinde DA Mesafe <
49.5 km kosulu saglanmiyorsa (6rnegin mesafe 50 km'nin tizerindeyse), kirmizi ok takip edilir ve model
sag dala yonelerek baska bir karar kriteri (GDBA < 69.5 km) degerlendirilir. Bu stireg, alt dallarda da
benzer bir sekilde devam eder ve nihai yaprak diigiimlerde hangi malzemenin tercih edilmesi gerektigine
dair sonuglar sunulur.
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Sekil 6. Karar agact modeli

Cizelge karar agacindaki ara digtimleri ve bunlara bagli karar noktalarmi icermekte ve her bir karar
yolunun sonucunu, bu sonuclara bagli malzeme tercihlerinin detaylarmi icermektedir. Cizelgede karar
agacinin duglimleri soldan saga dogru numaralandirarak diizenlenmis ve numaralandirmada kok
diigiimden baslayarak her bir dalin sol ve sag dallarini takip eden bir sira kullanilmigtir. Ornegin, kok
dugim altinda yer alan, ilk sol dal "Dugiim 1.1", ilk sag dal ise "Dugtim 1.2" olarak numaralandirilmistir.
Benzer sekilde, alt dallar da bir 6nceki diugimin sol veya sag dallarmi ifade edecek sekilde sirayla
"Dugum 2.1", "Diigiim 2.2" gibi numaralandirilmistir. Bu diizen, okuyucunun hem ¢izelgeyi hem de $ekil
6'da sunulan karar agacini kolaylikla takip etmesine olanak saglamaktadir.

Cizelgede sart stitunu, modelin karar verme stirecinde kullanilan esik degerlerini belirtmekte ve hangi
durumlarda hangi malzemenin tercih edilecegine dair ayrintilar sunmaktadir. Ornegin, "DA Mesafe <
49.5" ifadesi, tasima mesafesi 49.5 km’den az oldugunda kararin sol dala ilerledigini, aksi durumda sag
dala yonlendigini aciklamaktadir. 0 ile 0.5 arasinda deger alan gini indeksi ise her diigtimdeki smiflarin
homojenligini sl¢gmekte ve o diigtimdeki karisiklik seviyesini gostermektedir. Daha diistik bir Gini degeri,
o diigiimde smiflarin daha net ayrildigini, yani modelin daha kesin bir tahmin yaptigini gosterirken,
yiiksek bir Gini degeri karisikligin daha fazla oldugunu ifade etmektedir. Numune sayisi, her diigiimde
degerlendirilen toplam ornek sayisini temsil etmektedir. Deger siitunu ise, bu orneklerin smiflar
bazindaki dagilimini agiklamaktadir. Ornegin bir diigiimdeki "Deger = [4949, 5051]" ifadesi, 4949 6rnegin
DA 5051 6rnegin ise GDBA olarak siniflandirildigini belirtmektedir. Son olarak, sinif stitunu her diigtimde
gogunlukta olan smif1 ve bu sinif modelin tahmin ettigi sonucu vermektedir.
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Cizelge 1. Karar agac1 diigtim metrikleri

Numune

Diigiim Sart Gini Sayist Deger Simif
Kok DA Mesafe < 49.5 km 0.500 10201 [4949, 5051] GDBA
Dugiim 1.1 GDBA Mesafe < 32.5 km 0.363 5151 [1225, 3926] GDBA
Dtigiim 1.2 GDBA Mesafe < 69.5 km 0.387 5050 [3725,1325] DA
Dugiim 2.1 DA Mesafe <18.5 km 0.42 1650 [496, 1154] GDBA
Diigim 2.2 GDBA Mesafe <44.5 km 0.096 3400 [3229, 171] DA
Digiim 2.3 GDBA Mesafe < 57.5 km 0.091 3570 [171, 3399] DA
Dugiim 2.4 DA Mesafe < 80.5 km 0.444 1581 [1054, 527] DA
Dugiim 3.1 GDBA Mesafe <12.5 km 0.444 627 [418, 209] DA
Duigiim 3.2 GDBA Mesafe < 24.5 km 0.141 1023 [78, 945] GDBA
Diigim 3.3 DA Mesafe <36.5 km 0.375 600 [450, 150] DA
Duigiim 3.4 GDBA Mesafe <48.5 km 0.015 2800 [2779, 21] DA
Dugiim 3.5 GDBA Mesafe < 53.5 km 0.014 2958 [21, 2937] GDBA
Dugiim 3.6 DA Mesafe < 62.5 km 0.370 612 [150, 462] GDBA
Dugiim 3.7 GDBA Mesafe < 77.5 km 0.149 961 [883, 78] DA
Dugiim 3.8 GDBA Mesafe < 88.5 km 0.399 620 [171, 449] GDBA
Diugtim 4.1 Diuigtim 3.1'den gelen sart saglantyorsa 0.392 247 [66, 181] GDBA
Diigtim 4.2 Dugiim 3.1'den gelen sart saglanmiyorsa  0.137 380 [352, 28] DA
Diigtim 4.3 Duigtim 3.2'den gelen sart saglantyorsa 0.025 775 [10, 765] GDBA
Diigtim 4.4 Dugim 3.2'den gelen sart saglanmiyorsa  0.398 248 [68, 180] GDBA
Diigtim 4.5 Diigtim 3.3'ten gelen sart saglantyorsa 0.065 444 [429, 15] DA
Diigtim 4.6 Dugiim 3.3'ten gelen sart saglanmiyorsa ~ 0.233 156 [21, 135] GDBA
Dugtim 4.7 Diigtim 3.4'ten gelen sart saglantyorsa 0.164 200 [182, 18] DA
Digim 4.8 Diigim 3.4'ten gelen sart saglanmiyorsa ~ 0.002 2600 [2597, 3] DA
Digim 4.9 Duigiim 3.5'ten gelen sart saglaniyorsa 0.002 2754 [3, 2751] GDBA
Diguim 4.10  Dugiim 3.5'ten gelen sart saglanmiyorsa  0.161 204 [18, 186] GDBA
Digtim 4.11 Diigiim 3.6'dan gelen sart saglaniyorsa 0.233 156 [135, 21] DA
Diguim4.12  Dtigum 3.6'dan gelen sart saglanmiyorsa  0.064 456 [15, 441] GDBA
Diigtim 4.13 Diigiim 3.7'den gelen sart saglaniyorsa 0.398 248 [180, 68] DA
Diguim4.14  Dtigum 3.7'den gelen sart saglanmiyorsa  0.028 713 [703, 10] DA
Diigtm 4.15 Diigiim 3.8'den gelen sart saglaniyorsa 0.104 380 [21, 359] GDBA
Digtim 4.16  Dtigum 3.8'den gelen sart saglanmiyorsa ~ 0.469 240 [150, 90] DA

3.3. Model Performansinin ROC Egrisi ve AUC Degerine Gore Analizi

Modelin dogruluk ve giivenilirlik performansini degerlendirmek icin ROC (Alict Isletim Karakteristigi)
egrisi ve AUC (Egri Altindaki Alan) degerleri analiz edilmistir. Sekil 7”de ROC egrisi ve dogrusal referans
cizgi gorsellestirilmistir. ROC egrisi, modelin farkli esik degerlerinde dogru pozitif orani (True Positive
Rate, TPR) ile yanlis pozitif orani (False Positive Rate, FPR) arasindaki iliskiyi ortaya koymaktadir. Egrinin
sola dogru keskin bir ytikselis gostermesi, modelin yiiksek bir dogru pozitif oranini diisiik bir yanlis
pozitif oran ile birlestirdigini ifade etmektedir. Ornegin, egri tizerinde FPR degeri 0.2'ye denk geldiginde,
TPR degerinin 0.9un tizerinde olmasi, modelin giiglii bir smiflandirma yetenegine sahip oldugunu
gostermektedir.
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Sekil 7. ROC egrisi ve AUC degeri

AUC degeri ise modelin genel siniflandirma basarisini 6zetlemektedir. Sekilde goriildiigi tizere, modelin
ROC egrisi dogrusal referans cizgiden (rastgele smiflandirmay: temsil eden mavi kesikli ¢izgi) belirgin
sekilde ayrilarak yukar1 ve sola yakin bir konumda yer almaktadir. Bu durum, modelin rastgele
tahminlerden tstiin oldugunu ve smiflar arasinda ytiksek dogrulukla ayrim yapabildigini ortaya
koymaktadir. Bu calismada modelin genel siniflandirma performansini bir metrikle ifade edilen AUC
degeri 0.97 olarak hesaplanmustir. Bu ytiksek AUC degeri, modelin hem DA hem de GDBA siniflarini ayirt
etme konusundaki yiiksek performansini ve giivenilirligini gostermektedir. Ozellikle, ROC egrisinin
dogrusal referans ¢izgiden ne kadar uzak oldugu, modelin siniflandirma yetenegini somut bir sekilde
ortaya koymakta ve karar destek stireclerinde gtivenilir bir temel olusturdugunu gostermektedir.

3.4. Karar Simirlar1 ve Karar Alanlarimin Gorsellestirilmesi

Karar agact modelinin tasima mesafelerine bagli olarak DA ve GDBA tercihlerini gorsellestiren karar sinir1
grafigi analiz edilmis ve Sekil 8'de sunulmustur. Grafik, karar agac1 modelinin hangi mesafelerde hangi
malzemeyi tercih ettigini gorsellestirerek, karar mekanizmalarinin daha anlasilir bir sekilde
yorumlanmasina olanak tanimistir. Karar sinir1 grafigi, x ekseninde DA mesafesini, y ekseninde ise GDBA
mesafesini temsil etmektedir. Turuncu bdlge GDBA malzemesinin tercih edildigi alanlary; mavi bolge ise
DA malzemesinin tercih edildigi alanlar1 gostermektedir. Grafikte yer alan simir ¢izgisi DA ve GDBA
arasinda kararin degistigi mesafeleri temsil etmekte ve modelin malzeme tercihi stirecinde kullandig:
karar mekanizmalarini yansitmaktadir. Karar smirini temsil eden sinir Denklem 4 ile ifade edilmistir.

y (km) = 0.80 x(km) + 10.39 km 4)

Burada denklem, GDBA mesafesi (x) ve DA mesafesi (y) arasindaki iliskiyi yaklasik olarak
modellemektedir. Ornegin, GDBA mesafesi 40 km olarak alindiginda, bu denkleme gore
y=0.80x40+10.39=42.4 sonucu elde edilmektedir. Bu durumda DA mesafesi 42.4 km’den biiyiikse GDBA
malzemesi, aksi takdirde DA malzemesi tercih edilmelidir. Bu matematiksel model, grafikte
gorsellestirilen karar sinirini sayisal bir baglama oturtarak, farkli senaryolarda hizli ve etkin karar
almmasini kolaylastirmaktadir.
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3.5. Tartiygma

Bu calismada kullanilan karar agaci modeli DA ve GDBA tercihlerinin optimizasyonu i¢in oldukga etkili
bir yontem oldugunu gostermistir. Hem mesafe, maliyet ve emisyon verilerini bir arada degerlendirerek
ROC egrisi ve AUC gibi model dogrulugunu 6lgen metrikler ile modelin performansini analiz eden bir
karar mekanizmasi olusturulmustur. Bu boltimde, karar agaci modelinin gegerliligi, karar smirlarinin
analizi ve 6zelliklerin yorumlanmasi daha ayrintil1 bir sekilde tartisilmstir.

Literattirde karar agac1 modellerinin, 6zellikle karmasik degiskenlerin bir arada degerlendirildigi
durumlarda, giiclii bir siniflandirma yontemi sundugu defalarca vurgulanmistir. Ornegin, Mistikoglu ve
ark. [23], karar agac1 yonteminin insaat projelerinde kullanildigini ve bu yontemin, ¢coklu degiskenlerin
etkisini anlamada oldukga etkili oldugunu gostermistir. Benzer sekilde, Lin ve ark. [24], insaat projelerinin
analizinde karar agaclarmin sagladig ayrintili i¢goriiler ile stire¢ optimizasyonuna katkida bulundugunu
belirtmistir. Bu ¢alismalara paralel olarak, bu ¢alismada hazirlanan karar agact modelinde de mesafe,
maliyet ve emisyon katsayilar1 gibi onemli faktorler dikkate alinarak yol projelerinde dogal veya geri
dontstiiriilmiis agregalarin tercihi tasima mesafesine gore belirlenmistir.

Karar agacit modelinin performansin: etkileyen bir diger dnemli unsur ise modelin yapilandirmasinda
kullamilan hiperparametrelerdir. Ozellikle, agacin derinlik parametresinin belirlenmesi, modelin
dogruluk performansi ile genellestirilebilirlik arasinda denge kurulmasinda kritik bir rol oynamaktadir.
Bu neden galismada, derinlik parametresinin model performansini nasil etkiledigi de dikkate alinmistir.
Karar agacinin derinlik parametresi 4 olarak simirlandirildiginda, modelin hem DA hem de GDBA
siniflarim1  yiiksek bir dogruluk oraniyla basarili bir sekilde simflandirdigr gozlemlenmistir.
Jatarimoghaddam ve ark. [25], benzer sekilde, simrli derinlikteki karar agaglarinin hem
genellestirilebilirligi korudugunu hem de asir1 6grenme riskini azalttigini ifade etmistir. Bu ¢alismalardan
elde edilen cikarimlara paralel olarak, karar agaci modelimizde de ozelliklerin etkisi basariyla
degerlendirilmistir. Karar agact modelinin basarisi, AUC degerinin 0.97 olarak elde edilmesi ile agik¢a
ortaya konulmustur. Bu yiiksek performans ve dogruluk oranlari, yalnizca siniflandirma basarisini degil,
ayn1 zamanda karar agacit modelinin olusturdugu karar sinirlarinin DA ve GDBA tercihlerinin kosullara
bagli avantajlarmni belirlemedeki etkinligini de ortaya koymaktadir.

Modelin olusturdugu karar sinirlar1 DA ve GDBA tercihlerinin hangi kosullarda daha avantajli oldugunu
net bir sekilde gostermektedir. Karar smuri grafikleri ve analizler, GDBA'min genellikle daha uzun
mesafelerde cevresel avantajlar sundugunu, ancak tasimacilik mesafesinin artmasiyla bu avantajm
azaldigini ortaya koymustur. Bu durum, Kurda ve ark. [1] tarafindan da desteklenmistir; calismada,
GDBA'nin karbon emisyonlarini azaltmada etkin oldugu ancak tasima mesafesi arttikca ekonomik
avantajin1 kaybetme riskinin yiiksek oldugu ifade edilmistir. Ek olarak, Dias ve ark. [8] tasima
maliyetlerinin malzeme seciminde belirleyici bir faktér oldugunu vurgulamis ve ozellikle kisa
mesafelerde gevresel ve ekonomik dengenin daha kolay saglanabilecegini belirtmistir.
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Karar sinirlari tizerine yapilan degerlendirmeler, tasima mesafelerinin optimize edilmesinin agrega secimi
tizerindeki kritik etkisini dogrulamaktadir. Spekkers ve ark. [26], mesafeye bagli kararlarin insaat
projelerinde maliyet etkinligi saglama konusunda hayati nem tasidigini ve bu tiir modellerin karar
alicilar icin stratejik bir rehber olarak kullanilabilecegini vurgulamistir. Bu ¢alismada DA ve GDBA'nin
farkli mesafe kombinasyonlarinda tercih edilmesi gereken durumlar agik¢a ortaya konmus, bu sayede
hem maliyet hem de ¢gevresel stirdiiriilebilirlik dengesi saglanmuistir.

Modelin kullanilan degiskenler acisindan degerlendirilmesi DA ve GDBA mesafe degiskenlerinin karar
stirecinde en etkili faktorler oldugunu gostermistir. Bu bulgu, mesafe temelli analizlerin agrega secimi
tizerindeki belirleyici etkisini dogrulamaktadir. Shin ve ark. [27], benzer sekilde, malzeme se¢imi sirasinda
mesafenin karar stireclerinde kritik bir rol oynadigini ve bu tiir modellerin tercih dogrulugunu artirdigimi
belirtmistir. Modelin 6zellikleri incelendiginde, mesafe degiskenlerinin 6nem siralamasinda 6ne ¢ikmasi,
karar agacinin yap1 malzemesi seciminde kullanilabilirligini artirmaktadar.

4. Sonuc ve Oneriler

Bu calismada, yol dolgu projelerinde dogal agrega (DA) ve geri dontistirtilmiis beton agrega (GDBA)
malzemelerinin tasima mesafesi, maliyet ve emisyon faktorlerine bagl olarak nasil tercih edilecegi, karar
agact modeli ile analiz edilmistir. Calismanin bulgulari, kisa mesafelerde GDBA'min ¢evresel
avantajlarmin 6ne ¢iktigini, uzun mesafelerde ise DA'nin maliyet tstiinl{igti nedeniyle tercih edildigini
gostermistir. Modelin performansi, ROC egrisi ve AUC degeri ile desteklenmis ve bu sonugclar, tasima
mesafesine dayali malzeme tercihlerinde bir rehber sunmustur.

Analizlerde, farkli derinlik seviyelerinde model performans: detayli bir sekilde degerlendirilmistir.
Modelin derinlik seviyesi 9’dan sonra dogruluk artisinin sinirli oldugu ve genelleme yeteneginin azaldig1
gozlemlenmistir. Bu durum, modelin daha fazla karmasiklik eklendiginde asir1 6grenme riski
tastyabilecegini ve yeni veri tizerinde dogru tahmin yapma kapasitesinin azalabilecegini gostermektedir.
Bu nedenle hem dogruluk hem de genelleme kapasitesini dengelemek adina derinlik 4 olarak secilmistir.
Tasima mesafesine bagli malzeme tercihlerini belirlemede kullanilan karar agaci modeli, 4. derinlikte
saglanan denge ile karar destek siireclerinde daha gtivenilir bir arag olarak degerlendirilmistir.

Modelin genel smiflandirma performansi, ROC egrisi ve AUC degeri ile detaylandirilarak
degerlendirilmistir. ROC egrisinin sol {ist koseye yakin bir konumda olmasi, modelin dogru pozitif
oranmi yiiksek, yanlhis pozitif oranim ise dusiik tutarak etkili bir siniflandirma gerceklestirdigini
kanitlamaktadir. Bu durum, modelin DA ve GDBA smiflarini ayirt etme yetenegini ortaya koymaktadir.
Elde edilen 0.97 AUC degeri, modelin iki smift da basariyla ayirabildigini ve tahmin dogrulugunun
oldukca ytiksek oldugunu gostermektedir. Bu yiiksek AUC degeri, modelin rastgele bir tahmin
stirecinden ¢ok daha tistiin oldugunu ve tasima mesafesine bagli malzeme se¢imlerinde giivenilir bir
smiflandirma performansi sundugunu ortaya koymaktadir.

Karar smir1 analizleri, tasima mesafesine dayali olarak malzeme tercihlerinin optimizasyonunu
gorsellestirmek amaciyla yapilmistir. Karar sinir1 grafigi GDBA mesafesi (x) ve DA mesafesi (y) arasindaki
iliski y=0.80-x+10.39 matematiksel denklemle ifade etmektedir. Analiz sonuglarina gore, tasima
mesafesinin kisa oldugu durumlarda (6rnegin, her iki malzeme igin de 40 km'nin altinda), GDBAnin
karbon emisyonlarini azaltma potansiyeli ve ¢evresel avantajlarinin 6n planda oldugu gortilmiistiir. Buna
karsilik, tasima mesafesi arttik¢a (6rnegin, her iki malzeme icin de 60 km ve tizeri), DA'nin daha dustik
tasima maliyetleri nedeniyle ekonomik olarak daha avantajli hale geldigi belirlenmistir. Bu durum, tasima
maliyetleri ve emisyon katsayilarinin malzeme segimindeki kritik roliinii agikca ortaya koymustur.

Sonug olarak, bu calisma DA ve GDBA tercihlerinin optimize edilmesine yonelik bir metodoloji sunarak,
yol dolgularinda gevresel stirdiiriilebilirlik ve maliyet etkinligi arasinda bir denge kurma hedefini
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desteklemektedir. Karar agact modeli, tasima mesafesi, maliyet ve karbon emisyonu gibi ¢cok boyutlu
parametrelerin entegre bir sekilde degerlendirilmesine olanak saglayarak, tasima mesafesine bagli olarak
hangi malzemenin tercih edilmesi gerektigini somut kriterlerle ortaya koymustur. Ayrica, Tiirkiye'deki
geri dontisttirilmiis malzeme kullanimini tesvik etmeye yonelik karar agact modelinin yol projelerinde
nasil etkili bir sekilde kullanilabilecegini gostermistir.

Gelecek calismalarda, modelin 100 km tizeri mesafeler igin genisletilmesi ve farkli gevresel ve sosyal
faktorlerin de kullanilarak daha genis kapsamli analizlerin yapilmasi 6nerilmektedir. Ayrica, farkli cografi
bolgelerdeki tasima altyapilarimin ve tiretim siireglerinin modele dahil edilmesi, sonuglarm
genellestirilebilirligini artiracaktir. Diger makine 6grenimi yontemlerinin karar destek stireclerindeki
performanslarinin karsilastirmali olarak incelenmesi ve farkl tiirde geri dontistiirtilmiis malzemelerin
analiz edilmesi de bu alandaki bilgi birikimine katki saglayacaktur.
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Oz
Termal kameralar, cisimlerin sicaklik farkliliklarini kizilétesi 1sin
degerlerine  bagli olarak renklendirdigi  gortintiileme

sistemleridir. Giintimiizde basta savunma sanayi olmak {iizere
saglik, ziraat, insaat gibi bircok farkli alanda termal kameralar
kullanilmaktadir. Ozellikle savunma sanayi alaninda kullamlan
bu kameralardan elde edilen goriintiiler, gesitli nesnelerin ve
canlilarin tespiti igin biiyiik 6nem arz etmektedir. Bu ¢alismada
termal kamera goriintiilerinin siniflandirmasi i¢in derin 6grenme
tabanli tekniklerin kapsamli bir karsilastirmas: sunulmaktadir.
Calismada 7 farklh Evrisimli Sinir Aglar1 mimarisi ile
goriintiilerin 6zellikleri ¢ikarilmus, 5 farkli siniflandirma yéntemi
ile sinuflandirilmasi saglanmistir. Performans degerlendirmesi
icin dengesiz ¢ok smifli veri kiimelerinin siniflandirilmasina
uygun metrikler olan dengeli dogruluk, makro ve mikro
ortalama duyarlilik, makro ve mikro ortalama kesinlik, makro ve
mikro ortalama F 6l¢titti metrik degerleri kullanmilmaistir. Ayrica
tim yapilarin ayr1 ayri egitim ve test stireleri karsilagtirilmistir.
Calismada en yiiksek dogruluk degeri %9524 ile
Resnet101+Softmax ve Resnet50+DVM mimarilerinde elde
edilmistir. Smiflarin esit agurhikl alindigr dengeli dogruluk
degerinde ise en yiiksek %95,17 ile Resnet101+Softmax
mimarisinden elde edilmistir. Resnet101+Softmax mimarisinde
makro ortalamali kesinlik 0.9579, makro ortalamali F o6lgtitii
0.9543 ve mikro ortalamali F olgiitii 0.9524 degerleri elde
edilmistir. Bu calisma, kiiclik ve dengesiz termal goriintiiler
tizerinde, dnceden egitilmis ESA aglarmin ozellik ¢ikarimu ile
makine 6grenimi sinuflandiricilariin kullaniminin, tamamen
egitilmis aglarla elde edilen performansa benzer sonuclar
saglanabilecegini gostermistir.

Abstract

Thermal camera systems are imaging systems that color the
temperature differences of objects depending on their infrared
ray values. Nowadays, thermal cameras are used in many
different areas such as defense industry, health, agriculture and
construction. Detection of various objects and living creatures in
the images taken by these cameras, which are used especially in
the field of defense industry, is of great importance. This study
presents a comprehensive comparison of deep learning-based
techniques for classification of thermal camera images. In the
study, the features of the images were extracted with 7 different
Convolutional Neural Network architectures and they were
classified with 5 different classifiers. For performance evaluation,
balanced accuracy, macro and micro average sensitivity, macro
and micro average precision, macro and micro average F
criterion metric values, which are metrics suitable for
classification of unbalanced multi-class data sets, were used.
Additionally, the training and testing times of all structures
separately were compared. In the study, the highest accuracy
value of 95.24% was achieved with ResNet101+Softmax and
ResNet50+DVM architectures. The highest balanced accuracy,
where class weights were equally considered, was obtained as
95.17% with the ResNetl01+Softmax architecture. The
ResNet101+Softmax model yielded a macro-averaged precision
of 0.9579, a macro-averaged F-measure of 0.9543, and a micro-
averaged F-measure of 0.9524. This study demonstrates that, on
small and imbalanced thermal images, the utilization of pre-
trained ESA networks for feature extraction combined with
machine learning classifiers can deliver performance comparable
to that achieved with fully trained deep learning models
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1. Giris

Giintimiizde bircok goriintii alma sistemi bulunmaktadir. Bunlara; enerji yiikli rontgen 1sinlarmin farkl
yapilardan donmesiyle gortintii alan rontgen cihazlari, ses dalgalar1 araciligiyla goriintti olusturabilen
ultrason cihazlari, elektromanyetik kuvvet radyo frekanslari ile goriintii elde eden MR cihazlari, radar
kullanarak yer altindaki degerli maden, su kaynag, yeralt1 bosluklar1 gibi verileri 2 veya 3 boyutlu
gortintiileyebilen cesitli dedektorler, kizilotesi 1sinlar ile 1siya bagli gortintiileme yapabilen termal
gortintiileme sistemleri o6rnek olarak verilebilir. Termal goriintiileme sistemleri, elektromanyetik
spektrumda yer alan IR (kizil6tesi) enerjiyi esas almaktadir. Termal kameralar ilk olarak giivenlik amagls,
savunma alaninda kullanilmaya baslanmis zamanla saglik, ziraat, insaat gibi bircok farkli alanda
kullanilmigtir. Ozellikle savunma sanayi alaninda kullanilan hava araglari igin termal kameralar spesifik
bir neme sahiptir. Termal kameralardan elde edilen gortintiiler ile atesleme sistemlerinin gelistirilmesi,
otonom kullanim, karakol ve sir giivenliginin saglanmasi, boru hatlar1 ve pompa istasyonlarinin
glvenliginin saglanmasi gibi uygulamalar yapilmaktadir. Bu uygulamalarin bircogu gortintiilerdeki
canli-cansiz nesnelerin tespiti ile gerceklestirilmektedir [1]. Termal goriintiilerdeki nesne
smiflandirmasinin insan goziiyle yapilmasi hem ¢ok fazla insan giicti gerektirmekte hem de hata paymni
arttirmaktadir. Bu nedenle termal kamera sistemlerinden elde edilen goriintiiler tizerinde makine
Ogrenmesi ve derin 6grenme gibi yapay zeka teknikleri kullanilmaktadir. Bu calismada derin 6grenme
tabanl1 tekniklere cesitli smiflandirma algoritmalar1 dahil edilerek termal kamera goriinti
smiflandirmasinin yapilmas: amaglanmustir.

Siniflandirma algoritmalarinin performansini degerlendirmenin gesitli yollar: bulunmaktadir. Performans
olciimii, dogruluk, duyarlilik ve 6zgiilliik gibi farkli metriklerle yapilmaktadir. ki sinifli siniflandirma
problemlerinde bu 6l¢timler, siniflandiricilar arasinda karsilastirma yapmay kolaylastirsa da gok siniflh
siniflandirma problemlerinde degerlendirme siireci daha karmasik bir hale gelmektedir. Ozellikle,
dengesiz veri dagilimlarinda bazi smflarin yeterince temsil edilmemesi, belirli smiflarin
performanslarmin goz ardi edilmesine yol acabilmektedir. Bu durum, modelin gercek diinya
uygulamalarinda etkili bir sekilde kullanilabilirligini simirlandirabilir. Dolayisiyla, ¢ok smifh
siniflandirma problemlerinde kullanilan 6grenme algoritmalarmin performanslarinin kapsamli bir
sekilde degerlendirilmesi, analiz edilmesi ve elde edilen sonuglarin dogru yorumlanmas biiytik 6nem
tasimaktadir. Bu yaklasimlar, smniflandirma modellerinin adil ve dengeli bir sekilde gelistirilmesi i¢in
kritik bir ihtiyagtir.

Bu calismada, termal kamera goriinttileri tizerinde temel ESA mimarilerinin agirliklariin giincellenmesi
yoluyla gerceklestirilen egitim stireci ile 6nceden egitilmis ESA aglarindan 6zellik ¢ikarimi yapilarak
makine Ogrenimi smiflandiricilarinin - performanslart  karsilastirilmistir.  Ayrica, ¢ok  smufl
smiflandirmalarda kullanilan degerlendirme olgiitlerine yonelik ayrintili bir uygulama 6rnegi
sunulmustur.

Literattirde arastirmacilar farkli alanlarda kullanilan termal gortintiilerdeki nesnelerin tespiti igin bazi
yontemler onermislerdir. Youngjun Cho vd. [2] yaptiklar1 calismada, insanlarmn her yerde bulunan
teknolojileri kullanarak malzemelerin yakin mesafeden otomatik olarak taninmasina yonelik yeni bir
yaklagim olan Derin Termal Goriintiilemeyi 6nermislerdir. Onerdikleri yontem, bir akilli telefona entegre
edilmis diisiik maliyetli mobil termal kamera ile elde edilen termal doku goriintiilerini derin bir sinir ag1
kullanarak malzeme ttirlerine gore siiflandirir. Sistemin performans: hem i¢ hem de dis ortamlarda 32
malzeme turtnt taniyacak sekilde egitilerek degerlendirilmistir. Calisma sonucunda 15 i¢ mekan
malzemesinin 98%'in tizerinde dogruluk ve 17 dis mekan malzemesinin de 89%'un tizerinde dogruluk ile
siniflandirmast yapilmistir. Furat Al-Obaidy vd. [3] yaptiklar: ¢alismada, bir Baskilt Devre Kart1 (PCB)
modelinin Ttuimlesik Devre (IC) ariza algilamas icin termal goriintii isleme kullanmislardir. Calismada
goruntii stmiflandirma ve algilama icin ¢ok katmanli algilayici, destek vektor makinesi ve uyarlanabilir
noron-bulanik ¢ikarim sistemi olmak tizere ti¢ yumusak hesaplama teknigi kullamilmistir. Modellerin
etkinligi, siniflandirmanin performansi ve dogrulugu karsilastirilmistir. Benzer bir calisma da Akshay A.
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Sarawade ve Nadir N. Charniya [4] tarafindan gerceklestirilmistir. Calismada PCB'deki hatali IC'lerin
tespit edilmesi amaciyla Hizlandirilmis Saglam Ozellikler (SURF) algoritmasi kullanilarak goriintii
eslestirme gerceklestirilmistir. Jiang A. vd. [5] termal goriintiiler araciligiyla agac govdesi tespiti igin gesitli
derin 6grenme modellerini incelemis ve farkli mimarilerin dogruluk ve hiz performanslar1 hakkinda
onemli bulgular sunmustur. Bu tiir karsilastirmali analizler, termal gortintiileme uygulamalar: i¢in en
uygun modellerin belirlenmesinde énemli bir rol oynamaktadir. Memari M. vd. [6] tarafindan ytirtitiilen
calismada termal ve RGB goriintiileme yontemleri kullanilarak rtizgar tiirbini kanatlarinin denetiminde
%100 dogruluk oranimna ulasan bir topluluk modeli sunarak, daha yiiksek performans elde etmek amaciyla
farkli derin 6grenme tekniklerinin entegrasyonunun potansiyelini vurgulamislardir.

Termal goriintii isleme yontemleri ile ilgili saglik alaninda da farkl bir ¢cok calisma mevcuttur. R. Roslidar
vd. [7] yaptiklar1 derleme calismasinda, memedeki sicaklik dagilimini gozlemleyerek Non-invaziv ve
temassiz bir kanser tarama yontemi olan termografiden elde edilen goriintiiler tizerinde uygulanmis derin
ogrenme modellerinin incelemesini gerceklestirmislerdir. Calisma, meme termogrami siniflandirmast igin
derin sinir aglarmin uygulanmasiyla ilgili cogu arastirmay: ele almistir. Yapilan incelemelerde sig
katmanlara ve az parametreye sahip derin aglarin, yiiksek dogrulugu korurken simiilasyon siiresini
azaltma yetenekleri sayesinde iyi performans gosterdigi saptanmistir. Calisma sonucunda mevcut sinir
ag1 modellerinin, ozellikle saghkli ve kanserli vakalari ayirt etmede, meme kanseri termogram
smiflandirmasinin dogrulugunda bir artisa yol actigini gostermistir. Termal gortintiiler cesitli yontemler
uygulanarak ytiz tanima icin kullanilmistir [8], [9]. G. Koukiou ve V. Anastassopoulos [10] yaptiklar:
calismada alkol almis kisilerin taninmasi icin termal gortintiiler tizerinde derin 6grenme tekniklerini
kullanmustar.

Savunma alaninda da termal goruntiler siklikla kullanmilmistir[11], [12]. Mayin tespit sistemleri igin de
termal goruntli tabanli cesitli yontemler mevcuttur[13], [14].C.N. Naga Priya vd. [15] termal
gorinttilerdeki gomiilii nesneleri tanimlamak i¢in derin 6grenme bolgesi konvoliisyonuna dayali sinir ag1
yaklagimimi onermislerdir. Calismada kapsaminda gerceklestirilen deneysel sonuglardan, topragin 1s1
tasima kapasitesindeki degisime bagli olarak gomuiilii nesnelerin termal gortintiilerinde sicaklik degisimi
oldugu bulunmustur. Bu degisimin tespiti i¢cin 6nerilen sinir ag1 yontemi ile termal goriintiilerindeki
gomiilt nesnelerin konumlar1 90% dogruluk degeriyle tespit edilmistir. Savunma alaninda kullanilan
termal goriintiileme yontemlerden biri de otomatik hedef tespiti sistemleridir. A. d’Acremont vd. [16]
otomatik hedef tespiti icin cfCNN olarak adlandirilan, kiiresel ortalama havuzlama (GAP) ile kompakt ve
evrisimli bir sinir ag1 6nermislerdir.

Literattirde ayrica bazi ESA mimarilerinin dogruluk, cikarim zamani, hafiza gibi faktorler yontinden
karsilastirmalar1t Canziani A. vd.[17] tarafindan gergeklestirilmistir. Calismada, ImageNet yarismasinda
sunulan Alexnet [18], Network in Network (NIN) [19], Enet [20], Googlenet [21], VGG-16 ve -19 [22],
Resnet-18, -34, -50, -101 ve -152 [23], Inception-v3 [24] ve Inception-v4 [25] mimarileri karsilastirilmistir.
Calismaya gore dogruluk acisindan Resnet ve Inception mimarileri, diger tiim mimarileri en az 7% gibi
onemli bir farkla geride birakmustir.

Bu calismada, savunma sanayinde siklikla kullanilan termal kamera goriintiilerindeki nesnelerin
smiflandirmasinin hizli ve dogru yapilabilmesi icin derin 6grenme tabanli teknikler Onerilmistir.
Calismada kullanilan veri setine ait bilgiler 2. boliimde, uygulanan yontem 3. boliimde, deneysel sonuclar
ile ilgili bilgiler ise 4. boltimde verilmistir.

2. Materyal ve Metod

Calismada toplamda 4 kategoriden olusan 836 termal goriintti kullanilmistir. Veriler acik erisimi olan
Kaggle platformunda bulunan “visible_thermal”[26], “HIT-UAV: A High-altitude Infrared Thermal
Dataset”[27] ve “Thermal Mannequin Fall Image Dataset”[28] veri setlerinde bulunan goriintiilerden 4
smuf olusturacak sekilde alinarak elde edilmistir. Veri setinde icerisinde araba bulunan 198 termal kamera
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goriintiist, icerisinde ev bulunan 100 termal kamera gortintiisii, icerisinde cesitli hayvanlarin bulundugu
204 termal kamera goriuintiisii, icerisinde 334 insan bulunan termal kamera gortintiisti bulunmaktadir.
Sekil 1'de calismada kullanilan veri setindeki her bir sinifin 6rnek gortintiileri verilmistir.

Sekil 1. Veri setindeki kategorilere ait termal kamera goriinttileri 6rnekleri: (a) Araba igeren termal
kamera goriintiileri (b) Ev iceren termal kamera goriintiileri (c) Hayvan iceren termal kamera
goriintiileri (d) Insan iceren termal kamera gortinttileri

Calismanin temel amaci, termal kamera goriintiilerini insan, hayvan, ev ve arag olacak sekilde 4 sinifta
smiflandirmanin hizli ve yiiksek dogrulukla yapilabilmesi icin gesitli derin 6grenme ve makine 6grenmesi
tekniklerinin karsilastirmali olarak degerlendirilmesidir. Siire¢ dort asamadan olusmaktadir. Ik adimda
veri setindeki tim termal goriintiilerin girisi yapilmustir. Ikinci adimda, literatiirde yaygm olarak
kullanilan evrisimli sinir ag1 (ESA) mimarilerinde 6zellik ¢ikarma islemi gerceklestirilmistir. Bu asamada
kullanilan ttim ESA mimarilerinin genel yapisi (konvoliisyon ve havuzlama katmanlari) korunmustur.
Cikarilan dzellikler, holdout yontemi ile %70 egitim ve %30 test verisi olarak ayrilmigtir. Ugiincti adimda,
iki farkli smiflandirma yontemi uygulanmustir. ilk yéntemde, ESA mimarilerinin agirliklar: giincellenerek
Softmax smiflandirici ile bir 6grenme stireci gerceklestirilmistir. Ikinci yontemde ise ESA mimarilerinin
tam baglant1 katmanlarindan cikarilan 6znitelikler, Destek Vektor Makineleri (DVM) [29], K En Yakin
Komsuluk (KNN) [30], Navie Bayes [31] ve Diskriminant Analizi [32] gibi yaygin makine 6grenmesi
smiflandirma algoritmalar ile siniflandirilmistir. Son olarak, dérdiincti adimda, test verileri tizerinde
dogrulama islemi gerceklestirilmis ve tiim sonuglar karsilastirmali olarak degerlendirilmistir. Kullanilan
ESA mimarilerinin genel yapis1 Sekil 2’de verilmistir.
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Sekil 2. Kullanilan yontemlerin genel yapisi

2.1. Kullanilan Sinir Aglar1 Mimarileri

Calisma kapsaminda literatiirde en sik kullanilan Evrisimsel Sinir Aglar1 mimarilerinden AlexNet,
GoogleNet, ResNet-18,-50,-101, Inceptionv3, Densenet201 [33] kullanilmistir. Bu mimariler MATLAB'da
M-file kodlar1 araciligiyla dogrudan yapilandirilmistir. Calismada, termal kamera goriinttileri tizerinde
iki farkli yontem uygulanmustir. ilk yontemde, her bir ESA mimarisi, ImageNet veri seti tizerinde 6nceden
egitilmis agirliklarla kullanilmis ve bu modellerin tam baglant: katmanlari, son 6zellik ¢gikarimi katmani
olarak degerlendirilmistir. Bu 6zellikler, Destek Vektor Makineleri (SVM), K-En Yakin Komsuluk (KNN),
Naive Bayes ve Diskriminant Analizi gibi farkli makine 6grenimi siiflandiricilar ile siniflandirilmstir.
fkinci yontemde ise ESA mimarilerinin agirliklar1 giincellenerek, Softmax siniflandirici ile tam bir egitim
suireci gerceklestirilmis ve kullanilan tim mimari yapilarin performanslar: karsilastirilmistir. Kullanilan
ESA mimarileri hakkinda genel bilgiler Cizelge 1’de verilmistir.

Cizelge 1. Kullanilan ESA Mimarilerine Genel Bakis

Mimari Yi  Derinlik Parametre Goriintii Giris Toplam Katman Oznitelik Elde
Sayisi Boyutu Sayis1 Katman
Alexnet 2012 8 61 M 227*227 25 fc8
Googlenet 2014 22 7M 224*224 144 loss3-classifier
Resnetl8 2015 18 11,7 M 224*224 71 £c1000
Resnet50 2015 50 256 M 224*224 177 £c1000
Resnet101 2015 101 44,6 M 224*224 347 £c1000
Inceptionv3 2015 48 239M 299*299 315 predictions
Densenet201 2017 201 20M 224*224 708 £c1000

2.2. Performans Degerlendirme Metrikleri

Bir makine 6grenimi algoritmasinda kurulan modeli degerlendirmek igin, performansin nicel 6lgtitleri
bulunmaktadir. Bircok yaygin siniflandirma metrigini hesaplanmasi karmasiklik matrisi kullanilir. Hedef
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degiskenlerinin smiflarma ait gercek ve tahmin edilen degerlerinin gosterildigi matrise karmasiklik
matrisi ad1 verilir. Sadece iki sinifin oldugu ikili simiflandirma ve sinif sayisinin ikiden fazla oldugu ¢ok
smifl1 siniflandirma igin kullanilan karmasiklik matrisleri Cizelge 2 ve Cizelge 3'te verilmistir [34].

Cizelge 2. Tki Stmifli Karmagiklik Matrisi.

Tahmin
Pozitif Negatif Toplam
% Pozitif Dogru Pozitif (DP) Yanls Negatif (YN) DP+YN
& Negatif Yanls Pozitif (YP) Dogru Negatif (DN) YP+DN
O Toplam DP+YP YP+DN m

iki smifli siiflandirma problemlerinde siniflandiricilarinin performansimi karsilastirmak icin Dogruluk
(Accuracy,Acc), Duyarhilik (Recall,R), Kesinlik (Precision,P) ve F Olgiitii (F1-Score) gibi olgiitler
hesaplanmaktadir. Bu metriklerin Cizelge 2'ye gore hesaplanan matematiksel ifadeleri Esitlik 1-4" de
verilmistir [35], [36].

DP+DN

ACC = B YPTYNTDN @
b= DII’)-I-I;P 3)
’

Cok smifli siniflandirma problemlerinde (6zellikle siniflar esit dagilmadiginda) degerlendirme metrikleri
icin tiim smuflar1 esit temsil edecek clctimlere ihtiya¢ duyulmaktadir. Dengeli Dogruluk hem ikili hem de
¢ok smuifli siniflandirma igin iyi bilinen bir 6l¢tidiir. Dengeli Dogruluk, her sinifin duyarliliginin aritmetik
ortalamasindan olusmaktadir. Bu her sinifin ayni agirliga ve ayni 6neme sahip olmasini saglar. Boylelikle
daha az birimi olan kiictik siniflarin sonug tizerinde orantisal etkiden daha fazla etki etmesi saglanir[35].
Dengeli dogruluk degerinin yani sira ¢ok smifli stniflandirma s6z konusu oldugunda, 6zellikle F ol¢titii
tim smiflar1 icermelidir. Bu baglamda ¢ok simifli F 6lctitiintin hesabr icin iki tiir 6l¢tim vardir: Makro
Ortalamal1 F Olciitii ve Mikro Ortalamali F Olciitii. Makro ortalamali F olciitii, siniflar tizerinden F
Olctitlerinin ortalamasini hesaplar. Mikro ortalamali F 6lgiitti ise smiflar arasinda 6rnek basina diisen
smiflandirmalari bir araya toplar ve genel F olctittinti hesaplar.

Makro ortalama, her sinifa esit agirlik verirken, mikro ortalama, birim basina her bir smiflandirma
kararma esit agirlik verir [35], [37]. Cok smufli bir siniflandirma problemi i¢in ihtiya¢ duyulan karisiklik

matrisi Cizelge 3’te verilmistir.

Cizelge 3. Cok smifli karmasiklik matrisi.

Tahmin
Smif; Smif, ... Sinif, Toplam
Sll‘llf] DPl H12 cee Hln Tsat1r1
% Sinif, H» DP, ... Ho, Tsahrz
GO Smufn, Hu  Hwo ... DPy Ty
Toplam Tsiitum Tsiitunz s Tsﬁtunn m
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Cok siufli siniflandirma problemlerinde (6zellikle siniflar esit dagilmadiginda) degerlendirme metrikleri
icin tiim smnuflar1 esit temsil edecek clctimlere ihtiya¢ duyulmaktadir. Dengeli Dogruluk hem ikili hem de
cok smifli stiflandirmada iyi bilinen bir 6l¢tidiir. Dengeli Dogruluk, her sinifin duyarliligimin aritmetik
ortalamasindan olusmaktadir. Bu her sinifin ayni agirliga ve ayni 6neme sahip olmasini saglar. Boylelikle
daha az birimi olan kiictik siniflarin sonug tizerinde orantisal etkiden daha fazla etki etmesi saglanir.

Dengeli dogruluk degerinin yani sira ¢ok smifli siniflandirma s6z konusu oldugunda, zellikle F olctitii
tim smiflar1 icermelidir. Bu baglamda ¢ok simfli F dlgtitiintin hesabr igin iki tiir l¢tim vardir: Makro
Ortalamal1 F Olciitii ve Mikro Ortalamali F Olciitii. Makro ortalamali F olciitii, siniflar iizerinden F
Olcutlerinin ortalamasini hesaplar. Mikro ortalamali F olgtiitii ise smiflar arasinda ornek basina diisen
smiflandirmalar1 bir araya toplar ve genel F olciitiinii hesaplar. Makro ortalama, her sinifa esit agirlik
verirken, mikro ortalama, birim basina her bir simiflandirma kararina esit agirlik verir [35], [37].

Cok smifli simiflandirma problemlerinde Cizelge 3 yardimiyla hesaplanan degerlendirme metrikleri
Dengeli Dogruluk (Accpgigncea), Makro Ortalamali Duyarlilik (Rpqcr0), Makro Ortalamali Kesinlik
(Pyacro), Makro Ortalamali F Olgtitii (F1pqcr0), Mikro Ortalamali Duyarlilik (Ryicro), Mikro Ortalamalt
Kesinlik (Pyicro), Mikro Ortalamali F Olciitii (F1y;.), Esitlik 5-11’de verilmistir. Esitliklerde verilen K
degeri sinuf sayisini temsil etmektedir.

ZK DPk
k=1 Tsatlrk (5)
ACChaiancea= T
ZII(<=1 ReCk
Ryacro = T (6)
Y1 Pre
Pyacro = T (7)

Makro Avg Pre¥*Makro Avg Rec )

Flyacro= 2% (
Macro Makro Avg Pre+Makro Avg Rec

i1 DR
Ruy: —=——=X=1 X 9
Miero Zﬁ:l TSatlrk ( )
i1 DR
S0 (10)
Micro ZE:1 Tsiitunk
Yi—1DP
Flyicro=——"— (11)

Esitlik 1 ve Esitlik 9-11"den de goriilecegi tizere dogruluk, Mikro Ortalamali Duyarlilik ve Mikro
Ortalamali Kesinlik lgtimleri birbirine esittir. Buradan yola ¢ikarak Mikro Ortalamali Duyarlilik ve Mikro
Ortalamali Kesinlik olgiilerinin harmonik ortalamas: olan Mikro Ortalama F olcttti de Dogruluk
formiiltine esit ¢itkmaktadir [35]. Ayn sekilde Dengeli dogruluk ile Makro Ortalamali Duyarlilik 6lgtimleri
de birbirine esittir. Bu nedenle bu g¢alismada Makro ve Mikro olctimler arasindan yalnizca makro
ortalamali Kesinlik ve F ol¢iitii sonuclar1 verilmistir.

3. Arastirma Bulgular:

Calismada termal gortintiilerde nesne tespitinde 6zellik ¢ikarimai igin en basarili ESA mimarisinin hangisi
oldugu ve sik kullanilan cesitli ESA mimarileri ile gesitli stniflandiricilar arasinda en iyi kombinasyonun
hangisi oldugunun tespiti i¢in karsilastirmalar yapilmistir. Deney sonuclar: Cizelge 4’te verilmistir.
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Yapilan tiim c¢alismalar, 12. Nesil Intel Core i7 3.50 GHz islemci, 16GB DDR4 RAM ve 8GB NVIDIA
GeForce RTX 3070 ekran kartmna sahip bilgisayarda gerceklestirilmistir. Ttim calismalar, 64 bitlik
Windows 11 isletim sistemi tizerinde kurulu Matlab R2021a tizerinde derlenmistir. Ozellik cikarimi
sirasinda batch size 32 olarak ttim makine 6grenmesi yontemleri kullanan mimariler icin ayni kullanilmis
ozellikler satir halinde smiflandiricilara verilmistir. Softmax kullanilan mimarilerde ise 0.001 baslangig

ogrenme orani, sgdm optimizasyonu, 20 epoch, 32 batch size parametreleri kullanilmustir.

Cizelge 4. Kullanilan mimari ve siniflandiricilarin smiflandirma sonuglari.

. o Dengeli Dogruluk Toplam Egitin}
Mimari Siniflandirici | Dogruluk (%) (%) Puyacro | Flpacro | Flyicro| V€ Te?:n?urem
Softmax 92,06% 91,33% 0,9144 | 0,9128 | 0,9206 61,37
DVM 89,68% 89,75% 0,8945 | 0,8950 | 0,8968 2,23
Alexnet KNN 86,51% 82,25% 0,8722 | 0,8391 | 0,8651 2,03
Navie Bayes 84,13% 84,69% 0,8287 | 0,8355 | 0,8413 3,15
Diskr. Analizi 92,86% 92,33% 0,9404 | 0,9285 | 0,9286 3,18
Softmax 93,65% 92,33% 0,9494 | 0,9340 | 0,9365 61,13
DVM 90,48% 90,97 % 0,8967 | 0,9021 | 0,9048 4,28
ResNet18 KNN 89,68% 87,44% 0,8973 | 0,8846 | 0,8968 4,04
Navie Bayes 86,51% 88,44% 0,8668 | 0,8734 | 0,8651 4,43
Diskr. Analizi 89,68% 89,11% 0,8858 | 0,8846 | 0,8968 3,33
Softmax 94,44 % 92,00% 0,9422 | 0,9294 | 0,9444 213,96
DVM 95,24 % 94,86 % 0,9651 | 0,9562 | 0,9524 7,13
ResNet50 KNN 89,68% 90,97 % 0,9036 | 0,9050 | 0,8968 6,79
Navie Bayes 86,51% 88,72% 0,8724 | 0,8754 | 0,8651 6,52
Diskr. Analizi 93,65% 93,53% 0,9319 | 0,9332 | 0,9365 4,00
Softmax 95,24% 95,17% 0,9579 | 0,9543 | 0,9524 235,35
DVM 91,27% 91,39% 0,9102 | 0,9115 | 0,9127 4,57
ResNet101 KNN 86,51% 84,16% 0,8602 | 0,8477 | 0,8651 4,35
Navie Bayes 80,95% 80,08% 0,8287 | 0,8131 | 0,8095 5,82
Diskr. Analizi 93,65% 94,36% 0,9374 | 0,9394 | 0,9365 5,57
Softmax 92,06% 91,58 % 0,9338 | 0,9260 | 0,9206 390,51
DVM 89,68% 89,75% 0,9070 | 0,9008 | 0,8968 10,07
Inceptionv3 KNN 88,89% 86,55% 0,8842 | 0,8731 | 0,8889 4,39
Navie Bayes 88,10% 89,03% 0,8908 | 0,8858 | 0,8810 6,27
Diskr. Analizi 88,89% 86,77% 0,8979 | 0,8794 | 0,8889 5,21
Softmax 92,86% 92,72% 0,9397 | 0,9330 | 0,9286 202,98
DVM 92,06% 93,11% 0,9375| 0,9341 | 0,9206 3,29
Googlenet KNN 87,30% 83,97 % 0,8937 | 0,8574 | 0,8730 3,10
Navie Bayes 84,13% 84,80% 0,8396 | 0,8429 | 0,8413 6,59
Diskr. Analizi 91,27% 89,05% 0,9444 | 0,9126 | 0,9127 9,03
Softmax 90,48% 89,05% 0,9235 | 0,9044 | 0,9048 1,53*103
DVM 92,86% 92,75% 0,9395 | 0,9331 | 0,9286 11,62
DenseNet201 KNN 91,27% 91,58% 0,9201 | 0,9145 | 0,9127 11,73
Navie Bayes 82,54% 83,58% 0,8303 | 0,8280 | 0,8254 11,71
Diskr. Analizi 93,65 % 92,39% 0,9514 | 0,9362 | 0,9365 18,29
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Her bir ESA mimarisine entegre edilen bes simiflandiricinin smiflandirma sonuglar1 Cizelge 4'te
karsilastirilmistir. Tim sinuflandiricilarin dogruluk degerleri karsilastirildiginda Resnet101+Softmax ve
Resnet50+DVM mimarileri 95,24% dogruluk degeri ile elde edilen tiim smiflandirmalardan daha ytiksek
bir basarim elde etmislerdir. Siniflar esit agirlikli olarak alan dengeli dogruluk degerine gore 95,17% ile
en yiiksek basarim olan mimari Resnet101+Softmax mimarisidir. Dogruluk degerinde yiiksek basarimi
olan Resnet101+Softmax mimarisinin makro ortalamali kesinlik degeri 0,9579 ile en yiiksek kesinlik
degerleri arasindadir. Bunun yaninda yine Resnet50+DVM ve Resnetl01+Softmax mimarileri igin
smiflarin esit temsil edildigi Makro ortalamali F olctitii sirasiyla 0,9562 ve 0,9543 degerleri ile diger
siiflandirmalara gore daha yiiksek bulunmustur. Bu da modellerin hem dogru pozitif degerlerini hem
de dogru negatif degerlerini iyi tahmin ettigini gostermektedir. Cizelgede verilen toplam egitim ve test
stiresi, egitim verilerinin 6zellik ¢ikarimi ve smiflandirmasi asamalarinda gecen toplam siireyi ifade
etmektedir. Buna gore Alexnet mimarisinde katmanlarin daha az olmasi nedeni ile bu mimari ile yapilan
siiflandirmalar digerlerine gore ¢ok daha kisa stirede gerceklesmistir.

En yiiksek dogrulluk ve dengeli dogruluk degeri bulunan Resnetl01+Softmax ve Resnet50+DVM
yontemlerindeki siniflandirma sonuclarmin karmasiklik matrisleri Sekil 3'te verilmistir.

Karmasiklik Matrisi

1 4
w2 2 28
=
(]
X
[9]
<4
)

3

4 2 4

1 2 3 4

Tahmin edilen Sinif

a) Resnet101+Softmax yonteminin karmasiklik matrisi

Karmasiklik Matrisi

1 4
w2 28 2
=
(]

X
[9]
=4
)
3 2

1 2 3 4
Tahmin edilen Sinif

b) Resnet50+DVM yonteminin karmasiklik matrisi
Sekil 3. Resnet101+Softmax ve Resnet50+DVM yontemlerinin karmasiklik matrisleri
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Cizelge 5. Siniflandiricilarin ortalama basarim sonuglari.
Ortalama Dogruluk Ortalama Dengeli Dogruluk Ortalama Egitim ve Test Siiresi

(%) (%) (sn)
Softmax 92,97 % 92,03% 385,04
DVM 91,61 % 91,80% 6,17
KNN 88,55% 86,70% 5,20
Navie Bayes 84,70% 85,62% 6,36
Diskr.
Analizi 91,95% 91,08 % 6,94

Temel ESA mimarilerinde Softmax smiflandiricinin diger smiflandiricilara gore yiiksek dogruluklara
sahip oldugu gozlenmistir. Fakat ayn1 zamanda diger smiflandiricilara gore egitim ve test asamasini daha
fazla stirede gerceklestirmistir. Cizelge 5 de ttiim siniflandiricilarin ortalama basarim sonuglar: verilmistir.
Ttm mimarilerde kullanilan Softmax smiflandiricilarinin ortalama dengeli dogruluk degeri 92,03%’dir.
Bu sonuca en yakin ortalama dengeli dogruluk degerleri 91,80% ile Destek Vektor Makineleri ve 91,08%
ile Diskriminant Analizi sonucunda elde edilmistir. DVM, KNN Navie Bayes ve Diskriminant Analizi
smiflandiricilarinin egitim ve test stiresi stireleri birbirlerine ¢ok yakin oldugu gozlenmis iken Softmax
smiflandirma ile egitim ve test siiresinin diger siniflandirma yontemlerine gore ¢cok daha fazla oldugu (385
sn) gozlenmistir.

Cizelge 6. ESA mimarilerinin ortalama basarim sonuglari.

Ortalama Dogruluk Ortalama Dengeli Dogruluk Ortalama Egitim ve Test Siiresi
(%) (%) (sn)

Alexnet 89,05% 88,07 % 14,39
ResNet18 90,00% 89,66% 15,44
ResNet50 91,90% 92,02% 47,68
ResNet101 89,52% 89,03% 51,13
Inceptionv3 89,52% 88,74% 83,29
Googlenet 89,52% 88,73 % 45,00
DenseNet201 90,16 % 89,87% 316,67

Cizelge 6'da tiim mimarilerin ortalama basarim sonugclar1 verilmistir. Genel olarak tiim smiflandiricilar ile
siniflandirma basarimina bakildiginda en basarili mimari 91,90% ortalama dogruluk ve 92,02% ortalama
dengeli dogruluk degeri ile Resnet50 mimarisidir. Mimariler arasinda en yavas sonuca ulasan mimari
toplam katman sayis1 ve derinlik bakimindan en ytiiksek degerlere sahip Densenet201 mimarisidir.

4. Sonuglar

Calismada farkli derin 6grenme modellerinin, termal gortintiilerin ¢ok sinifli siniflandirma performanslari
kiyaslanmistir. Kullanilan veri seti ev, araba, insan ve hayvandan olusan 4 siniftan olusmustur. Ik olarak
veri setindeki goriintiilerin Alexnet, Googlenet, Resnet-18, Resnet-50, Resnet -101, Inceptionv3,
Densenet201 mimarileri ile 6zellikleri ¢ikarilmistir. Ardindan Softmax, Destek Vektor Makineleri (DVM),
K En Yakin Komsuluk (KNN), Navie Bayes ve Diskriminant Analizi yontemleri ile smiflandirma
performanslari dl¢tilmuistiir. Performans cl¢timleri ¢ok sinifli siniflandirma performans metriklerine gore
gerceklestirilmistir. Boylelikle olctimlerde her siufa ayni agirligr verilmis ve smif dagilimima duyarsizlik
saglanmistir. Az veriye sahip yeterince temsil edilmeyen simiflarin da olasi tahminlerde temsil edilmesi
saglanmustir.

Deney sonuglar1 esit agirlikli olmayan ¢ok smifli termal verilerde ESA mimarilerinden Resnet50

mimarisinin daha basarili oldugu sonucuna ulasilmistir. Mimarilerde Softmax kullanimimin basarimi
arttirdig fakat egitim ve test stiresini diger siniflandirma yontemlerine gore 60 kat daha fazla stirede
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gerceklestirdigi gortilmustiir. Ayrica siuflardaki veriler dengesiz olsa da kurulan derin 6grenme
modellerinin hem dogru pozitif degerlerini hem de dogru negatif degerlerinin iyi tahmin edildigi
sonucuna ulasilmustir.

Bu calisma ESA mimarilerinde agirliklarin gitincellenmesiyle Softmax smiflandirmasi kullanilarak
gerceklestirilen egitim stireglerinin, islem stiresi ve hesaplama kaynaklar1 agisindan oldukca maliyetli
oldugu belirlenmistir. Buna karsilik, dnceden egitilmis ESA aglarindan 6zellik ¢cikarimi yapilarak makine
ogrenimi smiflandiricilarinin kullanilmas: durumunda, 6zellikle ResNet-50 mimarisi ile tamamen
egitilmis bir agin dogrulugu ile ayni1 performans elde edildigi gozlemlenmistir. Bu bulgu, kictik ve
dengesiz verisetlerinde, 6nceden egitilmis aglarin kullanimmin zaman ve kaynak tasarrufu saglayan etkili
bir alternatif oldugunu ortaya koymaktadir.
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Oz

Kiiresel 1sinma, ingaat sektorii dahil olmak tizere tiim sektorleri
yakindan etkileyen 6nemli bir konudur. Bu nedenle, diistik enerji
tiiketimiyle tretilebilen malzemeler gelistirmek igin bircok
girisim gerceklestirilmektedir. = Bunlardan bir tanesi atik
kagitlarin yapt malzemeleri iiretiminde kullanimi olarak
degerlendirilebilir. Ayrica, binalarda 1s1 yalittmi agisindan
bosluklu hafif kagir beton bloklarmn kullamimi da son yillarda
oldukca yaygmlasmistir. Bu makalede, geri dontistiirtilmiis atik
kagit ve aktif orijinli genlesmis perlit ve pomzanin dolgu duvar
yapimminda kullanilan hibrit agregali stirdirtlebilir yap1
elemanlarinin incelenmesi amaglanmaktadir. Calismada, hafif
yapt malzemesi {retiminde cevre dostu ve stirdiiriilebilir
alternatifler olusturmak igin atik kagit, pomza ve perlit
kullanilarak elde edilen kagir bloklarin mekanik 6zellikleri,
yogunluk ve 1s1  yalittmi  agisindan  performansi
degerlendirilmistir. Atk kagit gibi geri donustirtulmis
malzemelerle geleneksel yapi malzemelerine kiyasla daha diistik
maliyetli, cevreye duyarli ve enerji verimliligi saglayan yap1
elemanlarmin  gelistirilmesi  hedeflenmistir. Elde edilen
sonuclara gore, atik kagit kullanimimin artisi ile malzemenin
basing dayanimi diisse de RILEM’e gore gerekli basing dayanim
kistasin1 saglayabildigi gozlemlenmistir. Kiip 6rneklerinin 28
giin kiir sonrasi basing dayanim degerleri 2,76 MPa - 3,38 MPa
araliginda belirlenmistir. %20 atik kagit ve %15 genlesmis perlit
kullaniminin kagir blogun birim agirliklarinda 110, 150, 180 ve
200 doz baglayict kullanimlarinda sirastyla %16,4, %15,2, %14,4
ve %13,81ik hafiflemesini saglamistir. Ayrica, %35 atik kagit
kullanumu ile hafif bloklarda 0,143 ile 0,167 W/mK 1s1 iletkenlik
katsayis1 degerlerinin saglanabildigi goézlemlenmistir. Bu
calisma, hibrit agregali yap: elemanlarmin insaat sektoriinde
hafif dolgu duvarlar icin potansiyel bir alternatif olarak
kullanilabilecegini gostermektedir.

Abstract

Global warming is an important issue that closely affects all sectors,
including the construction sector. For this reason, many initiatives are
being carried out to develop materials that can be produced with low
energy consumption. One of these can be considered as the use of
waste paper in the production of building materials. In addition, the
use of hollow lightweight masonry concrete blocks in terms of
thermal insulation in buildings has also become quite widespread in
recent years. This article aims to examine sustainable building
elements with hybrid aggregates used in the construction of infill
walls made of recycled waste paper and active origin expanded
perlite and pumice. In the study, the mechanical properties, density
and thermal insulation performance of the masonry blocks obtained
using waste paper, pumice and perlite were evaluated in order to
create environmentally friendly and sustainable alternatives in the
production of lightweight building materials. It is aimed to develop
building elements that are more cost-effective, environmentally
friendly and energy efficient compared to traditional building
materials with recycled materials such as waste paper. According to
the results obtained, although the compressive strength of the
material decreases with the increase in the use of waste paper, it has
been observed that it can meet the required compressive strength
criteria according to RILEM. Compressive strength values of cube
samples after 28 days of curing were determined in the range of 2.76
MPa - 3.38 MPa. The use of 20% waste paper and 15% expanded
perlite provided a 16.4%, 15.2%, 14.4% and 13.8% reduction in the
unit weight of the masonry block in 110, 150, 180 and 200 doses of
binder, respectively. In addition, it was observed that thermal
conductivity coefficient values of 0.143 to 0.167 W/mK could be
achieved in lightweight blocks with the use of 35% waste paper. This
study shows that hybrid aggregate structural elements can be used
as a potential alternative for lightweight infill walls in the
construction sector.

Anahtar Kelimeler: Atik kagit, perlit, kagir blok, hafif beton,
dayanim, rotre, yalitim

Keywords: Waste paper, perlite, masonry block, lightweight concrete,
strength, shrinkage, insulation
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1. Giris

Giintimtizde artan ¢evresel endiselerin esas kaynag, yeterince ekonomik olarak degerlendirilemeyen ve
yonetilemeyen atiklarin giderek birikmesinden kaynaklandigi dustintilmektedir. Bu atiklarin yogun
miktarlarda herhangi bir end{istri alaninda katma deger saglayan birer geri dontisiim materyali olarak
kullanim olasiliklarmin arastirilmasi, guniimiiziin 6nemli konular1 arasinda yer almaktadir. Bu
malzemelerin miktar olarak yogun tiiketiminin s6z konusu olabilecegi 6zellikle insaat malzemeleri olarak
geri dontisturtlmesi, olas1 cevresel kirliligin etkilerinin giderimi, binalarda stirdiirtilebilir ve ekonomik
degerlere sahip yenilik¢i malzemelerin gelistirilmesi igin pratik yaklasimlar olarak gortilebilmektedir. Son
yillarda, yenilenebilir veya geri dontstiirtilmiis malzemelerden {iretilen farkli formlardaki yapi
malzemelerine olan ilgi giderek 6nem kazanmaktadir. ingaat sektériinde oldukga fazla miktarlarda
yenilenemeyen kaynak kullandigindan, diisik maliyetli ve yalittm ozellikleri olan geri dontisim
malzemelerinin kullanimiyla yeni nesil stirdiirtilebilir nitelikte kompozit yap1 elemanlarinin tiretilme
potansiyeli, glincel arastirma konular1 arasinda yerini almistir [1]. Yapr malzeme {iiretimlerinde geri
dontisim materyal olasiliklarindan birisi de atik kagitlarin hafif yap1 eleman tiretimlerinde ana ve/veya
katki malzemesi olarak kullanilmasidir. Bir¢ok arastirmacmin diisiik yogunluklu duvar tuglalar
gelistirmek amaciyla atik kagit, atik kagit camuru, kiil, grantile ytiksek firin ctirufu, saman balyasi, ugucu
kil, strafor, geri dontsturtilmiis agregalar, plastik kutular, tarim atiklar1 tizerinde ¢alismalar: oldugu
gortilmektedir [2-11]. Geri dontistiirtilebilir malzemeler arasinda cam, kagit, karton, metal, plastik, lastik,
tekstil tirtinleri ve elektronikler bulunur. Gida veya bahge atig1 gibi biyolojik olarak parcalanabilir atiklarin
kompostlanmas: veya baska sekilde yeniden kullanimi da bir geri dontistim bicimidir. Geri dontistim,
insanlik tarihinin gogunda yaygin bir uygulama olmus ve tarihsel stirecte MO dérdiincti yiizyilda Platon'a
kadar uzandig: gortilmektedir [12]. Atik kagitlar, 6zellikle cimento esasli matrislerde gecisten glinimiize
degin farkli formlarda yapr malzemesi olarak kullanilmis olup, iiretilen kompozit yap: elemanlarmin
basing, cekme, egilme dayanimi gibi mekanik 6zelliklerini gelistirmek amaciyla ¢ok sayida arastirma
yapimustir [1-3,6-7,9-10,12]. Ancak, atik kagitlarin bosluklu hafif kagir beton bloklarin tretiminde
kullanilabilirligi ile ilgili literattirde sinirli sayida arastirma sonuglarina rastlanmaktadir. Yousoff ve ark.
[13] beton blokta kum yerine geri dontisttirtilmiis kagit camuru kullaniminin fiziksel 6zelliklere etkisini
arastirmislardir. Calismalarinda kullanilan geri dontisttirtilmiis kagit camuru ytizdeleri %5, %10 ve
%15'tir. %5 geri donustiiriilmiis kagit camuru kullanimi, %12,24 su emme orani, 0,25 W/m°C (1,17 W/mK)
1s1l iletkenlik degeri ve 2457,71 kg/m3 yogunluk degeri ile beton blokta en etkili oran olarak tespit
edilmistir. Yapilan testlerden elde edilen veriler 1s181inda, geri donustiiriilmiis kagit camurunun beton
bloklarda kullanilmasinin ingaatlarda i¢ bolme duvar, bosluklu dis duvarlarin i¢ ve dis bélmeleri, déseme
dolgusu olarak kullanilabilecek iyi bir yan {irtin malzemesi olabilecegi, cevre dostu ve stirdiiriilebilir
oldugu sonucuna varmislardir. Akinwumi ve ark. [14] bir yapr malzemesi olarak kullanilmaya
uygunlugunu belirlemek igin atik gazete ve ofis kagidi kullanilarak tiretilen betonun yogunlugunu, su
emme kapasitesini, basing dayanimini ve yangima dayanikliligini belirlemislerdir. incelenen her karisim
orani icin, gazete kullanilarak betonun yigin yogunlugu, su emme, basin¢ dayamimi ve yangina
dayanikliligiin ofis kagidi kullanilarak tiretilen daha ytiksek oldugu bulunmustur. Kagit katkili betonun
su emme ve yangina dayamikliiginin yiiksek oldugu ve atik kagit icerigi arttikca arttigi, kagit katkil
betonun y1gin yogunlugu ve basing dayaniminin ise duisiik oldugu ve atik kagit icerigi arttikca azaldig:
bulunmustur. Kagit betonun, 6zellikle ytiksek kath binalarin bélme duvarlarini yapmak igin kullanilacak
hafif ve yangma dayanikl ici bos veya dolu bloklarin tiretimi i¢in etkili ve stirdiirtilebilir bir malzeme
oldugu oOnerilmistir. Solahuddin ve Yahaya [15] atik kagidi1 (WP), Parcalanmis Fotokopi Atik Kagidi
(SCPWP) ve Parcalanmis Karton Atik Kagidi (SCBWP) olmak tizere iki tiir Parcalanmis Atik Kagidin
(SWP) katki maddeleri olarak betonun 6zellikleri ve Betonarme Kirisin (RCB) yapisal davranisi tizerindeki
etkisini arastirmak i¢in kullanmislardir. Slump, basing, egilme ve yarmada ¢cekme dayanimlari, referans
ornegine kiyasla %5-10 SCPWP ilavesi icin %4-13 artarken, %15 SCPWP ilavesi i¢in %16-23 azalmustir.
SCBWP icin slump, basing, egilme ve yarmada cekme dayanimlari, referansa kiyasla %5-10 ekleme icin
%10-23 artarken, %15 ekleme icin %15-21 azalmistir. %15 SCPWP ve SCBWP ilavesi su emme ve
ciceklenmede en yiiksek etkiyi gostermistir ve %15 SCBWP ve SCPWP ilavesiyle sirasiyla %11 ve %10,28
artis gozlemlemislerdir.
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Gozenekli hafif agregalardan mamul bosluklu geometrik tasarimlara sahip kagir duvar bloklar1 diinya
genelinde insaat projelerinde yaygmn olarak kullanilan ¢ok yonlti yap: malzemeleridir [16]. Bu kagir
bloklar, birim agirliklarini azaltan ve yalitim 6zelliklerini iyilestiren 6zel tasarim bosluk geometrilerine ve
konfigiirasyonlara sahiptirler [17]. Bununla birlikte blok elemanini olusturan hafif harg bilesiminde gerek
birim agirlig1 azaltic1 gerekse yalitim degerini gelistirici etki sergileyen farkli tane boyutlarinda gozenekli
agregalar da kullanilmaktadir [17]. Bu agregalar arasinda yaygin sekilde pomza tasi, volkan ctiruflari,
ignimbrit agregalar goriilebildigi gibi, genlesmis perlit, vermikiilit, diyatomit gibi agregalar1 da gérmek
mumkiindiir [18-20]. Bununla birlikte bu blok elemanlarin tiretimlerinde endiistriyel artitk malzeme
hiiviyetinde nitelenebilen bircok malzeme de geri dontisiim agregalar1 olarak kullanilarak, yapi
elemaninin teknik performanslari iyilestirilebilmektedir. Hafif kagir bloklar insaat endtistrisinde tasiyici
olmayan i¢ ve dis bolme duvarlar gibi cesitli uygulamalar icin ideal birer yap1 bileseni 6zelliklerini
tasimaktadirlar [16-20]. Bu baglamda, atik kagidin hafif yapr elemani kéagir duvar elemanlarinda
kullanilmas: ayrica, ¢op sahalarina, yakma tesislerine veya diger kullanim seceneklerine ekonomik ve
karl birer alternatif de olabilir.

Perlit de pomza gibi volkanik kokenli bir kaya¢ yapisina sahiptir. Kayacin biinyesinde olusum
mekanizmasina gore farkli oranlarda kristal suyu bulunur. Bu kristal suyun kayag btinyesindeki miktari,
sicaklik etkisine maruz kalan perlitin genlesme oranina etkiyen en belirgin faktordiir. Perlitler olusumlar:
ve buinyesindeki kristal su miktarlarina gore aktif perlit ve pasif perlit olarak tanimlanabilmektedir. Aktif
perlitlerin biinyesinde kristal su miktar1 ytiksek olup, diistik sicaklik degerlerinde biiytik hacim artist
olusturarak genlesme karakteristigi gosterirler. Pasif perlitler de ise, kristal su miktar1 daha diistik
diizeyde olup, ancak ytiksek sicaklik degerlerinde genlesebilirler [21-23]. Aktif perlit 6zellikli malzemeler,
duistik sicaklik etkisinde genlesme miktar1 ayarlanarak (3-10 kat arasi) tane mukavemeti ve yogunlugu
gorece yiiksek genlestirilmis agrega tretiminin yapilabilmesine de olanak saglayabilmektedir. Bu
perlitlerin genlesme islemi sonrast yigin yogunluklar1 150-300 kg/m3 araliginda degisim
gosterebilmektedir. Bu sekilde elde edilen genlestirilmis perlit agregalara “diistik sicaklikta genlesmis perlit”
ad1 da verilebilmektedir.

Bu calismanin amaci, atik kagit ve genlesmis perlitin etkili ve kaliteli bir hafif kagir blok elemar
tiretiminde kullanilmasma odaklanmaktir. Literatiir incelendiginde, atik kagit ve perlit agregalarin
birlikte kullanilmasi ile tiretilen hafif beton 6rneklerinin teknik analizlerini inceleyen yeterli diizeyde
calisma olmadig gozlemlenmektedir. Bu calismada, hafif beton karisiminda atik kagidin betonun
dayanimina etkisinin incelenmesi ve atik kagit iceren beton icin karisim oranlarinin gelistirilmesi
amaglanmaktadir. Bu calisma ile evlerde, okullarda, ticari, endiistriyel ve diger kuruluslarda iiretilen atik
kagitlarin geri dontistimii ve tekrar endiistriyel bir alana ekonomik olarak kazandirilmasi amaglanmustir.
Ayrica, atik kagitlarin olasi ¢op toplama alanlarinda birikimiyle potansiyel olusturabilecegi kirliligin cevre
tizerindeki etkisini azaltmak ve ekonomik katma degeri olan bir materyal 6zelligi kazandirmaktadar.

2. Materyal ve Metot
2.1. Test Orneklerinde Kullanilan Malzemeler

Tastyic1 zellikte olmayan ve dolgu duvar amaciyla kullanilacak hafif yapr elemani kagir blok
elemanlarmin {iretiminde gozenekli ve dogal orijinli birden fazla ttir hafif agregalar sektorel
uygulamalarda kullanila gelmektedir. Bunlar arasinda en yaygin olanlar1 arasinda pomza, volkan ctirufu,
tufit ve ignimbrit kayaglar1 gibi dogal malzemeler yer almaktadir. Bu kayaclarin ortak 6zelligi volkanik
orijjinli olmalarmin yam sira dogal sekilleriyle hafif yapi elemani kagir triinlerin tiretimlerinde
kullanilabilir olmalaridir [21,24-25]. Bu galisma kapsaminda kagir blok elemanlarin {iretimi amaciyla test
orneklerinin hazirlanmasinda 3 farkli malzeme, ana agrega malzemeler olarak kullanilmistir: Pomza, geri
dontisiim tirviinii atik kagit ve genlesmis perlit.

Pomza agrega malzeme Kayseri-Talas pomza ocaklarindan dogal tiivenan formlar1 korunarak tedarik

edilmis ve analizler icin laboratuvar ortamina getirilmistir. Pomza ocagindan temin edilen agregalar,
dogal nemlerini kaybetmemeleri igin kilitli naylon posetlerde saklanmistir. Laboratuvarda, nemleri
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korunarak primer bir kiricida kirilan pomza agregalar, ardindan kare goz agiklikli elekler kullanilarak 0-
1 mm ve 1-3 mm olmak {izere iki farkli tane boyut grubuna ayrilmistir (Sekil 1).

Sekil 1. Boyutlandirilmis pomza agrega ¢rneklerinin genel goriintimii

Bu calismada 0-1 mm boyut araligindaki pomza agrega o6rnekleri “FPA”, 1-3 mm boyut araligindaki
pomza agrega Ornekleri ise “CPA” olarak kodlanmustir. FBA ve CPA pomza agrega drneklerinin dogal
nem icerikleri sirasiyla %10 ve %13 olup, nemli yigm yogunluklar: ise sirasiyla 630 kg/m? ve 540
kg/m?¥ttr. Pomza agregalar calisma boyunca herhangi bir kurutma islemine tabi tutulmaksizin bu dogal
nemleri ile kullanilmiglardar.

Bu calismada baglayici malzeme olarak biittin karisimlarda ASTM Tip I (42,5 MPa) ozelliklerine sahip
¢imento tercih edilmistir. Cimentonun kimyasal 6zellikleri Cizelge 1'de verilmistir. Cimento, pomza ve
genlesmis perlitin kimyasal icerigi Cizelge 1'de verilmistir.

Calisma kapsaminda kullanilan atik kagitlar geri dontistim tirtinti olup, gazete parcalari, arttk mukavva
kutular1 ve kiyilmis kagit atiklari toplanarak laboratuvar ortaminda biriktirilmistir. Sonrasinda bu
materyaller ayr1 ayr fiziksel bir parcalama islemine tabi tutularak ince boyutlu seritler ve partikiiller
sekline indirgenmistir. Ufalanmis her bir materyal, daha sonra birbirleriyle harmanlanarak karistirilmis
ve ortalama %10'luk bir su ile parcalanmis tiim serit ve partikiiller, su igesinde bekletilerek hamur haline
gelmesi saglanmistir. Daha sonra bu hamur kurutularak seliilozik lifsel yapida atik kagit partikiillerinin
peklesmesi saglanmustir. Bu sekilde kagir blok {retimi igin testlerde ana agrega olarak
degerlendirilebilecek geri dontistim tirtinti atik kagit malzemesi elde edilmistir (Sekil 2). Kuruma islemi
tamamlanmis ve peklesmis formdaki atik kagit malzemesi yiginindan alinan alt1 ayr1 numune alinarak
her birinin birim hacim kiitle degerleri sabit hacimli bir 6l¢ti kab1 kullanilarak elektronik terazi yardimiyla
agirliklar ol¢tilmustiir. Bu olgtimlerde malzeme birim agirhiginin ol¢ti kabr hacmine orami olarak
belirlenen alt1 ayr1 numunenin yogunluk degerlerinin aritmetik ortalamasi alinmis olup, bu yogunluk
degeri malzemenin y1gin yogunlugu olarak tanimlanmistir. Calisma kapsaminda kullanilan peklesmis
formdaki atik kagit malzemenin y1gin yogunlugu 280+25 kg/m3 olarak belirlenmistir.

Sekil 2. Geri dontistim {irtinti atik kagit gortintimii
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Bu calisma kapsaminda orijini aktif perlit 6zelliginde olan bir perlit kayacinin 630-650C sicaklik araliginda
genlesmesiyle ortalama y1gin yogunlugu 180+20 kg/m? olan genlesmis perlit agrega piyasa kosullarindan
temin edilerek kullanilmustir (Sekil 3). Genlesmis perlit agreganin ortalama boyutu 0-2 mm araligindadar.

Sekil 3. Genlesmis perlit agrega sembolik genel gortintimi

Cizelge 1. Cimento, pomza ve perlitin bazi major kimyasal bilesenleri.

Bl(l(f;f)en Cimento Pomza Ge;i:1§;tm§
SiO 20,66 68,76 74,4
AlLOs 5,89 14,21 18,9
Fe,O3 4,12 3,57 0,7
CaO 63,16 2,33 1,8
NaxO 0,17 3,79 3,4
KO 0,79 2,94 4,6
MgO 2,63 0,88 04
Kizdirma kaybi 1,41 1,64 0,87

2.2. Karisim Tasarimi ve Ornek Hazirlama

Atik kagit ve genlesmis perlit agregalarin kagir blok tiretiminde bir hafif beton bilesimi olarak kullanilacak
ozellikler tastyip tasimadiginin analizi amaciyla, oncelikle bir dizi kuru karisim sifir slump kivaminda
hibrit agregali hafif beton (HAHB) ¢rnekleri hazirlanarak fiziksel ve mekanik analizleri yapilmistir. Bu
orneklerin tasariminda 3 farkli karisim kombinasyonu uygulanmistir. Bunlar:

I.  Kontrol test drnekleri amaciyla, karisim bilesiminde atik kagit ve genlesmis perlit icermeyen
yalnizca pomza agrega kullanilarak tasarlanmus bir seri hafif beton 6rnekleri, (karisim bilesiminde
yalmzca atik kigit ve genlesmis perlit iceren kombinasyonlar, olusturulan kuru karisim kwamindaki
harcin iglenebilirliginin diistik olmast sebebiyle bu calisma kapsaminda degerlendirmeye alinmamustir).

II.  Karisim bilesiminde toplam agrega miktarmin agirlikca %20’si atik kagit ve %15'i genlesmis
perlit agrega kullanilarak tasarlanmuis bir seri hafif beton 6rnekleri,

III.  Karisim bilesiminde toplam agrega miktarinin agirlikca %351 atik kagit ve %151 genlesmis
perlit agrega kullanilarak tasarlanmuis bir seri hafif beton 6rnekleri.

II. ve I1I. seri karisim tasarimlarinda atik kagit ve genlesmis perlit miktarlari, karisimdaki pomza agregaya
ikame (yer degistirmeli) olarak tasarlanmistir. Bu serilerde hazirlanan test 6rneklerinin analizlerinden elde
edilen bulgular bu ¢alismanin ilk boliimiinii teskil etmekte olup, kagir blok tiretiminde kullanilacak kuru
kivam formundaki hafif beton harci igin 6n bilgilerin elde edilmesini amaclamaktadir. Calismanin ikinci
boliimiinde, 6n analizlerde belirlenen karisim oranlarma uygun olarak, tam ¢lcekli, iki sira bosluklu ve 6
gozlu bosluk geometrisi ile tiretilen kagir blok formu igin hibrit agregal1 kagir blok (HAKB) numuneleri
tizerinde basing dayanimi, birim agirlik ve 1s1 iletkenlik analizleri gerceklestirilmesi planlanmuistir.
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I. seri HAHB karisim tasarmminda toplam agreganin agirlikca %401 FPA ve %601 CPA oranlarinda
harmanlanmistir. Harmanlanmis pomza agrega kullanilarak, sirasiyla 110, 150, 180 ve 200 kg/m? ¢cimento
dozajlarinda kuru karisim beton blok tiretimini simiile etmek amaciyla, laboratuvar ortaminda vibrasyon-
sikistirma tinitesine sahip bir dokiim makinesi ile 100x100x100 mm boyutlarinda kiip numuneler ayr1 ayr1
tiretilmistir. Bu 6rnekler calismada HB1 - BH4 olarak kodlanmaistir. Bu 6rneklerin analiz bulgular1 calisma
kapsaminda kontrol degerleri olarak irdelenmistir. II. seri HAHB karisim tasariminda toplam agreganin
agirlikca %15 FPA, %50 CPA, %20 atik kagit ve %15 genlesmis perlit oranlarinda harmanlanmistir. Benzer
sekilde III. seri HAHB karisim tasariminda da toplam agreganin agirlikca %15 FPA, %35 CPA, %35 atik
kagit ve %15 genlesmis perlit oranlarinda harmanlanmaistir. II. ve III. seri karisimlarindan da I. seride
hazirlanan 6rneklere esdeger olan, sirasiyla dort farkl 110, 150, 180 ve 200 kg/m3 dozajlarinda ¢imento
kullanilarak kuru karisim kivaminda kiip 6rneklerin doktimleri yapilmustir. II. seri tasarimlarma ait
ornekler calismada HB5 - BHS8 ve III. seri tasarimlarina ait 6rnekler de HB9 - BH12 olarak kodlanmustir.
I, II. ve IIL seri tasarimlarin bilesenleri ve elde edilen har¢ yogunluk degerleri Cizelge 2'de verilmistir.
Her bir karisim icin 12 adet kiip numune dokiimii gergeklestirilmis ve dort farkli ¢imento dozaji
kullanilarak her seride toplam 48 adet HAHB numunesi tiretilmistir. Bu baglamda ¢alisma kapsaminda
ti¢ ayr1 toplamda 144 test 6rnegi hazirlanmistir.

Cizelge 2. Hibrit agregali karisim oranlar1 ve HAHB yogunluklar:

. . Agrega/ Sertlesmi
Gy Cmem G T S
Kod 5 $ 0 Oram guns Yogunluk
3
(kg/m?)  (kg/m) ‘kg)’ ™ gm)  kgm) Y wgmy) gm)
HB1 110 242 320 0 0 5,11 953 908
HB2 150 231 305 0 0 3,57 982 925
HB3 180 222 294 0 0 2,87 1003 939
HB 4 200 217 287 0 0 2,52 1016 951
HB5 110 91 276 49 23 4,00 804 721
HB 6 150 86 262 46 22 2,78 843 747
HB7 180 83 252 45 21 2,23 871 767
HB 8 200 81 246 43 21 1,96 888 782
HB9 110 91 193 85 23 3,57 747 661
HB 10 150 86 183 81 22 2,48 790 690
HB 11 180 83 176 78 21 1,99 821 712
HB 12 200 81 171 75 21 1,74 842 727

Calisma kapsaminda tasarlanan BH5 - HB8 karisimlarinda atik kagit ve genlesmis perlit agregalarn
harmanlanarak karisimlara ilave edilmesiyle kontrol amagli hazirlanan 6rneklere kiyasla hafif betonun ne
Olgekte fiziksel ve mekanik 6zelliklerine etkisi oldugunu incelemek amaglanmistir. Bununla birlikte, BH9
- HB12 karisimlarinda ise karisim tasariminda genlesmis perlit miktar: sabit tutulup, atik kagit miktar:
agirlikca %15 nispetinde artirildiginda hafif betonun fiziksel ve mekanik 6zelliklerinde ne gibi degisime
sebep oldugunu incelemek amacglanmistir. Bu baglamda HB1 - HB4 karisimlarinda Agrega/Cimento
(A/C) oranlar1 2,52 -5,11, HB5 - HB8 karisimlarinda Agrega/Cimento (A/C) oranlar1 1,96 -4,00 ve HB9 -
HB12 karisimlarinda Agrega/Cimento (A/C) oranlar1 1,74 -3,57 araliklarinda degisim gostermektedir.
Bununla birlikte HAHB 6rneklerinin hazirlanmasinda HB1 - HB4 karisimlarinda Su/Cimento (S/C)
oranlar1 0,24 - 0,30 araliginda, HB5 - HB8 karisimlarinda Su/Cimento (S/C) oranlar1 0,28 - 0,34 araliginda
ve HB9 - HB12 karisimlarinda Su/Cimento (S/C) oranlari ise 0,31 - 0,35 araliginda degisim gostermistir.
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Calisma kapsaminda, ti¢ farkl seri karisim tasarimi igin vibrasyon-sikistirma 6zelliginde olan, manuel
kullanimda %45 yerlestirme oranina kadar presleme yiikii uygulanabilen bir dokiim makinesi
kullanilarak 100x100x100 mm boyutlarinda HAHB kiip numuneler tiretilmistir (Sekil 4). Dokiimii yapilan
HAHB test numuneleri, dolum, vibrasyon ve yerlestirme islemlerinin ardindan presleme asamasi
tamamlanir tamamlanmaz kaliptan ¢ikarilarak laboratuvar ortamindaki normal hava kosullarinda 28 giin
sureyle kiir islemine brrakilmistir. Kuru karisim kivaminda hazirlanan bu kiip numuneler, HAKB
elemanlarinin tiretiminde kullanilacak hafif harcin fiziksel ve mekanik 6zelliklerini 6n analizler ile tespit
etmek icin degerlendirilmistir. Laboratuvar ortaminda prizini almis ttim kiip test 6rnekleri, herhangi bir
kurutma ve/veya basliklama vs. islemine tabi tutulmaksizin birim hacim kiitle degerleri dlctilmiis ve
mekanik dayanim testleri yapilmustir. Elde edilen bulgular, karisimlarda yer alan atik kagit ve genlesmis
perlit miktarlar1 acisindan kontrol 6rneklerinin degerleriyle karsilastirmali olarak irdelenmistir.

el
2 &

TS \\

Sekil 4. Analizlerde kullanilan HAHB tas.arlrrlurﬁ-n :

SRR N
nel gorintimii

Calisma kapsaminda ayrica atik kagit kullanimmin ytiksek lifsel ve seliilozik 6zellik sergilemesi ve
genlesmis perlit agregalarin yiiksek su emme kabiliyetlerinin olmasi diistincesiyle HAHB test 6rneklerinin
kuruma biiziilmesi ve rutubet genlesmesi 6zelliklerindeki degisim 6nem kazanabilmektedir. Bu degisimin
boyutlarmi analiz edebilmek icin, HAHB karisimlar1 ayr1 bir numune boyutu olarak 10x10x40 cm prizma
formunda hazirlanmistir. Kiir islemi tamamlanan bu boyuttaki HAHB numunelerinin kuruma biiztilmesi
(rotresi) ve rutubet genlesmesi Ozellikleri, ASTM C426 standardina uygun olarak test edilerek
belirlenmistir.

Calismanin ikinci boliimiinde, 6n analizlerde belirlenen karisim oranlari kullanilarak, tam 6lgekli, iki sira
bosluklu ve 6 gozlii bosluk geometrisinde bulunan kagir blok formu icin HAKB modeli tizerinde fiziksel
ve mekanik analizler gerceklestirilmesi planlanmistir. HAHB test 6rneklerinin analizlerinden elde edilen
bulgular baglaminda, atik kagit ve genlesmis perlit agregalarin birlikte harmanlanarak kagir blok
tiretiminde kullanilabilme potansiyelinin irdelenmesi amaciyla, tastyic1 olmayan ozellikte duvar dolgu
blok elemani olarak degerlendirilebilecek sektorel orgii duvar uygulamalarinda kullanilabilen bir
geometriye sahip kagir blok formu i¢cin HAKB modeli tizerinde performans analizlerinin yapilmasi
tasarlanarak, her bir seri icin ayr1 ayr1 analizler yapilmistir. Bu analizlerde HAKB prototip modeli 135 x
390 x 185 mm (genislik x uzunluk x ytikseklik) anma boyutlarinda olup, geometrik olarak iki sira bosluklu,
6 gozlu ve lamba zivanali (kenetlenmeli) formundadir. Bu tasarim, projelerde cogunlukla i¢ bolme
duvarlarin olusturulmasinda tercihen kullanilan bir blok formu olup, odalar aras1 yalitim performansinin
gelistirilmesinde onem kazanmaktadir. Analizlerde kullanilan HAKB tasariminin genel gorinimi
sembolik olarak Sekil 5'te gosterilmistir. Kagir blok analizlerinde, TS EN 771-3 ve ilgili standartlarin
belirledigi prensipler temel alinmistir.
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1 35 mm

185 mm

Sekil 5. Analizlerde kullanilan HAKB tasariminin sembolik genel goriintimii

3. Bulgular ve Tartisma

Calisma kapsaminda test edilen ttim HAHB kiip numunelerinin su emme degerleri, rutubet genlesmesi,
kuruma biiztilmesi ve basing dayanimi, her bir seri karisim tasarimi icin sirasiyla Cizelge 3’te
sunulmustur. Ayrica, HAHB karisim bilesimleri icin tam 6l¢ekli HAKB elemanlarinin birim hacim kiitlesi,
kuru birim agirlig, 1s1l iletkenlik degerleri ve basing dayanimi her bir seri karisim tasarimi icin sirasiyla
Cizelge 4'te verilmistir. Cizelgelerde verilen degerler, asagidaki alt boliimlerde detayli karsilastirmali
olarak irdelenmistir.

Cizelge 3. HAHB karisimlarina ait test 6rneklerinin 6zellikleri

A.grega/ Kiitlece Su Basing Ifut"'uma Rutubet

Kod Cimento Emme Oram1  Dayanim Buzu.lmes Genlesmesi

Oram i

(A/€) (o) (MPa) (%0) (%)
HB1 511 23,20 2,76 0,049 0,053
HB?2 3,57 17,90 2,82 0,050 0,051
HB3 2,87 14,70 3,22 0,058 0,048
HB 4 2,52 11,08 3,38 0,059 0,044
HB5 4,00 37,00 1,64 0,042 0,057
HB6 2,78 31,80 1,97 0,046 0,053
HB7 2,23 31,42 2,08 0,053 0,051
HB 8 1,96 25,70 2,34 0,054 0,047
HBY 3,57 42,00 1,43 0,034 0,063
HB 10 2,48 39,84 1,62 0,044 0,058
HB 11 1,99 38,40 1,71 0,050 0,055
HB 12 1,74 37,30 1,88 0,052 0,052
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Cizelge 4. HAKB elemanlarina ait tasarimlarin 6zellikleri

A.grega/ Birim Briit B‘irim Basing ' Isil .
Karisim Gimento Agirlik Hanc1m Dayanimi Iletk? nl.1 k

Orani Kiitle Degeri

(A/C) (kg) (kg/m?) (MPa) (W/mK)
HB1 511 5,68 583 1,77 0,203
HB 2 3,57 5,84 600 1,81 0,207
HB3 2,87 5,96 612 2,06 0,210
HB 4 2,52 6,05 621 2,17 0,212
HB5 4,00 4,75 488 1,05 0,176
HB 6 2,78 4,95 508 1,26 0,180
HB7 2,23 511 525 1,33 0,183
HB 8 1,96 5,21 536 1,50 0,186
HB9 3,57 4,39 451 0,92 0,147
HB 10 2,48 4,61 473 1,04 0,156
HB 11 1,99 4,78 491 1,10 0,161
HB 12 1,74 4,89 502 1,21 0,163

3.1. Kiip Orneklerinin Analizi
3.1.1. Basing¢ Dayanumi ve Yogunluk

Hafif beton tasarimlarinda ¢imento dozaji arttikga sertlesmis beton Orneklerinin artan yogunluk
degerlerine bagli olarak basing dayanim degerlerinin de artis egilimi gostermesi olagan bir beklentidir.
HAHB kiip orneklerinin 28 giin kiir sonrasi basing dayanim degerleri Sekil 6’da grafiksel olarak
gosterilmistir. Calismada kontrol ornekleri amaciyla atik kagit ve genlesmis perlit kullanilmadan
tasarlanan HAHB kiip ¢rneklerinin 28 giin kiir sonrasi basin¢ dayanim degerleri 2,76 MPa - 3,38 MPa
araliginda belirlenmistir. Bu degisim ¢imento dozajia bagh olarak gelisim gostermekte olup, 110 doz
¢imentodan 200 doz ¢cimentoya artirildiginda HAHB kiip drneklerindeki dayanim artis1 yaklasik %22,5tir.
Literattir ile yapilan calisma sonuclar1 karsilastirildiginda, yalnizca pomza agrega kullanilarak burada
elde edilen degerler, benzer agrega yogunluklarma sahip farkli pomza agregalarla yapilan hafif beton kiip
orneklerinin degerleriyle ortusttigt de gortilmektedir [26].

Toplam Agrega’da
M %0 AK + %0 GP [1%20 AK + %15 GP H12435 AK + %15 GP
3,38

=)
wn

3,22

(]
[=}
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o
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1,97 1.88

1,64 1,62 1,71

Basin¢g Dayanimi (Mpa)
- B

=]

Smf HI (Yahtim Betonu) Limiti

051 |
1 1
Cimento Cimento Cimento Cimento
110 kg/m3 150 kg/m3 180 kg/m? 200 kg/m?

Sekil 6. HAHB kiip drneklerinin ¢cimento dozajina bagli basing dayanim degerleri
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Hafif beton bilesiminde atik kagidin agrega olarak kullanimi, kagit malzemenin seliilozik yapisi ve ayrica
lifsel bir form gostermesi sebebiyle beton dayaniminin diismesini etkileyen bir faktor olarak
goriilebilmektedir. Literattirde de atik kagit kullanimmin %10-15 oranindan fazla kullanimmin basing
dayanimlarinda dustise sebebiyet verdigi gozlemlenmektedir [15,27]. Ayrica, bu calismada, genlesmis
agrega malzemenin de tane mukavemetin pomza agregaya kiyasla daha diisiik diizeyde olmasi da basing
dayanimini distirticti bir etki sergileyecegi kaginilmaz olmaktadir. Calisma kapsaminda karisim
tasariminda toplam agreganin agirlikca %20 oraninda atik kagit ve %15 oraninda genlesmis perlitin
harmanlanarak kullanilmis oldugu HB4 - HB8 karisimlarinda, basing dayanim degerleri ¢cimento dozajina
bagl olarak 1,64 MPa - 2,34 MPa araliginda degisim gostermistir. Artan ¢cimento dozaji, kiip drneklerin
basing dayanimini da artirmis olup, daha kompakt bir form kazanmasmna olanak saglamustir. Ancak,
esdeger cimento dozajinda hazirlanmis kontrol drneklerine gore daha diisiik dayanim degerleri elde
edilmistir. Ornegin; 110 kg/m3 dozajli HB1 ve HB5 kodlu 6rneklerin basing dayanimlari arasindaki
degisim %40,6’dir. Benzer sekilde 150, 180 ve 200 kg/m3 dozajli test 6rneklerindeki dayanim dustist
sirasiyla HB2 ve HB6 icin %30,1, HB3 ve HB7 icin %35,4 ve HB4 ve HBS icin ise %30,8 dir.

II. seri karisim tasariminda genlesmis perlit miktar1 sabit tutularak atik kagit miktar1 %15 artisla agirlikca
%35 oraninda kullanilmistir. Diger bir degisle, bu serideki 6rneklerde atik kagit kullaniminin daha yiiksek
oranda olma kosulu irdelenmistir. Bu serideki test 6rneklerinde de beklenildigi gibi atik kagit oraninin
artis1 belirgin bir diizede basing dayanim diististiine sebep olmustur. HB9 - HB12 karisimlarinda, basing
dayanum degerleri cimento dozajina bagh olarak 1,43 MPa - 1,88 MPa araliginda degisim gostermistir.
Esdeger cimento dozajinda hazirlanmis kontrol orneklerine ve %20 atik kagit kullanimli II. seri
orneklerine gore daha da diisiik dayanim degerleri elde edilmistir. Ornegin 110 kg/m3 dozajli HB1 ve
HB9Y kodlu 6rneklerin basing dayanimlar: arasindaki degisim %48,2’dir. Benzer sekilde 150, 180 ve 200
kg/m3 dozajli test 6rneklerindeki dayanim diististi sirastyla HB2 ve HB10 igin %42,6, HB3 ve HB11 icin
%46,9 ve HB4 ve HB12 icin ise %44,4’tlir. Bununla birlikte karisimlarda %15’lik atik kagit miktar: artis:
%7,6 - %13,6 oraninda HAHB dayanimlarmin azalmasina sebep olmustur. Basing dayanim degerlerinin
iyilesmesine etken olan karisim tasarim parametreleri arasinda karistmin A/C oraninin énemli bir rol
oynadig1 goriilmektedir. Calisma boyunca elde edilen tiim kiip 6rneklerde, A/C orani azaldik¢a, HAHB
test numunelerinin basing dayanimlarinin arttig1 gozlemlenmistir. Yiiksek dayanim degerlerinin elde
edilmesi arzu edilen kagir HAKB elemanlarmin iiretiminde, A/C oraninin diisiik olmasi ve homojen
agrega tane boyutu dagilimima sahip harmanlanmis hibrit agrega karisiminin kullanilmasi énemli bir
faktor olarak éne ¢ikmaktadir.

Tasiyict olmayan duvar birimlerinde kullanilacak kégir elemanlarda yiiksek mukavemet degerleri
aranmamaktadir. Bu tirtinler genellikle yapisal olmayan ve agirlikli olarak yalitim 6zellikli ve/veya bina
yalitimina katki saglamak amaciyla kullanilan kagir elemanlar olarak nitelendirilebilmektedir. Bununla
ilgili olarak literatiirde ozellikle RILEM [26,28] tarafindan ongoriilen hafif beton gereksinimleri ve
ongoriilen parametrik olctitleri referans degerler olarak kabul edilebilmektedir. Hafif agregali betonlarin
dayanim degerleri baz alindiginda, RILEM [28] tarafindan {i¢ farkli sinuf belirlenmistir: Smif I “Yapisal
betonlar”, Smif II “Yapisal ve Yalittm amagcli betonlar” ve Smaf III “Dolgu ve amacli yalitim betonlar1”. Bu
gruplar i¢cinde yapisal betonlar, genellikle tastyici gorev iistlenen ve yiiksek mukavemet gerektiren hafif
beton tiirlerini temsil etmektedir. Ayrica, sertlesmis hafif betonun basing dayanimi, yogunluk ve 1sil
iletkenlik degerleri, bu siniflandirma sisteminde temel parametreler olarak kabul edilmektedir [26,28].
Kabul edilen teknik deger limitleri ise Cizelge 6'da sunulmustur.
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Cizelge 5. Hafif agregali beton gereksinimleri [28]

Sinif I II III
Hafif betonun amaci Yapisal ~ Yapisal ve Yalitim Yalitim
Basing Dayanimi (MPa) >15.0 >3.5 >0.5
Etuv kurusu yogunluk (kg/m?) <2000 tanimlanmamis tanimlanmanus
Isil iletkenlik (W/mK) - <0.75 <0.30

Calisma kapsaminda, HAHB test 6rneklerinden Smif I “yapisal beton” veya Sinif II “yapisal ve yalitim
amacli beton” mukavemet degerlerini karsilayan olmamustir. Ancak, tim HAHB test 6rnekleri, Sinif IIT
“dolgu ve yalittm amagh betonlar” igin belirlenen mukavemet sinirlarin rahatlikla karsilamaktadir. Diger
bir degisle, %20 oraninda atik kagit ve %15 oraninda genlesmis perlitin ve ayrica %35 oraninda atik kagit
ve %15 oraninda genlesmis perlitin harmanlanarak kullanilmis oldugu II. ve III. seri karisimlarin dayanim
degerleri, RILEM degerlendirmelerine gore dolgu ve yalitim amacl hafif betonlar i¢in minimum olarak
belirlenen 0,5 MPa’'lik dayanim degerini sagladig1 goriilmiistiir. HAHB o6rneklerinde atik kagit ve
genlesmis perlitin bir arada harmanlanarak agrega malzeme olarak kullanimi, her ne kadar dayanim
azalmasina sebep olsa da yalitim amagh kullanilabilecek hafif beton limitlerini saglamakta ve bu karisim
tasarimina sahip beton tasariyla kagir blok tiretiminin miimkiin olabilecegi 6ngoriilebilmektedir.

Hafif beton uygulamalarinda basing dayanimina etki eden bir diger faktor ise betonun birim hacim
kiitlesinin degisimidir. Beton yogunlugu diistiitkce dayanim degerinin diistiigti de cogu arastirmalarda
belirgin bir 6zelliktir. Bu baglamda hafif betonun birim hacim kiitlesi, beton tasarimindaki A /C oraninin
bir fonksiyonu olarak da goriilebilmektedir. Calisma kapsamindan elde edilen hafif beton drneklerinin
priz almis birim hacim kitlesi, atik kagit ve genlesmis perlit kullanilmayan (HB1-HB4)karisimlarda 908 -
951 kg/m3 araliginda degisim gostermistir. Cimento dozaji arttikca betonun yogunlugunun da arttig:
belirlenmistir. Karisimdaki agreganin %20’si atik kagit+%15’i genlesmis perlit olan 2. seri karisimlarda
(HB5-HBS8) hafif beton drneklerinin priz almis birim hacim kiitlesi 721 - 782 kg/m? araliginda degisim
gostermis olup, ¢cimento dozaji arttikca betonun yogunlugunun da arttig1 belirlenmistir. Karisimdaki
agreganin %35’i atik kagit+%15i genlesmis perlit olan 3. seri karisimlarda (HB9-HB12) hafif beton
orneklerinin priz almis birim hacim kiitlesi ise 661 - 727 kg/m? araliginda degisim gostermistir. Karisim
tasariminda atik kagit kullanim orani arttik¢a, beton yogunlugunun azaldigi, ancak ¢imento kullanimi
artisinin yogunlugu artirict faktér oldugu belirlenmistir. Genel egilim A/C orani arttik¢a, beton
yogunlugu da azalmakta ve daha hafif bir beton elde edilmektedir. Gozenekli agrega kullanilan beton
karisimlarinda bu olgu siklikla karsilasilan bir durumdur. Calisma kapsaminda olusturulan tiim karisim
tasarimlarina ait A/ C oran degisimine karsin elde edilen HAHB yogunluklar: grafiksel analizle Sekil 7’ de
verilmistir.
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Sekil 7. HAHB tasarimlarinin A/C orani - birim hacim kiitle iliskisi
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Sekil 7 irdelendiginde goriildiigii tizere, A/C oramn arttikca (daha fazla gozenekli agrega kullanildikca)
hafif betonun birim hacim agirlig1 azalmaktadir. Diger bir degisle daha hafif yogunlukta bir beton tasarimi
elde edilmektedir. Bu da tasiyici olmayan kéagir duvar birimlerin tiretilmesinde hafif yap: eleman: elde
edilmesine olanak saglamasinin yani sira bu elemanlarla ¢riilecek duvarlarin bina 6lii ytikiinii azaltmada
onemli bir rol oynayacag1 kaginilmaz olacaktir. Bununla beraber, insaat projesinin icinde bulundugu
lokasyonda ¢ngoriilen sinir 1s1 yalittim performans gereklerinin daha kolay saglanabilmesine de énemli
katki saglayacaktir. Literattirde hafif kagir blok tiretiminde kullanilmak tizere tasarlanan hafif betonlarin
yogunluklarmin kullanilan agrega ve karisim tasarimma gore 580-1110 kg/m? araliginda degisebildigi
gozlemlenmektedir [18-19,26]. Bu calisma kapsaminda tasarlanan II. ve III. seri karisimlarda atik kagit ve
genlesmis perlit agregalarin harmanlanarak kullanimi, kontrol betonunun birim agirlik degerlerine gore
onemli olctide diisiis egilimi gosterdigi goriilmektedir. Kontrol 6rneklerinde ¢cimento dozajmna bagli olarak
A/C oram1 0.30°dan - 0.24’e azalan bir degisim gostermekte olup, sertlesmis beton orneklerinin
yogunlarinin ise bu degisimde 908 kg/m?3ten 951 kg/m%e arttig1 belirlenmistir. Benzer egilim II. ve IIL
seri karisimlarda gortlmiis olup, HB5 - HB8 karisimlarinda A /C orani 0,34’ten - 0,28 e azalan bir degisim
gostermekte olup, HAHB yogunluklarmin ise bu degisimde 721 kg/m¥ten 782 kg/m%e arttig, HB9 -
HB12 karisimlarinda A/C orani 0,35ten - 0.31'e azalan bir degisim gostermekte olup, HAHB
yogunluklarmin ise bu degisimde 661 kg/m¥ten 727 kg/m?¥e arttig1 belirlenmistir. A/C oran artisina
bagli HAHB yogunluklarin diismesi, yukarida da deginildigi gibi HAHB dayanim degerlerini de
duistirmektedir. Bu olgu calisma kapsamindaki tiim 6rnek verileri baglaminda Sekil 8'de gosterilmistir.
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3
5 -
|
3,0

2,5

O qapasy = 0,00610%p e - 2,60592
R2=0,96

Basing Dayanimi (MPa)
[

0,0 T T T T
600 650 700 750 800 850 900 950 1000
Birim Hacim Kiitle (kg/m?)

Sekil 8. HAHB 6rnekleri birim hacim kiitle - basing dayanimu iliskisi

HAHB orneklerinin birim hacim kiitlesine bagli basing dayanimi degisimi arasinda lineer kabul
edilebilecek bir istatistiksel iliski oldugu goriilmektedir.

Toplam agreganin agirlikca %20 oraninda atik kagit ve %15 oraninda genlesmis perlitin harmanlanarak
kullanilmis oldugu HB4 - HB8 karisimlarinda, HAHB yogunluklari cimento dozajina bagh olarak 721 -
782 kg/m3 araliginda degisim gostermistir. Artan ¢imento dozaji, HAHB yogunluklarmi artirmistir.
Esdeger ¢imento dozajinda hazirlanmis kontrol 6rneklerine gore daha diistik yogunluk degerleri elde
edilmistir. Ornegin; 110 kg/m3 dozajli HB1 ve HB5 kodlu érneklerin yogunluklari arasmdaki degisim
%20,6’d1r. Benzer sekilde 150, 180 ve 200 kg/m3 dozajli test 6rneklerindeki yogunluk diististi sirasiyla HB2
ve HB6 icin %19,3, HB3 ve HB7 i¢in %18,3 ve HB4 ve HBS icin ise %17,7’dir. Diger taraftan, %35 oraninda
attk kagit ve %15 oraninda genlesmis perlitin harmanlanarak kullanilmis oldugu HB9 - HB12
karisimlarinda, HAHB yogunluklar1 ¢imento dozajima bagli olarak 661 - 727 kg/m3 araliginda degisim

Adyii | Eng Sci 2025;12(25):72-92/Adyii Miih Bil Derg 2025;12(25):72-92 83



Giindiiz ve Kalkan Atk K&git ve Aktif Orijinli Genlesmis Perlit Iceren Hafif Yap: Elemanlart Uzerine Bir Inceleme

gostermistir. Artan cimento dozaji, benzer sekilde HAHB yogunluklarini artirmistir. Esdeger cimento
dozajinda hazirlanmis kontrol 6rneklerine gore daha dustik yogunluk degerlerindeki degisim; 110 kg/m3
dozajli HB1 ve HB9 kodlu 6rneklerin yogunluklar: arasindaki degisim %27,2"dir. 150, 180 ve 200 kg/m3
dozajli test 6rneklerindeki yogunluk diististi sirastyla HB2 - HB10 icin %25,4, HB3 - HB11 icin %24,2 ve
HB4 - HB12 icin ise %23,5'tir.

3.1.2. Su Emme

Seltilozik karakterli atik kagit malzemeler genellikle seltilozik yapilar1 sebebiyle su tutucu malzemeler
olarak bilinmektedir. Ozellikle lifsel dokuya sahip materyallerin, kullamim yerlerinde suya maruz
kalmalar1 durumunda lif uzanimlar1 ve boylarinca betonun matris yapisinda suyun ilerleme yolunun
olusumuna katki sagladig1 goriilmektedir. Bu nedenle, yiiksek seliiloz iceren karisim tasarimlarinin su
tutucu ozellikler sergileyecegi ve yiiksek su emme degerleri gosterebilecegi diistiniiliir. Ayrica, genlesmis
perlit agregalar, maruz kaldiklar: 1s1l islem sonras1 ytiksek gozeneklilikleri sebebiyle yiiksek su emeci
agregalar olarak da bilinmektedir. Bu bagamda, atik kagit ve genlesmis perlit agregalarin harmanlanarak
birlikte HAHB karisimlarinda ana agrega olarak kullanimlari, 6zel su itici katkilarmn kullanilmamasi
durumunda betonun su emme olgusunu artiracagi kagmnilmaz olacaktir. Literatiir ¢alismalarinda da
belirtildigi tizere, su emme kapasitesinin yiiksek olmasi, hafif betonlarin dayanimini ve 1s1 iletkenligini
olumsuz yonde etkileyebilir [26]. Bu calisma kapsaminda uygulanan biitiin test sonuclari, karissmdaki
A/C oraninin artmasi, HAHB 6rneklerinin kiitlece su emme oranlarmi da arttirdigimi gostermektedir
(Cizelge 4). Bunun yani sira, ¢imento dozaji arttikca, betonun su emme kapasitesinin azaldig:
gozlemlenmistir. Boylece, HAHB o6rneklerinin dayanimi ile su emme kapasiteleri arasinda bir iliski
oldugu gozlemlenmistirr HAHB orneklerinin dayanim - kiitlece su emme degisimi Sekil 9'da
iligskilendirilmistir.

Toplam Agrega’'da
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Sekil 9. HAHB ¢rnekleri basing dayanimai - kiitlece su emme oranu iliskisi

Kontrol drneklerinin kiitlece su emme degerleri %11,1 - %23,2 araligindadir. Cimento dozaj1 arttikca, su
emme degeri diismektedir. HAHB 6rneklerinin matris yapisi daha su gegirimsiz bir form kazanmaktadir.
Atik kagit ve genlesmis perlit agrega varligi, karisim tasarimlarma dahil oldugunda, matris yapinin su
emme degerlerinde belirgin bir artis oldugu tespit edilmistir. Ozellikle, agirlikca %20 oraninda atik kagit
ve %15 oraninda genlesmis perlitin harmanlanarak kullanilmis oldugu II. seri karisim tasarimlarinda 110
kg/m?3 cimento dozajli (HB5) 6rneklerinin su emme degeri %37 iken, 150, 180 ve 200 kg/m? dozajli (HB6,
HB7 ve HBS8) test orneklerinin su emme degerleri sirasiyla %31,8, %31,3 ve %25,7 olarak ol¢tilmiistiir.
Buradan goriildtigii tizere, artan ¢cimento dozaji matris yapinin su emme kabiliyetini diistirmekte ve ayrica
yukarida da deginildigi tizere dayanimini da artirmaktadir. Benzer olgu, III. seri karisimda da belirlenmis
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olup, artan atik kagit kullanim miktari, matris yapmin su emme degerini de artirmustir. Karisim
tasariminda degisken bir parametre olarak atik kagit kullanim miktarinin degisimini irdelemek amaciyla,
esdeger cimento dozajlardaki su emme degerleri dikkate alinacak olur ise; HB5 - HB9 orneklerinde
%15’lik atik kagit miktar artis1 beton 6rneginin su emme degerinin (%5 artisla) %37’ den %42’ye ¢ikmasina
sebep olmustur. HB6 - HB10 6rneklerinde %15’lik atik kagit miktar1 artis1 beton 6rneginin su emme
degerinin (%8 artisla) %31,8'den %39,8’e ¢ikmasina sebep olmustur. Benzer sekilde HB8 - HB12
orneklerinde ise (%11,6 artisla) %25,7'den %37,3’e yiikselmistir. Bu ¢alismada bariz goriilen bir durum,
¢imento dozaji artmasma ragmen atik kagit miktarindaki sabit artis orani, kiitlece su emme oranmin
beklenilenden daha yiiksek degerde artmasina neden oldugudur. Literatiirde hafif boklarmn tiretiminde
kullanilmas1 amagclanan hafif betonlarin su emme miktarlar1 %20 ile %40 araliginda deger alabilmektedir
[18-19,26].

3.1.3. Kuruma Biiziilmesi ve Rutubet Genlegmesi

Kuruma biiztilmesi, sertlesmis betondan cevreye nem kaybinin bir sonucudur. Kurutma biiziilmesi, dis
nem i¢ nemden diistik oldugunda suyun icten buharlasmasi sonucu ¢imento esasli malzemelerde olusan
hacim azalmasi olarak da tanimlanmaktadir [29]. Betondaki ince gozeneklerin yapisi iginde olusan kilcal
gerilimin gelismesiyle sonuglanan kilcal nem kayb1 nedeniyle, sertlesmis betonun hacminin azalmasi veya
btiztilmesidir [21-23,30-31]. Beton ilk yaslarda suyunu daha hizli kaybeder. Buharlasma hizini etkileyen
faktorler devam ettikce toplam su kayb1 zamanla artar ve buna bagl olarak da btiztilme miktarinda artis
goriilebilmektedir. Kuru karisim kivaminda hafif betondan mamul kagir yap1 elamanlarinda, karisim
tasarimlarinda karma suyu orani genellikle diisiik degerlerde oldugu icin, biinyesinde su tutmayan beton
birimlerinde kuruma bitiziilmesi oranlari genellikle diisti duizeylerde goriilebilmektedir. Ancak,
biinyesinde su tutan ve/veya tuttugu suyu biinyesinden uzun siirede atabilen beton birimlerinde kuruma
biiztilmesi degerleri daha ytiksek degerlerde goriilebilmektedir. Calisma kapsaminda hazirlanan tim
karisimlara ait 6rneklerin kuruma btiztilme degerleri belirlenmis olup, ¢cimento dozajindaki degisimlere
gore parametrik bulgular Sekil 10’da grafiksel olarak gosterilmistir.

Toplam Agrega’da
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Sekil 10. HAHB ornekleri i¢in ¢cimento dozajina bagl kuruma biiziilmesi degisimi

Calismada elde edilen bulgularda, ¢cimento dozaji arttikca tiim serilerde 28 giin kiir sonrast kuruma
btiziilmesi degerlerinin arttig1 goriilmektedir. Kontrol amagl hazirlanan BH1-BH4 karisimlarinda kuruma
biiztilmesi %0,049 - %0,059 araliginda artarak degismektedir. Literatiir calismalarma gore, betonun
yogunluk degeri arttikga kuruma btiztilmesinin arttigin1 gostermektedir [26]. BS 6073 standardi Bolum
1’de, duvar elemanlar1 igin, kuruma biiziilmesinin ortalama %0,06 veya daha az olmasi gerektigi
belirtilmektedir. Bu degerlendirme referans olarak kabul edilecek olur ise, calismada elde edilen tim
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serilerin kuruma btiztilmesi degerleri, bu referans smir degerin kapsaminda kalmaktadir. Bununla
birlikte, agirlikca %20 oraninda atik kagit ve %15 oraninda genlesmis perlitin harmanlanarak kullanilmis
oldugu II. seri karisim tasarimlarinda 110 kg/m3 cimento dozajli (HB5) 6rneklerinin kuruma biiztilmesi
degeri %0.042 iken, 150, 180 ve 200 kg/m?3 dozajli (HB6, HB7 ve HBS) test 6rneklerinin kuruma biiztilmesi
degerleri sirasiyla %0,046, %0,053 ve %0,054 olarak olgtilmiistiir. %20 atik kagit ve %15 genlesmis perlit
agrega ilavesi, HAHB beton orneklerinin kuruma biiziilmesi degerlerini %0,005 - %0,007’lik bir farkla
azalmasina sebep olmustur. Bunda etken olan husus, atik kagit ve genlesmis perlitin su tutma 6zellikleri
sebebiyle HAHB matris yapisindaki ince gozeneklerin iginde sakli kalan nem kaybmin dustik olusu,
sertlesmis betonun hacminin daha diisiik diizeylerde azalmasina ve dolayisiyla daha az btiziilmesine
olanak sagladig sekliyle yorumlanmistir. Benzer olgu, atik kagit kullanim oraninin artirildigy III. seri
HAHB beton drneklerinde biraz daha belirginlestigi gozlenmistir. Bu serideki orneklerde; 110 kg/m?3
¢imento dozajli (HB9) 6rneklerinin kuruma biiztilmesi degeri %0,034 iken, 150, 180 ve 200 kg/m3 dozajlt
(HB10, HB11 ve HB12) test trneklerinin kuruma biiztilmesi degerleri sirastyla %0,044, %0,050 ve %0,052
olarak olgtilmiistiir. Bu baglamda, %350 atik kagit ve %15 genlesmis perlit agrega ilavesi, HAHB beton
orneklerinin kuruma btiztilmesi degerlerini kontrol 6rneklerininkine gore %0,007 - %0,016’lik bir farkla
azalmasina sebep olmustur.

Sertlesmis beton nemli bir ortama veya suya maruz kaldiginda nemi emer ve genlesme 6zelligi gosterir.
Ortamdaki nemin artmasiyla olusan hacim genlesme deformasyonuna rutubet genlesmesi veya 1slak
genlesme deformasyonu denilmektedir. [30-31]. Betonun gozeneklerine su sizmasiyla betonun nem icerigi
arttiginda 1slak genlesme deformasyonu gosterir. Islak genlesme deformasyonunun ¢imento koloidinin
nemi emmesi nedeniyle olustugu diistintilmektedir. Su molekiilleri cimento koloidine niifuz ettiginde, jel
parcaciklarinin ytizey gerilimi su molekiillerinin niifuz etmesiyle azalir ve jel parcaciklarmin kohezyonu
su molekiilleri tarafindan asilir. Bunun sonucunda da beton genlesme olgusu gosterir [32-33]. Bina insaat
projelerinde ara bolme duvarlar, pozisyonlar: itibariyle suya ve neme maruz kalma olasilig1 en diistik
birimler olarak degerlendirilebilmektedir. Ayrica, duvar birimlerin 6rtim islemi sonras: ytizeylerinin siva
ve/veya bir kaplama malzemesi ile kaplanmasi sonucu, olasi nem varliklarina karsi daha korunaklh
birimler sekline gelmektedir. Bu nedenle, 6zellikle i¢ bolme duvar birimlerinde kagir elemanlarin rutubet
genlesme olgular1 cogu projede 6nemsenmeyebilmektedir. Ancak, calisma kapsaminda tasarlanan
karisimlarda yiiksek su emici ve su tutucu bilesenlerin yer almasi sebebiyle, hazirlanan tiim karisim
serilerinin rutubet genlesme degerleri analiz edilmesi ve atik kagit - genlesmis perlit agrega kullaniminin
beton matrisinde olasi rutubet genlesme olgusuna ne denli etkiyen bir rol oynadig irdelenmeye
calistlmistir. Bu baglamda, calisma kapsaminda ¢imento dozajindaki degisimlere gore parametrik
bulgular Sekil 11'de grafiksel olarak gosterilmistir.

Toplam Agrega’da
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Sekil 11. HAHB ornekleri igin ¢cimento dozajina bagl rutubet genlesmesi degisimi

Adyii ] Eng Sci 2025;12(25):72-92/Adyii Miih Bil Derg 2025;12(25):72-92 86



Giindiiz ve Kalkan Atk K&git ve Aktif Orijinli Genlesmis Perlit Iceren Hafif Yap: Elemanlart Uzerine Bir Inceleme

3.2. Kagir Blok Analizi
3.2.1. Basing¢ Dayanum ve Birim Agirlik

Hafif agregali cimento esasli betondan mamul kagir duvar blogu elemanlarinin tiretim ve teknik
ozelliklerinin irdelenmesi TS EN 771-3 standardinda ongoriilen parametrelere gore yapilabilmektedir.
Birebir boyutta tasarlanan kagir blok elemanmin bu standarda gore irdelenmesinde, birim agirlik ve
basing dayanim degerleri icin herhangi bir limit deger ongoriilmemis olup, kagir blok {ireticinin
beyanlarinin esas alinmasi vurgulanmustir. Ancak, her ne kadar bu 6zellikler igin standartta limit degerler
tanimlanmamis olsa da pratik uygulamalarda blok elemanlar: arasinda mukayesenin yapilabilmesi
amactyla birim agirlik ve basing dayanim degerleri 6nem arz etmektedir. Birim agirligr diistik olan blok
elemanlar1 gerek duvar oli yukiini azaltma yontinde, gerekse 1s1 yalitim performans: acgisindan daha
yalitimli bir karakteristik sergilemesi bakimindan énemlidir. Bununla birlikte, basing dayanim degerinin
yiiksek olmasi, blok elemaninin gerek nakliye ve gerekse santiye icerisinde tasinmasi stireclerinde daha
az zayiat olugturmasi baglaminda da 6nemli olmaktadir. Ozellikle tastyici olmayan duvarlarda dolgu ve
1s1 yalitim amaciyla uygulanacak kagir blok elemanlarinin duvar 6rguistinde 6rgii harci tabakalarinda bag
kuvvetini artic1 6zel tasarim aksesuarlarin donat: amagh kullanimi kosuluyla, saha tecriibelerinde elde
edilen bulgular 1s181nda basing dayanim degerinin >1.00 MPa olmas1 ongoriilebilmektedir. Calisma
kapsaminda tiim karisim serilerine ait HAHB karisimlarimi temsilen HAKB tasarimlarinin kagir blok
birim agirlig1 ve blok elemanlarin basing dayanim degerleri arasindaki iliski Sekil 12’de verilmistir.
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Sekil 12. HAKB tasarimlarimin blok birim agirlig1 - basing dayanim iliskisi

Kagir blok birim agirligi har¢ tasarmmindaki kullanilan ¢imento dozajmna bagli olarak degisim
gostermektedir. Cimento dozaji artikca blogun kuru birim agirligr da artmaktadir. Kontrol HAHB
tasarimlarindaki HB1-HB4 karisimlarma ait HAKB elemanlarm birim agirliklart 5,68 kg - 6,05 kg
arasindadir. %20 atik kagit ve %15 genlesmis perlit kullanimli HB5 - HB8 karisimlarina ait HAKB
elemanlarimn birim agirhiklari ise 4,75 kg - 5,21 kg arasindadir. Bu degisim, esdeger cimento dozajinda %20
atik kagit ve %15 genlesmis perlit kullaniminin kagir blogun birim agirliklarinda 110, 150, 180 ve 200 doz
baglayict kullanimlarinda sirasityla %16,4, %15,2, %14,4 ve %13,8lik hafiflemesine olanak saglamustir.
Benzer olgu %35 atik kagit kullanimli III. seri karisim tasarimlarinda da belirlenmis olup, 110, 150, 180 ve
200 doz baglayic1 kullanimlarinda blok birim agirliklari sirasiyla kontrol blogunun degerlerine gore %22,7,
%21, %19,9 ve %19,2 oranlarinda hafiflemesine olanak saglamustir. Blok elemaninin birim agirligindaki bu
hafifleme olgusu aymi zamanda, bu blok elemanlarmin 1s1 yalitim performanslarinin da daha
iyileseceginin bir gostergesi olabilmektedir.
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HAKB elemanlarin her ti¢ ayr1 seri karisim tasarimlari i¢in basing dayanim degerleri irdelendiginde, blok
birim agirlig1 artisina bagli olarak dayanim degerlerinin de arttig1 goriilmektedir. Kontrol HAHB
tasarimlarindaki HB1-HB4 karisimlarina ait HAKB elemanlarin basing dayamimlar: 1,77 - 2,17 MPa
arasindadir. %20 atik kagit ve %15 genlesmis perlit kullanimli HB5 - HB8 karisimlarina ait HAKB
elemanlarin basing dayanimlari ise 1,05 - 1,50 MPa arasindadir. Bu degisim, esdeger ¢cimento dozajinda
%20 atik kagit ve %15 genlesmis perlit kullanimmin kagir blogun basing dayanimlar1 110, 150, 180 ve 200
doz baglayici kullanimlarinda kontrol blok tasarimlarinin degerlerine kiyasla sirasiyla %40,6, %30,1, %35,4
ve %30,8 oranlarinda azalmistir. Benzer olgu %35 atik kagit kullanimli III. seri karisim tasarimlarinda da
belirlenmis olup, 110, 150, 180 ve 200 doz baglayic1 kullanimlarinda blok dayanimlar: sirasiyla kontrol
blogunun degerlerine gore %48,2, %42,6, %46,9 ve %44,4 oranlarinda azalmistir. Calisma kapsaminda HB9
karisimi harig, diger tiim karisim tasarimlariyla elde edilen HAKB elemanlarin basing dayanimlar: >1.00
MPa degerinden daha biiytiktiir. Bu baglamda, bu blok elemanlarmin tasiyici olmayan duvarlarda dolgu
ve 181 yalittm amaciyla uygulanacak kagir blok elemanlari i¢in 6ngoriilebilen mukavemet gereksinimini
karsilamaktadir (Sekil 12).

3.2.2. Isil Tletkenlik

Birim agirhigr diistik ve gozenekli agregalarla imal edilmis bosluklu geometrik tasarimlara sahip kagir
blok elemanlari, tasiyici olmayan dolgu duvarlarda bina 1s1 yalitim performansina yardimcina olan 6nemli
yap1 bilesenleri olarak gortilmektedir [26,34-37]. Bir kagir duvarin 1s1 gegisine karsi gostermis oldugu
direncin ytiksek olmasi igin, duvar1 olusturan kagir blok elemanimin 1sil iletkenlik degerinin kiictik
olusuna baghdir. Diger bir degisle, kagir elemanin 1s1l iletkenlik degeri ne kadar kiiciik ise o olciide 1s1
yalittim performans1 yiiksek olacaktir. HAKB elemanlarmin 1sil iletkenlik degerleri, laboratuvar
kosullarinda olusturulmus korumali sicak kutu diizenegi yontemiyle belirlenmistir. Calisma kapsaminda
tim karisim serilerine ait HAHB karisimlarini temsilen HAKB tasarimlariin kagir bloklarin briit birim
kiitle degeri - blok elemanlarin 1s1l iletkenlik degeri arasindaki iliski Sekil 13’te verilmistir.

Toplam Agrega'da
B 94,0 AK + %0 GP A%20 AK + %15 GP © %35 AK + %15 GP

A =0,0004*3,,, — 0,0191
R2=0,94

0,200
0,190
0,180
0,170
0,160
0,150

0,140 K\J\

0,130

Is1l iletkenlik Degeri, A, (W/mK)

0,120
4250 450,0 475,0 500,0 525,0 550,0 575,0 600,0 625,0 650,0

Kagir Blok Briit Birim Hacim Kiitle, 8y, (kg/m?)
Sekil 13. HAKB tasarimlarinin blok briit birim hacim kiitle - 1s1l iletkenlik degeri iliskisi

Kagir blogun briit birim hacim kiitle degeri diistiikce, 1s1l iletkenlik degeri de diismektedir. Karisim
tasariminda ¢imento dozajinin artisi, blok elemanin 1s1l iletkenlik degeri artirmaktadir. Kontrol HAHB
tasarimlarindaki HB1-HB4 karisimlarina ait HAKB elemanlarin 0,203 - 0,212 W/mK arasindadir. %20 atik
kagit ve %15 genlesmis perlit kullanimli HB5 - HB8 karisimlarina ait HAKB elemanlarin 1s1l iletkenlik
degeri de ise 0,176 - 0,186 W/mK arasindadir. Bu degisim, esdeger cimento dozajinda %20 atik kagit ve
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%15 genlesmis perlit kullanimimin kagir blogun 1s1l iletkenlik degerinde 110, 150, 180 ve 200 doz baglayic1
kullanimlarinda sirasiyla %13,5, %12,8, %12,7 ve %12,2 oranlarinda artis saglamaistir.

Calisma kapsaminda dikkat gekici bir bulgu, karistm kombinasyonunda atik kagit miktar: arttikca, 1s1l
iletkenlik degerlerinin diisme egilimi gostermesidir. Ornegin agirlikca %20 oraninda atik kagit ve %15
oraninda genlesmis perlitin harmanlanarak kullanilmis oldugu II. seri karisim tasarimlarinda 110 kg/m?3
¢imento dozajli (HB5) 6rnegin 1s1l iletkenlik degeri 0,176 W/mK iken, esdeger dozajdaki %35 oraninda
atik kagit kullanimli HB9 6rnegin 1s1l iletkenlik degeri 0,147 W/ mK olarak belirlenmistir. Bu olgu, esdeger
oranda ¢imento kullanimli kontrol blok 6rnegine gore %25 ve %35 atik kagit kullanimli karigimlar icin
sirastyla %13,5 ve %27,8 oraninda 1s1l iletkenlik degeri diismiistiir. Benzer olgunun 150, 180 ve 200 kg/m?3
dozajli test 6rneklerinin degerlerinde de olustugu agikca goriilmektedir.

%35 atik kagit ve %15 genlesmis perlit kullanimli HB9 - HB12 karisimlarma ait HAKB elemanlarin 1s1l
iletkenlik degeri ise 0,147 - 0,163 W/mK arasindadir. Bu degisim, esdeger ¢cimento dozajinda %35 atik
kagit ve %15 genlesmis perlit kullanimimin kagir blogun 1s1l iletkenlik degerleri, kontrol blok 6rneklerine
kiyasla 110, 150, 180 ve 200 doz baglayici kullanimlarinda sirasiyla %27,8, %24,8, %23,3 ve %23,2
oranlarinda azalma saglamustir.

RILEM [28] dokiimaninda, yalittm amagh kullanilacak olan kagir blok elemanlarmin 1s1 iletkenlik limiti
A<0,30 W/mK olarak belirlenmistir. Ayrica literatiirde, hafif agregali betondan yapilmis kagir bloklarin
yogunlugunun 1450 kg/m%ten daha dusiik olmas: gerektigi vurgulanmaktadir [25]. Her ti¢ seri karisim
tasarimiyla tiretilen HAKB 6rneklerinin tamami, RILEM'in belirledigi teknik sinirlar1 karsilamakta ve bu
elemanlarin tasiryict olmayan duvar uygulamalarinda dolgu ve aym zamanda yalitm amaciyla
kullanilabilecegini gostermektedir.

4. Sonuc ve Oneriler

Bu calismada, atik kagit, pomza ve genlesmis perlitin etkili ve kaliteli bir hafif kagir blok elemani
tiretiminde kullanilabilirligi arastirilmistir. Hafif beton karisiminda atik kagidin betonun dayanimina
etkisinin incelenmesi ve atik kagit iceren beton icin karistm oranlarmin degerlendirilmistir. Calisma
sonugclarina gore;

1. HAHB kiip orneklerinin 28 giin kiir sonras1 basing dayanim degerleri 2,76 MPa - 3,38 MPa
araliginda belirlenmistir. Atik kagit kullanimin artis1 ile basing dayanimlarinin azaldig:
gozlemlenmis, HB9 - HB12 karisimlarinda, basing dayanim degerleri ¢cimento dozajmna bagh
olarak 1,43 MPa - 1,88 MPa araliginda degisim gostermistir. Bununla birlikte, RILEM smir
degerlerine baz alindiginda dolgu ve yalitim amagli hafif betonlar igin minimum 6ngoriilen 0,5
MPa’lik basing dayanim degerlerinin biitiin seriler i¢in saglandig1 gozlemlenmistir.

2. HAHB kiip 6rnekleri tizerinde yapilan calismalardan elde edilen bir diger bulgu ise A/C oram
arttikca orneklerin yogunluklarimin ve buna bagli olarak basmng dayanim degerlerinin
diististidiir.

3. Kontrol 6rneklerinin kiitlece su emme degerleri %11,1 - %23,2 araliginda tespit edilmistir. HB8
- HB12 orneklerinde ise (%11,6 artisla) %25,7’den %37,3’e ytiikselmistir. Bu calismada bariz
gortilen bir durum, cimento dozaji artmasina ragmen atik kagit miktarindaki sabit artis orani,
kiitlece su emme oraninin beklenilenden daha yiiksek degerde artmasina neden oldugudur.

4. Calismada elde edilen bulgularda, ¢imento dozaji arttikca tiim serilerde 28 giin kiir sonrasi
kuruma btiziilmesi degerlerinin arttig1 gortilmektedir. Kontrol amagh hazirlanan BH1-BH4
karisimlarinda kuruma biizitilmesi %0,049 - %0,059 araliginda artarak degismektedir. Bununla
birlikte, atik kagit ve genlesmis perlitin su tutma 6zellikleri sebebiyle HAHB matris yapisindaki
ince gozeneklerin icinde sakli kalan nem kaybmin diistik olusu, sertlesmis betonun hacminin
daha dtisiik diizeylerde azalmasma ve dolayisiyla daha az biiziilmesine olanak sagladig:
gozlemlenmistir. 110 kg/m? ¢imento dozajli (HB9) ¢rneklerinin kuruma biiziilmesi degeri
%0,034 iken, 150, 180 ve 200 kg/m3 dozajli (HB10, HB11 ve HB12) test 6rneklerinin kuruma
btiztilmesi degerleri sirasiyla %0,044, %0,050 ve 9%0,052 olarak ol¢tilmiisttir.
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5. Bucalismada tiretilen HAKB elemanlarimn birim agirliklar1 5,68 kg - 6,05 kg arasindadir. %20 atik
kagit ve %15 genlesmis perlit kullanimli HB5 - HB8 karisimlarina ait HAKB elemanlarin birim
agirliklari ise 4,75 kg - 5,21 kg arasindadir. %20 atik kagit ve %15 genlesmis perlit kullanimimin
kagir blogun birim agirliklarinda 110, 150, 180 ve 200 doz baglayici kullanimlarinda sirasiyla
%16,4, %15,2, %14,4 ve %13,8lik hafiflemesine, IIl. seri karisim tasarimlarinda da 110, 150, 180
ve 200 doz baglayici kullanimlarinda blok birim agirliklar1 sirasiyla kontrol blogunun
degerlerine gore %22,7, %21, %19,9 ve %19,2 oranlarinda hafiflemesine olanak saglamistir.

6. HB1-HB4 karisimlarina ait HAKB elemanlarin basing dayanimlar: 1,77 - 2,17 MPa arasindadir.
%20 atik kagit ve %15 genlesmis perlit kullanimli HB5 - HB8 karisimlarina ait HAKB
elemanlarin basing dayanimlari ise 1,05 - 1,50 MPa arasindadir. III. seri karisim tasarimlarinda
da 110, 150, 180 ve 200 doz baglayici kullanimlarinda blok dayanimlar: sirasiyla kontrol
blogunun degerlerine gore %48,2, %42,6, %46,9 ve %44,4 oranlarinda azalmistir.

7. Calisma kapsaminda HB9 karisimi harig, diger tiim karisim tasarimlariyla elde edilen HAKB
elemanlarin basing dayanimlar: 21.00 MPa degerinden daha biiytiktiir. Bu baglamda, bu blok
elemanlarinin tasiyici olmayan duvarlarda dolgu ve 1s1 yalitim amaciyla uygulanacak kagir blok
elemanlari i¢in dngoriilebilen mukavemet gereksinimini karsilamaktadir.

8. HB1-HB4 karisimlarina ait HAKB elemanlarin 0,203 - 0,212 W/mK arasmndadir. %20 atik kagit
ve %15 genlesmis perlit kullanimli HB5 - HB8 karisimlarina ait HAKB elemanlarin 1s1l iletkenlik
degeri de ise 0,176 - 0,186 W/mK arasindadir. %35 atik kagit ve %15 genlesmis perlit kullaniml
HB9 - HB12 karisimlarina ait HAKB elemanlarin 1s1l iletkenlik degeri ise 0,147 - 0,163 W/mK
arasindadir.

Calisma sonuglarina gore, kagir blok elemanlarinin yalittim amagclh kullaniminda 6ngoriilen 1s1l iletkenlik
limiti A<0,30 W/mK olarak belirlenmistir. Ayrica, hafif agregali betondan yapilmis kagir bloklarin
yogunlugunun 1450 kg/m¥ten daha duisik olmasi gerektigi vurgulanmaktadir. RILEM
degerlendirmelerine gore, dolgu ve yalitim amagch hafif betonlar icin en diistik 0,5 MPa’lik basin¢ dayanim
degeri de vurgulanmaktadir. Bu ¢alisma kapsaminda, her {i¢ seri karisim tasarimiyla tiretilen HAKB
orneklerinin tamami, oOngoriilen teknik limitleri karsilamakta olup, tasiyict olmayan duvar
uygulamalarinda dolgu ve ayni zamanda yalittma katki saglayan kagir blok elemanlar:1 olarak
kullanilabilecegini gostermektedir.
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Abstract

In this study, the performance of different Particle Swarm
Optimization (PSO) variants in solving the Selective
Harmonic Elimination (SHE) equations of a Cascaded H-
Bridge Multilevel Inverter (CHB-MLI) was compared. The
SHE method consists of nonlinear transcendental equations,
which are particularly difficult to solve analytically in high-
level systems. The aim of the study is to examine the overall
improvements provided by the PSO variants and to
specifically evaluate their effectiveness in solving such
complex engineering problems. In addition to the standard
PSO, several improved versions from the literature have been
considered. For each variant, the optimal switching angles
that solve the SHE equations were determined and applied to
a CHB-MLI model in the MATLAB/Simulink environment.
The convergence behaviors of the algorithms, the total
harmonic distortions (THD) and the amplitudes of the
fundamental components of the output voltages were
analyzed statistically. As a result of these analyses, the
strengths and weaknesses of the PSO variants in the
optimization processes were revealed. Based on the findings,
a hybrid model was also proposed, which integrates the
strong features of the successful variants. It was observed that
the proposed hybrid model stands out from the other
variants by exhibiting a stable and competitive performance
even in the worst-case scenarios. These findings indicate that
effectively developed PSO variants can be a powerful
alternative for solving real-world optimization problems.

Oz

Bu calismada, farkli Parcacik Stirti Optimizasyonu (PSO)
varyantlarinin Kaskat Baghh H-Koprii Cok Seviyeli Eviricinin
(CHB-MLI)  Secici Harmonik Eliminasyon (SHE)
denklemlerini ¢6zmedeki performanslar1 karsilagtirilmigtir
SHE yontemi, 6zellikle yiiksek seviyeli sistemlerde analitik
olarak c¢oziilmesi oldukca zor olan dogrusal olmayan
transandantal denklemlerden olusmaktadir. Calismanin
amaci, PSO varyantlarmin genel olarak sagladig:
iyilestirmeleri incelemek ve ozellikle bu tiir karmasik
mithendislik problemlerindeki etkinliklerini
degerlendirmektir. Standart PSO'nun yan sira, literattirdeki
gelistirilmis bazi PSO versiyonlari ele alinmistir. Her varyant
icin SHE denklemlerini ¢6zen optimal anahtarlama acilari
belirlenerek MATLAB/Simulink ortaminda bir CHB-MLI
modeline  uygulanmistir.  Algoritmalarin  yakinsama
davraniglari, ¢ikis  gerilimlerinin  toplam  harmonik
distorsiyonlar1 ve temel bilesen genlikleri istatistiksel olarak
analiz edilmistir. Bu analizler sonucunda, PSO varyantlarmin
optimizasyon siireclerindeki giiclii ve zayif yonleri ortaya
konmustur. Ayrica elde edilen bulgular dogrultusunda,
basarili varyantlarin segilen giiclii 6zelliklerinin entegre
edildigi hibrit bir model de 6nerilmistir. Ozellikle 6nerilen
hibrit modelin, en kotii senaryolarda dahi istikrarli ve
rekabetci bir performans sergileyerek diger varyantlardan
ayristigl  gozlemlenmistir. Bu bulgular, etkin sekilde
gelistirilen PSO varyantlarinin gercek diinya optimizasyon
problemlerinin ¢dztimiinde giiclii bir alternatif olabilecegini
gostermektedir.
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1. Introduction

Particle Swarm Optimization (PSO) has a significant place in nature-inspired metaheuristic optimization
algorithms. Initially proposed by Eberhart and Kennedy in 1995 [1], PSO was developed by modelling the
collective behaviour of birds and fish moving in flocks or schools [2]. At its core, the algorithm consists of
a swarm of particles randomly initialized in a multi-dimensional solution space. The way swarm
individuals influence each other while searching for food has served as the inspiration for PSO’s
fundamental steps in solving optimization problems. Each particle moves within the search space by
updating its position and velocity. These movements are guided by both the best position found by the
individual particle (Pbest) and the best position discovered by the entire swarm (Gbest). Due to its simple
structure, low computational cost, and broad applicability, PSO has been widely adopted in various
engineering problems [3].

However, over time, several limitations of the classical PSO algorithm have been identified in practical
applications. In particular, PSO tends to exhibit premature convergence and can become trapped in local
minima, which restricts its effectiveness, especially in multimodal and complex search spaces [4]. These
issues arise due to the algorithm’s inability to properly balance exploration and exploitation during the
search process [5]. To overcome these challenges, numerous PSO variants have been developed in the
literature[6-9]. The primary goal of these variants is to adapt particle dynamics to the problem structure,
ensuring a more effective exploration of the search space while also achieving faster and higher-quality
solutions.

In recent years, with the increasing number of metaheuristic optimization algorithms, PSO has been
perceived as a less competitive approach and is now primarily used as a benchmark tool to demonstrate
the superiority of newly developed optimization techniques. However, the PSO algorithms employed for
this purpose are typically either the standard version or variants with only limited enhancements. This
situation has led to the neglect of the potential offered by advanced PSO variants. Therefore, evaluating
the effectiveness of different PSO variants in real-world optimization problems is of great importance.

Optimization processes in real-world engineering problems often involve nonlinear and complex
mathematical models. One such problem is the solution of Selective Harmonic Elimination (SHE)
equations for Cascaded H-Bridge Multilevel Inverters (CHB-MLIs). The SHE method consists of nonlinear
and transcendental equations [10] designed to eliminate specific harmonic components while maintaining
the fundamental component amplitude at a desired level [11]. While these equations can be solved
analytically for low-level systems, they are generally highly challenging for high-level inverters [12],
necessitating the use of numerical or heuristic methods. In this context, due to its simple implementation
and ability to efficiently explore large search spaces, advanced PSO variants are considered a strong
alternative for solving SHE equations.

In this study, the performance of different PSO variants in solving SHE equations was compared, and the
contributions of various improvements to the optimization process were examined. The analysis revealed
that while some variants were successful in certain aspects, they fell short in others. Based on these
findings, a new hybrid PSO variant that integrates the most effective strategies of successful PSO variants
was developed and included in the evaluation.

With the inclusion of the hybrid model, a total of eight different PSO variants were evaluated through a
series of independent runs, where optimal switching angles minimizing the objective fitness function were
determined. First, the fitness values produced by each variant were visualized using box plots for
comparative analysis, allowing for an overall performance evaluation of the algorithms. Then, to validate
the results, the switching angles corresponding to these fitness values were applied to a three-phase star-
connected CHB-MLI model in the MATLAB/Simulink environment, and the output voltage waveforms
and their frequency spectrums were examined.
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Accordingly, the obtained results reveal the strengths and weaknesses of the algorithms, providing
significant insights into which strategies are more effective in solving SHE equations. In particular, the
proposed hybrid model has distinguished itself from other variants by producing not only consistent
overall performance but also demonstrating stable and competitive results even in the worst-case
scenarios. Additionally, this study shows that a well-designed PSO variant can be effectively applied not
only in theoretical test scenarios but also in real-world problems such as solving SHE equations, as
exemplified by the newly developed hybrid variant.

2. Cascaded H-Bridge MLI and Selective Harmonic Elimination Method

CHB-MLI consists of multiple identical and discrete H-bridge inverter modules connected in series [13].
Each module has its own independent power supply, and all modules together generate a staircase-
shaped output voltage. Each module forms a single step of this staircase waveform. As the number of
modules increases, the output voltage waveform contains more steps, thereby achieving a closer
approximation to the desired sinusoidal waveform. This modular design offers various advantages,
particularly in high-voltage power systems [14,15]. For instance, when voltage levels need to be increased
or decreased, additional modules can be added or removed as needed without requiring a fundamental
modification to the entire system. Moreover, since each module operates independently, in case of
maintenance or failure, the faulty module(s) can be isolated and replaced without disrupting the entire
system. Due to these advantages, despite the increased complexity of control algorithms and the higher
number of power switches required, the CHB-MLI topology is preferred over alternative multilevel
inverter configurations, particularly in medium- and high-power applications.

In a CHB-MLI, the number of voltage levels depends on the number of independent H-bridge inverter
modules used. The relationship between them can be expressed as shown in Equation (1), where k
represents the number of H-bridge modules, and n denotes the output voltage levels:

n=2k+1 (1)

In this study, the aim is to compare different PSO variants in solving the SHE equations of a three-phase,
star-connected 11-level CHB-MLI. In this context, five modules, each with a 50 V DC source per phase,
were utilized. Figure 1 illustrates the circuit diagram of each module along with the block diagram
representing the module arrangement for each phase, while Figure 2 presents the phase voltage (Vppase)
of the CHB-MLI, which exhibits a staircase waveform. As observed, each module (Vo_x) constitutes a step
of this staircase waveform. To minimize switching losses, each power switch undergoes commutation
twice per half-cycle (8x, m — 6y).

1A

Q1 Q2 Module1 Vo_1 Phase A
1B

AN ZN 2A 1
Module2 Vo_2
2B
VDC ModuleX OUtPUt_AQ 3A ]

- Module3 Vo_3 Vphase
3B

Output B
Q3 Q4 —
Module4

5A

]
4B]_

Module5 05 Neutral

5B

Figure 1. Circuit diagram of each module and arrangement for the 3-phase 11-level CHB-MLI
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Figure 2. The output voltage waveform for one phase of MLI

Various switching strategies have been proposed in the literature for CHB-MLIs [16]. However, among
these approaches, Selective Harmonic Elimination (SHE) has been the most preferred method, particularly
in high-power critical applications where power quality is a limiting factor. The primary objective of the
SHE method is to determine the optimal switching angles that eliminate specific low-order dominant
harmonics in the inverter output voltage while maintaining the fundamental harmonic component at the
desired level.

As shown in Figure 2, the Fourier series expansion of a CHB-MLI output voltage waveform can be
expressed by Equation (2). Here, V}, represents the amplitude of the A" harmonic. Due to quarter-wave
symmetry, even harmonics do not appear in the output voltage. Assuming that all DC sources are equal
and considering that five switching angles are required to generate the output voltage of an 11-level
inverter, each odd harmonic can be calculated using Equation (3). The switching angles must be within
the range 0 < 6; < m/2.

V(wt) = Vy, sin(hwt) (2)

4y,
=—2% cos(h6,) h=1357,.. j=12345 (3)

h hr £
j=1

When the SHE method is applied to an 11-level MLI, five harmonic equations are derived from Equation
(3) to determine the optimal five switching angles. One of these equations represents the fundamental
component, while the remaining four are selected based on which harmonics need to be eliminated. As is
well known, low-order harmonics have a more dominant effect on power quality. Additionally, due to
three-phase symmetry, the third and its multiples are not considered. Therefore, in an 11-level MLI, the
elimination of the 5%, 7th, 11th and 13th harmonics is typically targeted. The corresponding harmonic
equations are given in Equations (4)-(8).

The most significant challenge of the SHE method is solving these five nonlinear equations with five
unknowns. For such nonlinear and complex equations, numerical and algebraic solution methods are
often insufficient. Determining the switching angles that satisfy the required conditions can be directly
considered an optimization problem. Therefore, metaheuristic optimization techniques are frequently
preferred to overcome this challenge in the SHE method [17]. In this study, the performance of different
PSO variants, one of the most fundamental metaheuristic optimization algorithms, is compared in solving
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this optimization problem. The objective is to determine the optimal five switching angles (6,, 65, 83, 8,, 85)
that maintain Vi at the desired reference value while eliminating Vs, V7, V11 and Vi3 in the given equations.

4Vpc

v, = - [cos(8;) + cos(8,) + cos(03) + cos(8,) + cos(Os)] 4)
4Vpe

Vs = - [cos(50,) + cos(58,) + cos(503) + cos(50,) + cos(505)] )
4Vpc

vV, = - [cos(76,) + cos(78,) + cos(703) + cos(78,) + cos(70s)] (6)

4Vpc
Vi = Tin [cos(116;) + cos(116,) + cos(1183) + cos(118,) + cos(118)] (7)
Viz = T3z [cos(136;) + cos(136,) + cos(1363) + cos(136,) + cos(1365)] 8)

3. Particle Swarm Optimization (PSO) Variants

The objective of this study is to compare the performance of different PSO variants in solving SHE
equations. Among the PSO algorithm variants to be compared, it is essential to include the original version
tirst proposed by Kennedy and Eberhart [1], which will hereafter be referred to as Standard PSO (SPSO).
At this stage, the fundamental equations and operational steps of SPSO in the context of solving SHE
equations will be briefly summarized. This will provide a clearer understanding of PSO’s general
approach to optimization problems and highlight the specific areas where the examined variants
introduce improvements.

PSO is a population-based heuristic optimization algorithm that operates in a multi-dimensional search
space. Each particle moves based on both its personal best position (Pbest) and the global best position
(Gbest) within the swarm[18]. The position and velocity updates of the particles form the core of the
algorithm, incorporating randomness to balance social and individual knowledge interactions.

The algorithm begins by generating a random initial population consisting of N particles. Each particle
represents a solution set containing five angular variables (8;), as shown in Equation (9), specifically
tailored for solving the SHE equations. This solution must satisfy the constraints given in Equation (10).
At the initialization stage, since no predefined solution exists, each particle's current position is considered
its personal best solution (Pbest;). Additionally, the velocity parameters (V;) are set to zero, as it is
undesirable for the particles to have any predefined direction at the start of the optimization process. In
this way, the candidate initial solutions for solving SHE equations are established

0; = (61,652, 0:3, 014, 0;5) i € {1,2,...,N} )
0<6,<0,<0;<60,<605<m/2 (10)
Pbesti = 91' Vi = (0,0,0,0,0) (11)

After generating the random initial population, the first fitness scores must be computed to evaluate how
close each particle is to an optimal solution. For this purpose, the fitness function derived from the SHE
equations, as given in Equation (12), is used. In this equation, the first term controls the amplitude of the
fundamental harmonic, while the second term aims to minimize the dominant low-order harmonics [19].
Since solving the nonlinear SHE equations is formulated as a minimization problem, a particle with a
lower fitness score represents a better candidate solution. This implies achieving successful suppression
of low-order harmonics while maintaining the output voltage at the desired level.

As shown in Equations (13) and (14), the fitness score of each particle in the swarm is evaluated using the
given fitness function, and the best solution for the initialization phase is then selected.
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2

5 4
4V, 4Vpc\®
fi = Virer — ;Czcos(ew) ( DC) z n ZCOS(hRQi,j) (12)

= k=1 j=1
5 7,11,13]
f (91)
{f (6; )‘ (13)
f(6n)
Fbest = min(F) — Gbest = 6(Fbest) (14)

In the equations above, V;,.f represents the desired amplitude of the fundamental frequency component
of the output voltage, h is a vector containing the orders of low-frequency harmonic components to be
eliminated in a three-phase system, F denotes the fitness vector, and F; is the fitness score of the ith particle.

After the initialization phase, the iteration loop begins. In each iteration, the velocity of each particle is
first updated based on its current position (8;), personal best position (Pbest;), and the position of the best
particle in the swarm (Gbest), as shown in Equation (15). Then, the updated velocity is added to the current
position to obtain the new position, as expressed in Equation (16). The goal is to move each particle closer
to the optimal solution while preserving its individual experience.

Vi,j(t + 1) = Vi,j(t) + Cl.T'l. (Pbesti,j - Bi,j(t)) + CZ.T'Z. (Gbestj - Bi,j(t)) (15)
Bi‘j(t + 1) = ei,j(t) + Vi,j(t + 1) i € {1,2, ,N} ] € {1,2,3,4‘,5} (16)

In the equations above, t represents the current iteration number, while t + 1 denotes the next iteration.
r1and r2 are randomly generated numbers in the range [0,1]. C; is the cognitive coefficient that determines
a particle’s tendency to move toward its personal best position, whereas C, is the social coefficient that
influences the particle’s movement toward the global best position in the swarm. These two parameters
together are referred to as acceleration coefficients. In SPSO, both values are set equal (C; = C, = 2) to
ensure that particles benefit equally from their individual experiences and the swarm's collective
knowledge, thereby establishing a balanced exploration and exploitation process.

At the end of each iteration, the fitness function given in Equation (12) is re-evaluated based on the
updated positions of the particles. The personal best positions and the global best position are then
updated according to Equations (17) and (18). The process described above is repeated until a predefined
maximum number of iterations (T) is reached.

f(6;) < f(Pbest;) — Pbest; = 6; (17)
f(Pbest;) < f(Gbest) — Gbest = Pbest; (18)

At the end of the entire optimization process, the position of the best particle in the swarm (Gbest)
represents the optimal switching angles determined by PSO for solving the SHE equations, as shown in
Equation (19). These angles will be applied to the power switches of the multilevel inverter to achieve the
desired output voltage while minimizing low-order harmonics

Optimal Switching Angles — Gbest = (Gbest,, Gbest,, Gbest, Gbest,, Gbests) (19)
The standard PSO algorithm exhibits certain structural weaknesses that affect the movement dynamics of

particles, particularly in complex and high-dimensional problems. One of the primary weaknesses is the
absence of a mechanism to retain the previous velocity component in velocity updates. In standard PSO,
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the velocity of each particle is updated solely based on its personal best position and the global best
position, without incorporating any mechanism to preserve the particle’s current velocity

The lack of dependence on previous velocity disrupts the continuity of particle movement, leading to two
major issues. First, when the Pbest and Gbest positions are very close to the particle’s current position, the
velocity component reaches very small values, causing the particle to become nearly motionless. This
phenomenon, commonly referred to as stagnation in the literature, results in a loss of movement
capability, particularly during the convergence phase. On the other hand, as Pbest and Gbest move further
away from the particle, it may take large and uncontrolled jumps toward these attraction points. These
two extreme cases hinder an effective exploration of the search space, ultimately negatively impacting the
overall performance of the algorithm.

To overcome these issues, one of the first structural modifications proposed in the literature was the
introduction of an inertia weight coefficient in the velocity update equation. Therefore, the second variant
in the list of PSO variants to be compared is PSOCIW (Constant Inertia Weight PSO) [20], which was the
first approach in the literature to incorporate this coefficient with a fixed value. This variant enables
particles to retain a portion of their current velocity, facilitating a more balanced exploration and
exploitation process in the search space. In the PSOCIW variant, the velocity update equation is redefined
as follows, where w represents a constant inertia weight:

Vi,j(t + 1) = . Vi,j(t) + Cl.Tl. (Pbesti,j - gi,j(t)) + CZ.T'Z. (Gbestj - ei,j(t)) (20)

With the addition of the inertia weight, PSO gained improved velocity control and enhanced adaptability
to different types of optimization problems. As a result, PSOCIW is considered a milestone in PSO
literature, and the majority of modern PSO variants have been developed based on this fundamental
concept. However, subsequent studies have shown that maintaining a fixed coefficient does not always
ensure an effective balance between exploration and exploitation across different optimization processes.
Consequently, new variants have been introduced in the literature, where the inertia weight is defined as
either a time-varying or randomly selected parameter. In this context, two additional PSO variants
included in the comparison are PSOTVIW (Time Varying Inertia Weight PSO) [21] and PSORIW (Random
Inertia Weight PSO) [22].

PSOTVIW is one of the fundamental improvements to the fixed inertia weight approach. In this variant,
the inertia weight (w) is defined as a linearly decreasing function as iterations progress. This strategy aims
to promote broader exploration in the early iterations and more focused exploitation in later iterations.
The inertia weight is defined as shown in Equation (21), where w4, represents the initial maximum
inertia weight, and w;,;;; denotes the minimum inertia weight at the final iteration. The velocity update
equation includes the inertia weight as in PSOCIW; however, in this case, the coefficient is not fixed but
varies over time.

w(t) = Wmax — (Wmax — Omin) - E (21)

T
The PSORIW variant offers an alternative approach in which the inertia weight is randomly selected
within a predefined range at each iteration. Instead of a deterministic change, this method adopts a
dynamic and stochastic inertia management strategy, allowing different levels of exploration and
exploitation to be applied in each iteration. This variability helps reduce the risk of getting trapped in local
minima and enhances adaptability to different types of optimization problems. The inertia weight for each
iteration is determined as follows:
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Rand

w() =05+ (22)

Both methods provide a more flexible and adaptive structure compared to PSOCIW. PSOTVIW establishes
a systematic exploration-exploitation balance by modelling the natural evolution of the search process,
whereas PSORIW enhances search diversity through randomness, aiming to reduce the risk of being
trapped in different local minima. While the diversity introduced by PSORIW offers an advantage in
highly multimodal and high-dimensional problems, the controlled approach of PSOTVIW tends to be
more effective in convex and unimodal problems.

Both variants are considered significant advancements in the use of inertia weight in PSO and have
influenced the development of many modern PSO derivatives. Today, hybrid approaches derived from
these two strategies are widely utilized in contemporary PSO variants.

In addition to the variants discussed above, numerous studies have explored different approaches to
updating the inertia weight. In this context, various PSO derivatives such as CRIWPSO (Chaotic Random
Inertia Weight PSO) [23], AIWPSO (Adaptive Inertia Weight PSO) [24], GLBPSO (Global Local Best Inertia
Weight PSO) [25], DAPSO (PSO with Dynamic Adaptation) [26], and IPSO (Improved PSO) [27] have been
introduced in the literature. However, preliminary performance analyses indicate that these variants do
not offer a significant advantage over PSORIW and PSOTVIW. Therefore, among the inertia weight-based
improvements, only PSOCIW, PSORIW, and PSOTVIW have been selected as the core methods for
comparison in this study.

In early PSO variants, optimization improvements primarily focused on the inertia weight component,
with modifications limited to different update strategies (e.g., linear, nonlinear, or adaptive methods based
on the iteration count or the relationship between Pbest and Gbest). No changes were made to the
acceleration coefficients (Cy, C;) or the velocity-position update mechanisms, nor was an approach similar
to the mutation mechanism in genetic algorithms introduced to enhance solution space diversity. These
variants preserved the fundamental structure of PSO's original version, including its core velocity and
position update equations.

In contrast to the previous variants, the next three variants examined in this study introduce novel
approaches beyond just improvements in the inertia weight mechanism. These methods are identified as
MPSOTVAC (PSO with Mutation and Time-Varying Acceleration Coefficients) [28], APSO (Adaptive
PSO) [29], and IAPSO (Inertia Adaptive PSO) [30], respectively.

In MPSOTVAC, the linearly decreasing inertia weight update approach given in Equation (21) is adopted,
while two major improvements are introduced to the standard PSO. The first improvement involves
adapting the acceleration coefficients to change over time based on the iteration count. In this enhanced
strategy, the C; coefficient decreases as iterations progress (Cimax = Cimin), Whereas the C, coefficient
increases in contrast (Cpmin = Camax)- The primary objective of this approach is to enable a broader search
(exploration) during the initial stages of the algorithm while ensuring faster and more stable convergence
(exploitation) in later iterations.

This strategy is expressed by the following equations:

G, t) = Cimax — (Clmax - Clmin) :

G, t) = Cimax — (Clmax - Clmin) :

~| 3
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The second improvement is a mutation-based velocity update, which activates a random mutation
mechanism when particle velocities stagnate and no improvement occurs in the global best solution
(Gbest). With this mechanism, if the global best value remains unchanged for a certain period, a randomly
selected particle undergoes a random perturbation (increase or decrease) in one of its velocity dimensions
with a certain probability. This approach aims to prevent the issue of premature convergence. The
mutation process is formulated as follows:

Vmax
Via + Ry ——=, Ry <0.5
f(Gbest(t — 1)) — f(Gbest(t)) <0 > Ry < pm = Vi g = m (25)

Vmax

Vk,d_RZ' m ) R2>05

Here, k and d represent the index of the randomly selected particle and the randomly selected dimension,
respectively. pm is the mutation probability, m is the mutation scale parameter, and R; and R, are two
randomly generated numbers within the range [0,1]. In this mutation mechanism, R; determines whether
the mutation will be applied, while R, determines the mutation direction (increase or decrease). V.
represents the velocity limit.

In IAPSO, the inertia weight of each particle is dynamically adjusted based on its distance from the global
best position. In this approach, particles that move away from the global best have their inertia weight
reduced, allowing them to break free from the influence of their previous velocity and be pulled more
strongly toward the global best position. This mechanism preserves the exploration capability while
promoting convergence toward the optimal solution. The inertia weight in IAPSO is defined as follows:

diSti
— ol - —/—/ 26
@@= % ( max_dist) 20
b 1/2
diSti = Z(Gbestj - Bi,j)z (27)
j=1
max_dist = max(dist;) (28)

Here, w, is the initial inertia weight, which is randomly selected within the range [0.5,1]. dist; represents
the current Euclidean distance of the i*" particle and is defined as the distance between the particle and
the global best position. max_dist denotes the maximum distance of any particle from the global best
position in the current generation

The second major improvement of IAPSO is the addition of an adaptive momentum term to the position
update equation in classical PSO. This momentum term is controlled by a randomly selected p parameter
and takes a value in the range of 0.75 to 1.25 at each iteration, dynamically adjusting the contribution of
the particle's previous position to its updated position. This mechanism allows the particle to move more
freely in the search space by reducing the influence of its previous position in some cases, while in others,
it reinforces the particle’s current trajectory. Thus, the risk of premature convergence is reduced, and an
adaptive balance is achieved. The position update equation is defined as follows. Here, p is a randomly
selected value in the range of [-0.25,0.25].

APSO is a PSO variant that stands out with its dynamic inertia weight and adaptive repositioning

mechanism. In traditional PSO, the inertia weight is considered either as a fixed parameter or as one that
changes based on iterations, whereas in APSO, it is dynamically determined according to each particle’s
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fitness value. This allows particles closer to a better solution to move more slowly, while those farther
away engage in more aggressive exploration, covering larger regions of the search space. The adaptive
update of the inertia weight is expressed as follows. Here, Rank; represents the ranking of the particle’s
fitness score within the population, and N denotes the total number of particles

Rank;
N

(30)

W; = Wpyip + (wmax - wmin) :

Another significant improvement in APSO is the random repositioning of the worst particles, as defined
in Equation (31), if the global best fitness value remains unchanged for a certain period. This process aims
to increase diversity within the population and prevent premature convergence

f(Gbest,_s) — f(Gbest,) < thrs — select Oy,5rst.1, Oworst 2+ - - Oworst.z (31)

eworst,l = erand,lr eworst,z = Hrand,z- . Hworst,z = Brand,z

Here, f(Gbest) represents the fitness value of the global best solution. If the change in this value remains
below a certain threshold for five consecutive iterations, the worst Z particles in the population are
selected. The positions of these selected particles are then replaced with newly generated random
positions (6,gnq)-

The conducted tests demonstrate that IAPSO achieves successful results compared to classical PSO, thanks
to its dynamic inertia weight determination and momentum-based position update strategies. In
particular, the Median and standard deviation (Std) metrics of the best fitness values obtained from
independent runs confirm the effectiveness of the proposed improvements. However, the observation of
weaker-than-expected results in some runs and the wide variation in fitness values indicate that the
algorithm needs further improvements in terms of stability. This issue is believed to stem from IAPSO’s
fixed acceleration coefficient approach.

In this context, a new hybrid PSO variant has been proposed to address the inconsistencies in IAPSO’s
performance distribution while preserving its dynamic inertia weight determination and momentum-
based position update strategies. This hybrid approach incorporates the adaptive acceleration coefficient
adjustment strategy used in MPSOTVAC. Additionally, to further reduce the risk of premature
convergence, APSO'’s reinitialization mechanism has also been integrated into the hybrid model. With the
inclusion of this hybrid PSO variant, the total number of variants evaluated in the comparative analysis
has increased to eight.

4. Results and Discussion

In this study, the effectiveness of eight different PSO variants in solving complex SHE equations was
compared, and the impact of these improvements on the capability of standard PSO in real-world
engineering problems was evaluated. The first of these variants is the original PSO algorithm (SPSO)
without inertia weight, while six of them are existing variants in the literature that have incorporated
various enhancements into the original version. The final variant is the proposed hybrid model, which
selectively integrates the strong aspects of some successful variants to achieve a more balanced and robust
optimization approach

The common goal of all variants is to determine the optimal switching angles by minimizing the fitness
function defined in Equation (12). This function is designed to eliminate dominant harmonics up to the
14th order (excluding even harmonics and multiples of three) in the inverter output voltage while keeping
the fundamental component amplitude as close as possible to the desired reference value. For all
algorithms, the maximum number of iterations (T) is set to 100, the population size (N) is 50, the reference
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fundamental component amplitude (Vi,.f) is 250 V (433.01 V for line voltage), and the maximum and
minimum velocity limits of the particles (Vy,in, Vinax) are set to [-1,1]. The fixed parameters specific to other
variants are given in Table 1.

Table 1. Parameters of the PSO variants.

Variant Parameter
SPSO Cl’z == 0.75
PSOCIW CI,Z = 0.75, w=0.7

PSOTVIW  C, = 0.75, Wminmax = (0.4,0.9)

PSORIW Cl’z = 0.75
APSO Crz = 0.75, minmar = (04,0.9), Z = 5, thrs = 1
IAPSO Cr, =075, p = [~0.25,0.25]

MPSOTVAC  Cy ymin = 0.25, Cy smax = 1.25, Wminmax = (0.4,0.9),pm = 0.1, m =5

Proposed C12min = 0.25, C 2max = 1.25, Wi max = (0.4,0.9), p = [-0.25,0.25], Z = 5, thrs = 1

For each variant, 501 independent runs were conducted, and the best fitness values obtained from each
run were recorded. Among these, the Best, Median, and Worst fitness values, along with their standard
deviations for each variant, were determined and presented in Table 2. Additionally, to visualize the
distribution of these values and better highlight the performance differences between the variants, a box
plot was generated and shown in Figure 3a. Furthermore, to analyze the performance of the last three
variants in more detail, a second box plot was created, including only these three variants, and presented
in Figure 3b.

Table 2. Optimization results of PSO variants

Statistical Summary of Fitness Values

PSO Variants
Best Median Worst Std

SPSO 4.3234 64.6005 288.1462 47.7406
PSOCIW 7.53E-06 39.8323 261.7193 43.4600
PSOTVIW 3.63E-05 26.6706 259.5298 42.3202
PSORIW 7.01E-06 27.2649 262.5894 42.8051
APSO 7.71E-05 26.4647 181.8058 32.6880
IAPSO 0.2290 3.1401 141.3887 11.1067
MPSOTVAC 1.44E-05 19.7548 133.2802 26.5570
Hybrid 0.2895 2.6952 29.1667 4.4168
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Figure 3. Boxplot graphic of (a) all PSO variants, (b) last 3 variants

Upon examining the box plots and Table 2, the first noticeable point is that the inclusion of inertia weight
significantly enhances optimization performance. Variants with inertia weight achieve better results
across all metrics (Best, Median, Worst, and Std) indicating not only improved solution quality but also
greater stability compared to standard PSO.

Another important observation from the results is that there is no significant performance difference
among PSOCIW, PSOTVIW, and PSORIW. Although PSORIW achieved the best result in the Best metric
among all variants, this outcome is possibly due to the stochastic nature of the algorithm and is not
statistically meaningful, with only a slight improvement over the others. In the Median metric, PSOTVIW
and PSORIW exhibited slightly lower values than PSOCIW. Overall, the presence of inertia weight led to
better results in all three algorithms compared to standard PSO. However, considering the method of
determining inertia weight, the slightly higher Median value of PSOCIW suggests that dynamically
changing inertia weight approaches improve solution quality more effectively
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The obtained results indicate that the additional improvements of APSO did not provide a significant
advantage in the context of this optimization problem in terms of Best and Median metrics. Nevertheless,
in the Worst metric, APSO achieved a lower error value compared to other methods and exhibited a
relatively better performance in the worst-case scenarios. Furthermore, its lower standard deviation
suggests that the algorithm reduces solution variability and operates more stably. However, this stability
is associated with a narrower distribution of solutions rather than an overall improvement in solution
quality

In general, when the results are examined, it is observed that the last three variants (IAPSO, MPSOTVAC,
and the proposed Hybrid) have demonstrated significantly better performance compared to the first five
variants, except for the Best metric. However, since the Best metric can exhibit substantial variations across
different runs, it is not considered a reliable standalone criterion for evaluating the overall performance
of the algorithms. In contrast, these three algorithms, which produced lower values in the Median, Worst,
and Std metrics, not only generated better solutions during the optimization process but also improved
the consistency of these solutions, demonstrating a competitive performance. These findings indicate that
the applied enhancements have improved optimization performance and that these three methods explore
the search space more efficiently.

IAPSO has demonstrated a significant improvement in the Median and Std metrics compared to the first
five variants and has also produced better results than MPSOTVAC. Although the difference between
IAPSO and MPSOTVAC is smaller than that observed with the other variants, it is still noteworthy. In the
Worst metric, an improvement has been achieved compared to the first five variants; however, this
difference is relatively small, and IAPSO remains slightly behind MPSOTVAC.

On the other hand, when examining the box plot, it is evident that JAPSO has a considerable number of
outliers. This indicates that while the algorithm produces very good results in some runs, it yields
unexpectedly high fitness values under certain conditions. Despite these fluctuations, IAPSO stands out
as a strong alternative alongside the proposed hybrid variant for solving SHE equations, particularly due
to the improvements it provides in the Median and Std metrics.

When evaluating its overall performance, MPSOTVAC demonstrates significantly better results compared
to the first five variants. Although MPSOTVAC achieved the best value among the last three variants in
the Best metric, this comparison is of limited significance due to the reasons discussed earlier. In the Worst
metric, it also performed better than IAPSO; however, the difference is not substantial. Therefore, while
MPSOTVAC delivers a relatively acceptable performance in solving SHE equations, it falls behind the
proposed hybrid variant and IAPSO.

The proposed hybrid variant integrates three powerful improvement strategies under a single framework:
the adaptive momentum term added to the position update equation in IAPSO, the time-varying
acceleration coefficients from MPSOTVAC, and the reinitialization mechanism from APSO. Examining
the results, the proposed hybrid variant has produced the most consistent and high-quality results across
all performance metrics. Its lowest Median value among all variants indicates that it consistently generates
higher-quality solutions. Additionally, its superior performance in the Worst metric demonstrates that it
maintains acceptable optimization performance even in unfavorable scenarios. The low Std value confirms
that the solution quality remains stable, indicating that the algorithm provides consistent performance.
Boxplots reveal that while the proposed hybrid variant has outliers, these values are more concentrated
within a narrower range compared to other algorithms, minimizing extreme deviations. This suggests that
the algorithm reduces variability among solutions and minimizes performance fluctuations.

The convergence curves of the last three variants are presented in Figure 4 to further analyze their

optimization behavior in addition to their overall performance. Upon examining the curves, it is observed
that IJAPSO, MPSOTVAC, and the Hybrid variant all successfully converged toward the global best
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solution. However, differences can be seen in terms of convergence speed, stability, and improvement in

solution quality.
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Figure 4. Convergence curves of the last 3 variants (a) normal, (b) magnified view

IAPSO exhibited a rapid decline in the early iterations due to its fixed acceleration coefficients,
aggressively steering towards the best solution. However, maintaining fixed acceleration coefficients
caused the algorithm to lose flexibility in later iterations, leading to a solution quality inferior to that of
the Hybrid variant.

MPSOTVAC demonstrated a more stable decreasing trend thanks to its mechanism for adjusting
acceleration coefficients based on iterations. However, its inertia weight update strategy was not as
effective as that of IAPSO, and the algorithm lagged behind both IAPSO and the Hybrid variant in terms
of solution quality.

The Hybrid variant, built upon the strong foundation of IAPSO, incorporated MPSOTVAC’s controlled
acceleration coefficient adjustment strategy, effectively balancing exploration and exploitation, making it
the most efficient algorithm in the convergence process. Initially, it prioritized a broader exploration
phase, which resulted in a slower convergence rate compared to IAPSO in the early iterations. However,
in later iterations, it transitioned into a more aggressive exploitation phase, achieving the highest solution
quality and surpassing the other two variants.

Overall, while all three algorithms exhibited a successful optimization process, the Hybrid variant
delivered the most stable and best-performing results. IAPSO gained an early advantage in the initial
iterations but fell behind the Hybrid variant due to its fixed acceleration coefficients. Meanwhile,
MPSOTVAC showed a steady decline but remained the weakest variant among the three in terms of
solution quality.

To validate the results obtained in the optimization processes, the optimal switching angles obtained by
the last three variants for each performance metric were recorded (Table 3) and applied to a three-phase
11-level CHB-MLI model in MATLAB/Simulink. As a result of the simulation, the Total Harmonic
Distortion (THD) up to the 14th order and the fundamental component amplitude errors of the inverter
output voltage were calculated (Table 4)

Additionally, to visually evaluate the performance of the algorithms, inverter line voltages, their
fundamental components along with their desired reference counterparts, and frequency spectrums
showing other dominant harmonics are presented in the following figures. Among these, Figure 5 presents
the results obtained by applying the switching angles produced by PSO variants in the Best criterion,
Figure 6 in the Median criterion, and Figure 7 in the Worst criterion
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Table 3. Optimal switching angles found by the last 3 PSO variants
PSO Perfor.  Fitness Optimal Switching Angles ()

Variants Metrics  Scores 0 6, 65 0, 05

Best  0.22896 8.0723 19.5195 29.5207 47.7187 63.1720

IAPSO Median 3.14005 8.3307 19.1536 28.9665 47.2366 63.1539

Worst  141.389 6.9622 38.0693 88.4607 89.2185 89.4513

Best 1.44E-05 7.8621 19.3727 29.6524 47.6809 63.2109

MPSOTVAC Median 19.7548 5.2253 245971 38.9990 49.6409 72.9554

Worst  133.280 8.1392 37.0757 87.6129 89.0261 89.9973

Best 0.28952 8.1324 19.4678 29.7515 47.7013 63.0676

Hybrid Median 2.69516 8.5098 18.7479 29.5546 48.2781 62.9309

Worst  29.1667 15.9531 24.2180 41.6987 59.2115 61.7156

Table 4. Simulation results of last 3 PSO variants

% THD (Until 14th) % Voltage Error of V1
Perfor. MPSO MPSO
PSO Hybrid IAPSO Hybrid
Metrics TVAC TVAC

Best 0.19 0.01 0.22 -0.09 -0.09 -0.09
Median  0.61 0.27 0.66 0.23 -7.83 -0.12

Worst 241 0.77 1.29 -53.44 -53.03 -8.27

Upon examining the simulation results, in the Best criterion, all three algorithms produced fundamental
component amplitudes that were very close to the target value. However, in terms of THD, MPSOTVAC
(0.01) achieved the lowest value by a large margin, making it the most successful approach. In contrast,
the Hybrid (0.22) and IAPSO (0.19) variants produced significantly higher THD values compared to
MPSOTVAC but remained very close to each other. This indicates that the low fitness value of
MPSOTVAC in the Best criterion is largely due to its superior THD minimization capability.

In the Median criterion, MPSOTVAC once again achieved the lowest THD value. However, this was
accomplished at the expense of fundamental component amplitude accuracy. The error rate (-7.83%) was
significantly higher compared to the Hybrid (-0.12%) and IAPSO (0.23%) variants. The Hybrid and IAPSO
algorithms also produced very similar results in this criterion in terms of both THD and fundamental
component amplitude error. While one exhibited slightly higher THD, the other had a marginally larger
fundamental component amplitude error.

In the Worst criterion, the differences between the algorithms became most pronounced. In this scenario,
the clear superiority of the proposed Hybrid variant was evident. MPSOTVAC maintained its tendency
to achieve the lowest THD value. However, while achieving this optimization success, it suffered a
significant reduction in the fundamental component voltage, nearly halving the voltage value. IAPSO
exhibited the weakest performance in this criterion. It produced the worst results in terms of both THD
and fundamental component amplitude, displaying severe instability during the optimization process.
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Figure 5. Line voltage waveform, fundamental harmonic and its reference, frequency spectrum of
(a) IAPSO; (b) MPSOTVACG; (c) Hybrid variants at Best metric

In contrast, the Hybrid variant, even in the worst-case scenario, only produced a -8.27% fundamental
component amplitude error, which is at a level that MPSOTVAC could only achieve in the Median
criterion. The THD value of the Hybrid variant in this criterion increased slightly compared to the
previous scenarios, falling behind MPSOTVAC. However, it should be noted that MPSOTVAC achieved
this low THD value at the cost of a significant drop in the fundamental component voltage.

Overall, the conducted analyses clearly highlight the strengths and weaknesses of the algorithms. IAPSO,
although generally a successful algorithm that produced low fitness values, showed instability in some
runs, resulting in suboptimal outcomes. Indeed, its poor performance in the Worst criterion confirmed
this, as previously indicated by the broad distribution and high standard deviation (Std) values observed

in the box plot.
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Figure 6. Line voltage waveform, fundamental harmonic and its reference, frequency spectrum of
(a) IAPSO; (b) MPSOTVAG; (c) Hybrid variants at Median metric

MPSOTVAC produced an outstanding result in the Best criterion in terms of both THD and fundamental
component amplitude. However, its success in achieving low THD in other criteria came at the expense
of fundamental component amplitude errors that reached unacceptable levels in the Median and
especially the Worst criteria. This suggests that while MPSOTVAC has the potential to produce excellent
results, this success cannot always be achieved consistently.

The proposed Hybrid variant was developed precisely due to IAPSO's vulnerability to such instabilities,
despite its generally strong performance, and the simulation results validated the correctness of this
approach. While the Hybrid variant exhibited an average performance in the Best and Median criteria, it
achieved the most successful results by far in the Worst criterion, demonstrating its overall stability.
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5. Conclusion

In this study, the capabilities of eight different PSO variants in solving complex SHE equations were
compared, and the impact of the proposed improvements on the performance of standard PSO in real-
world engineering problems was evaluated. The evaluated variants include the original version of PSO
(SPSO), existing enhanced versions from the literature, and the proposed hybrid model, which integrates
selected strong features from some of the most effective variants.

The first and most fundamental improvement introduced to PSO is the addition of an inertia weight. This
component regulates the balance between exploration and exploitation during the optimization process,
allowing the algorithm to produce more stable and successful results. However, using inertia weight alone
has proven insufficient, approaches that lack complementary mechanisms have failed to consistently
deliver the desired performance in certain cases.

The findings of the study indicate that three variants stand out in terms of performance. IAPSO, with its

dynamic inertia weight adjustment and momentum-based position update mechanism, has generally
produced successful solutions. However, it has exhibited instability in some runs, leading to unexpectedly
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poor results. This inconsistency suggests that IAPSO may suffer from solution quality fluctuations,
making it unreliable across all scenarios.

MPSOTVAC, which modifies acceleration coefficients based on iteration count, has achieved the best
results in some runs but has failed to maintain this success consistently. In particular, it has shown large
deviations in fundamental component amplitude, resulting in an overall unstable performance.

The proposed hybrid PSO variant builds upon the strengths of IAPSO while integrating MPSOTVAC's
controlled acceleration coefficient adaptation mechanism and APSO’s reinitialization strategy. The results
demonstrate that the hybrid variant is not only effective in specific cases but also emerges as the most
stable and reliable algorithm overall. It has consistently generated the highest-quality solutions on average
while maintaining competitive performance even in worst-case scenarios.

This study provides a comprehensive evaluation of the strengths and weaknesses of different PSO
variants, serving as an important reference for future research. Furthermore, the findings highlight that
the optimization performance of standard PSO can be significantly improved through appropriate
modifications, with the proposed hybrid approach achieving the best balance. The results also suggest
that advanced PSO variants can serve as an effective alternative for solving complex engineering problems
such as SHE equations.
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Abstract

Self-Excited Induction Generator (SEIG) plays an
important role in independent power generation
systems. Since SEIGs have difficulty maintaining the
terminal voltage when load conditions change, an
adequate compensation and control system is
required.  Distribution  Static =~ Compensators
(DSTATCOMs) stand out with their fast dynamic
response, reactive power support, and harmonic
reduction capabilities. ~The performance of
DSTATCOMs depends on the effectiveness of the
control method. In this study, the performance of the
widely used dq method and Current Synchronous
Detection (CSD) method is compared under
nonlinear loads, unbalanced loads, and DC offset
conditions. The CSD method stands out with its
effectiveness in filtering PCC voltages, peak
estimation, and simple structure. The dq method,
thanks to its high accuracy and stability in phase
synchronization, = has  provided  successful
performance in harmonic suppression, current and
voltage balancing, and reduction of DC offset effects.
In both methods, the total harmonic distortion (THD)
of SEIG current and voltage is below 5% in
accordance with IEEE-519 standards.

Oz
Kendinden Uyarimli Asenkron Generator (KUAG),
bagimsiz giic uretim sistemlerinde, ©6nemli bir rol
oynamaktadir. SEIG'ler yiik kosullar1 degistiginde
terminal gerilimini korumakta zorluk cektigi icin etkili bir
kompanzasyon  ve  kontrol  sistemine  ihtiyag
duyulmaktadir.  Dagitim  Statik =~ Kompanzatorleri
(DSTATCOM) hizli dinamik tepkileri, reaktif giic destegi
ve harmonik azaltma yetenekleri ile 6n plana ¢itkmaktadir.
DSTATCOM'larin  performans: kontrol ydnteminin
etkinligine baghdir. Bu c¢alismada, yaygmn olarak
kullarulan dq yontemi ile Akim Senkron Algilama (CSD)

yonteminin performanst dogrusal olmayan yiikler,
dengesiz ytkler ve DC ofset kosullar1 altinda
karsilastirilmistir.  CSD  yontemi, PCC gerilimlerini

filtrelemedeki etkinligi, tepe degerini tahmin etmesi ve
basit algoritmasi ile one ¢ikmaktadir. Ayrica akim ve
gerilimlerde meydana gelen DC ofset durumlarinda faz
gerilimi kestirimi daha {iistiindiir. dq yonteminde ise faz
senkronizasyonundaki yiiksek dogruluk ve kararlilig:
sayesinde harmonik bastirma, akim ve gerilim dengeleme
ve DC ofset etkilerini azaltmada basarili performans
saglamustir. Her iki yontemde de IEEE-519 standartlaria
uygun sekilde SEIG akim ve geriliminin toplam harmonik
distorsiyonu (THD) %5'in altindadur.
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1. Introduction

Wind energy systems are one of the fastest growing and widespread systems among renewable energy
sources. Wind energy is gaining more and more importance day by day due to its environmentally
friendly structure, reducing carbon emissions caused by fossil fuels, and contributing to sustainable
energy production[1]. In wind turbines, asynchronous (induction) generators, synchronous generators,
and permanent magnet generators are generally preferred according to system performance, efficiency,
and cost issues. Induction generators preferred in off-grid systems are called self-excited induction
generators (SEIG) [2].

SEIGs are characterized by a robust squirrel cage rotor structure, low maintenance costs, the absence of
slip rings and brushes, self-protection against faults, and good dynamic response[3]. However, one of the
most significant disadvantages of SEIGs is that their terminal voltages fluctuate if the required reactive
power is not provided as the load [4]. Moreover, when the load is high, the terminal voltage can drop
significantly, causing the SEIG to become unstable and its voltage to collapse[5]. The reactive power
required for the SEIG to generate voltage at the starting moment is provided by capacitor banks connected
to the terminals. An efficient voltage regulation system is required to ensure that the SEIG voltage is stable
and regular. Power electronic converter-based systems, especially Static Var Compensator (SVC) and
Distribution Static Compensator (DSTATCOM) systems, are widely used for this purpose. Although
researchers have widely proposed SVC-based methods based on controlled switching of capacitor banks,
SVCs do not adapt to dynamic load changes due to their long response times, which reduces their
performance under load conditions with load imbalance and harmonic currents[6]. Because the reactive
power provided by SVCs depends on the terminal voltage, and the capacity to provide reactive power
decreases during sudden voltage drops[7]. This negatively affects system stability, and even SEIG may
become unable to produce voltage. Due to these limitations, DSTATCOM stands out as the advanced
dynamic performance under changing load conditions.

DSTATCOM emerges as an important alternative in SEIG-based systems, as it provides stable system
operation with fast and dynamic reactive power support. It effectively regulates voltage, especially under
load imbalances and load conditions containing harmonics, and increases system reliability by responding
quickly to sudden voltage drops [8], [9].

The effectiveness of DSTATCOM's performance depends on the control method used. In this context, the
Synchronous Reference Frame (SRF or dq) method [10] and the Current Synchronous Detection (CSD)
method are prominent control strategies. Researchers have modified the CSD method to filter the phase
voltages with the SOGI method [6].

The dq method transforms sinusoidal current and voltage expressions into d-q axes to provide the
required active and reactive powers. Due to its precise phase synchronization capabilities, this method
provides high accuracy and stability in voltage regulation, harmonic suppression, and load balancing [11].
On the other hand, the CSD method offers a more straightforward and faster control structure by using
direct current signals without requiring additional transformations such as dq. This approach provides an
advantage in providing a fast response to sudden load changes. In addition, filtering the PCC voltages
through the SOGI allows for a more precise determination of the PCC peak voltages.

In this study, the performance of the dq method and the SOGI-based CSD method developed for voltage
control in DSTATCOM-based SEIG systems are compared under nonlinear loads, unbalanced loads, and
DC offset conditions. Since the phase voltages are filtered separately in the SOGI-CSD method, it showed
superior performance in estimating the peak values of PCC voltages under nonlinear load and unbalanced
load conditions. Accordingly, SEIG currents and voltages are produced properly despite the unbalanced
and harmonic load conditions.
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Figure 1. Schematic of DSTATCOM-based SEIG system.

Since the control scheme has no DC offset immunity, the performance of the SOGI-CSD control method is
limited in estimating the peak values of PCC. Therefore, the effects of DC offset are reflected in the SEIG
currents and voltages and cause limited unbalance. In addition, oscillations occurred in the DC bus
voltage. However, these oscillations do not prevent DSTATCOM from providing the desired reactive
power.

On the other hand, the dq method effectively meets the reactive power demands. It provides fast responses
to dynamic load changes and harmonic distortions thanks to its sensitive phase synchronization.
Therefore, even under changing load conditions, SEIG currents and voltages are produced in a balanced
and smooth manner. Similarly, in the dq method, oscillations occur in the estimation of the PCC peak
value in DC offsets occurring in current and voltage. It is observed that these oscillations were more
significant than in the CSD method.

On the other hand, it is observed that SEIG currents and voltages are produced in a balanced and smooth
manner with less effect from DC offset in the dq method. It is also determined that the oscillation in the
DC bus voltage is lower, unlike the CSD method. When the THD ratios of currents and voltages are
examined, although the values are close to each other, the dq method gives better results. However, both
methods provide satisfactory performance by keeping the current and voltage THD values below the
IEEE-519-2014 standard limits.

2. DSTATCOM-Based SEIG System

Fig. 1 shows the structure of the SEIG-STATCOM system. SEIGs are usually driven by rotating machines
such as wind turbines to generate electricity. For the SEIG to initially generate voltage, fixed capacitor
banks connected in parallel to the terminals are required. These capacitors are selected to generate the
nominal voltage at no load and help the SEIG generate its magnetic field.

DSTATCOM is a power electronic device designed to regulate the SEIG's voltage and improve system
stability. As shown in the figures, it mainly consists of IGBT modules and a DC capacitor. STATCOM is
connected to the PCC (Point of Common Coupling) via coupling inductors and works integrated with the
system.
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3. DSTATCOM Control Methods
3.1. dq Based Method

The dq method, which is used to meet critical needs such as harmonic suppression, active and reactive
power control in three-phase power systems, stands out especially with its ability to respond quickly and
stably to dynamic load changes. The block diagram of the dq method is shown in Fig. 2.

In the dq method, load currents (iux), SEIG terminal voltages (va.), and DC bus voltage (Vi) must be
measured. These measured signals are used in the system as feedback signals. The abc-dq conversion
process is applied to convert the load current components from the synchronous reference frame to the
dq reference frame.

ILa

{im} g{coswt cos(wt —120) cos(a)t+120)}
3

3| sinet  sin(wt—120)  sin(et +120)

I Lb
Lg .
Lc

ir4, i1 has both fundamental and harmonic components. LPF is used to purify these currents from
harmonics. The fundamental components of the LPF output are expressed as Iy, |, follows.

The Phase Locking Loop (PLL) provides the phase angle (8) information required for the conversion from
abc to dq plane and vice versa. Furthermore, the dg-based method consists of two PI controllers. One of
these PI controllers is used to keep the DC bus voltage constant and stable, and the other one is used to
keep the terminal voltage of the SEIG stable. In DSTATCOM, a certain level of active current is required
to maintain the DC bus voltage; otherwise, the DC bus voltage may drop over time, and the system may
lose stability. The active component (iss) is used to regulate the DC bus voltage. This component is
calculated with the help of i; and i; components. For the active component current (iss), the measured DC
bus voltage (Vi) is compared with the reference voltage value (Vi) and the error signal resulting from
this voltage difference is transmitted as input to the PI controller. The DC bus voltage error is expressed
as follows:

Vdcer(n) = Vdcref(n) - Vdc(n) (2)
The output of the PI controller gives the i value, which is calculated as follows:

iloss(n) = iloss(n—l) + Kpd (Vdce‘r - Vdcer(n—l)) + KidVdcer(n) (3)

The active component is, is calculated using the value of is, which is generated at the output of the PI
controller, as shown in Eq. (4).
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To prevent the voltage drop of the SEIG, the necessary reactive power must be supplied. To control the

*

amplitude of the SEIG's voltage, the reactive component of the source reference currents (i_, i ,i., ), denoted

as is, is used. For this purpose, the peak value of the SEIG’s voltage must first be calculated. The peak
amplitude of the SEIG’s voltage is determined as follows:

2 )
Ve = g(vg + v+ v2)

This value is compared with the reference value of the voltage amplitude (V4.), and the resulting error is
fed into the PI controller. The error for the peak voltage of the SEIG is expressed as follows:

Vter(n) = Vtref(n) - Vt(n) 6)

In this context, Vi represents the reference SEIG voltage, and Vi corresponds to the measured
instantaneous SEIG terminal voltage. The output of the PI controller provides the i; value, which is
calculated as

iqr(n) = iqr(n—l) + qu (Vter - Vter(n—l)) + Kquter(n) (7)

As such, Kp; and Kj; represent the proportional and integral gains of the PI controller, respectively. The
reactive component of the current (i) is obtained using the value of iy, which is generated at the output
of the PI controller, as expressed in Eq. (8).

gt g (8)

lsq 3

.k

The obtained iss and is; currents are used to calculate the reference source currents (i_ i ,i. ), through the

sa? sh?’sc

dg-to-abc transformation.
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2 2
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|

After generating the reference source currents (I, ), they are compared with the measured currents of

the SEIG (isanc) to produce the required PWM signals. These PWM signals are applied to the IGBTs to
supply the necessary active and reactive power.

3.2. CSD Based Method

The Current Synchronous Detection (CSD) method is an effective technique used in SEIG-based
DSTATCOM systems for voltage regulation and the extraction of reference currents. Researchers have
proposed modified versions of the CSD method to enhance its performance[6]. SOGI-based CSD
approaches offer significant advantages in estimating voltage peak values and ensuring precise phase
alignment, making them highly suitable for such applications. Fig. 4 shows the block diagram of the SOGI
based CSD method. In this theory, load currents (irs, i1y, irc), SEIG currents (s, is, isc), SEIG voltages (v,, vy,
v.), and DC bus voltage (Vi) are used as inputs.
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Figure 3. Block Diagram of the SOGI-Based CSD Method

The CSD theory is fundamentally based on estimating the peak values of each phase voltage. In this
approach, a SOGI filter is used to filter each phase individually. To calculate the peak values of the phase
voltages, the phase signal itself and its 90-degree lagged version are required. In Fig. 4, the output v,' of
the SOGI represents the phase signal itself, while the output vy, provides its 90-degree lagged version.
Using these outputs, the peak values of the phase voltages are calculated as follows:

Vam = (vtlz)z + (vtllq)z i Vem = ’(vlla)z + (vllyq)z i Vem = /(UL[)Z + (vc,q)z (10)

In three-phase systems, the instantaneous power of the load is calculated as follows by taking the product
of phase voltages and phase currents:

Y 1T rar
Py = vgipq + vpip, + v (11)

Here, i1, i1y and i1, represent the load currents. Since the load's active power is calculated without filtering
the load currents, it contains both DC (P,) and AC (P,) components. To ensure high-quality output power
from the SEIG, oscillations in the load's active power must be eliminated. A commonly used simple
method for this purpose is to apply a low-pass filter (LPF). The output of the LPF is expressed as follows:

P,=P,—-P (12)

To prevent the drop in the DC bus voltage, the reference active power (P*) is calculated by comparing the
reference DC voltage (Vicr) with the instantaneous DC voltage (Vdc). The resulting error is fed into the PI
controller. The output of the PI controller provides the value of the power loss (Piss). At the nth sampling
instant, the DC bus voltage error, Vi, is given by.

Vdce‘r(n) n) = Vdcref n) — Vge(n) (13)

Here, Vi represents the DC bus reference voltage, while Vi) denotes the measured instantaneous DC
bus voltage. To maintain the DC bus voltage at the reference value, the output of the PI controller is
defined as:
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Ploss (n) = Ploss (Tl - 1) + Kpd (Vdcer (Tl) - Vdcer (Tl - 1)) + KidVdcer (Tl) (14)

In this context, Piss(11) represents the active power required to compensate for the losses in the STATCOM.
Kyi and Ki; are the proportional and integral gain constants of the PI controller for the DC bus voltage,
respectively. To obtain the reference active power (P*), the Piss value is added to the filtered active power
of the load.

P*ZPLOSS+P_L (15)

To control the switching signals required for the IGBTs in the DSTATCOM structure, the calculation of
reference currents is necessary. These reference currents consist of two components: active and reactive.
The active components, used for regulating the DC bus voltage, are determined using the following
expression:

2Py, . 2P*v, . 2P* v, (16)

I:*Sa = =, l = =, l = =
D y sbp ) scp
Vtham Vthbm Vthcm

To ensure that the terminal voltage remains at the desired reference value, it is necessary to calculate the
reactive components. This begins with determining the instantaneous reactive power consumed by the
load, which can be derived as shown below:

— o o o
QL - 17aq lia + 17bqlLb + ch lc (17)

The instantaneous reactive power of the load (Qr) may exhibit oscillations due to nonlinear loads, similar
to the active power. To prevent the reference currents from being affected by these oscillations, the reactive
power must be filtered to eliminate such variations. A low-pass filter (LPF) is used for this purpose, and
its output is represented as:

Q.=0,— @Z (18)

To determine the reactive power required by both the SEIG and the load, the reference reactive power (Q%)
is necessary. The calculation of the reference reactive power requires the peak value of the SEIG's terminal
voltage (V:), which is determined as follows:

Vam + Vom + Vem Vrm (19)

t= 3 )

The calculated peak voltage of the SEIG (V}) is compared with the reference peak voltage (V/), and the
resulting voltage error is fed into the PI controller. The voltage error of the SEIG, denoted as V&, at the
nth sampling instant is expressed as:

Vier(n) = Virer(n) — Ve () (20)
The output of the PI controller provides the reactive power required by the SEIG.

Qvr(M) = Qur(n — 1) + Kpa (Vier (1) = Vier (n = 1) + KigVier (n) (21)
Here, K,, and Ki; represent the proportional and integral gain constants of the PI controller, respectively,
while Vi, (n) and Vi (n—1) denote the voltage errors at the nth and (n—1)th sampling instants, respectively.

To obtain the reference reactive power (Q*), the load's reactive power (Qr) is subtracted from the reactive
power required by the SEIG.
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Q"= Qvr — Q_L (22)

After completing all these steps, the reactive power components of the reference currents required for
switching the IGBT are determined as:

; _2Q'v - _2Q"vh, ; 2Q"v, (23)
s Vtham ' sba Vthbm ' s Vthcm

As aresult, the calculated active and reactive power components are summed to derive reference currents.

i*sa = i*sap + i*saq; i*sb = i*sbp + i*sbq: i*sc = i*scp + i*scq (24)
The reference currents (is:*, is”, is.*) are compared with the measured currents of the SEIG (is, i, isc), and
the resulting error signals (e, e:st, €isc) are defined accordingly. These error signals are then compared with
a triangular waveform to generate the switching signals required for the DSTATCOM.

ok . ok . _x i
€isa =l sa — lsas €isb =l sph —lsps €isc =1l sc s (25)

4. Results and Discussion

In this study, the performance of a DSTATCOM-based SEIG is compared using the dq method and SOGI-
based CSD. Tests are conducted under challenging scenarios commonly encountered in practical
applications, including nonlinear loads, unbalanced loads, and DC offset conditions in currents and
voltages. Nonlinear loads threaten the stability of electrical systems by generating harmonics, while
unbalanced loads cause voltage and current imbalances between phases, significantly impacting system
performance.

Table 1. SEIG and DSTATCOM Parameters

SEIG Parameters
Power 15 kW
Voltage (L-L) 400V
Stator resistance 0.2147 Q
Stator inductance 0.000991H
Rotor resistance 0.2205 Q
Rotor inductance 0.000991 H
Mutual inductance 0.06419 H
Frequency 50 Hz
Pole pairs 2
Excitation capacitor bank  C =290pF (Y-connected)
DSTATCOM Parameters
Interfacing inductor (Lf) 15 mH
DC bus capacitor (Ca) 2500 pF
Switching frequency 10 kHz
Reactive Power Capacity ~33.96 kVAr
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Additionally, DC offset conditions lead to saturation in measurement and control circuits, resulting in
errors in voltage regulation. These test scenarios are critical for evaluating the effectiveness of control
methods not only under ideal conditions but also in real-world situations where such challenges are likely
to occur. The results provide a detailed assessment of the voltage regulation performance of both methods
under various load and operating conditions.

4.1. Performance of DSTATCOM-based SEIG under Nonlinear Load

In the first test, a three-phase diode rectifier with a resistive load and capacitive filter is connected to the
SEIG terminals as a nonlinear load (as shown in Fig. 4). Fig. 5 shows the performance of the dq method
under nonlinear load conditions while Fig. 6 demonstrates the performance of the SOGI-based CSD
control method under the same conditions. In these figures, the load currents (irac), the currents injected
by DSTATCOM (ifc), SEIG currents (isac), SEIG terminal voltages (v, vy, vc), amplitude of the SEIG voltages
(V1), and the DC bus voltage (Vi) are given, respectively.

As observed in Fig. 5a and 6a, nonlinear loads draw currents containing harmonics. These harmonic
currents can adversely affect the SEIG currents. DSTATCOM provides the necessary compensation to
prevent these harmonic contents of the load currents from impacting the SEIG currents. Consequently, the
performance of the control algorithms determining these currents is of critical importance.

An effective control algorithm ensures that the SEIG currents and voltages remain balanced and sinusoidal
even if the load currents contain harmonics. The currents injected by DSTATCOM are shown in Fig. 5b
and 6b. Fig. 5¢c and 6c clearly show that the SEIG currents are balanced under both algorithms thanks to
the currents injected by DSTATCOM. Similarly, Figs 5d and 6d indicate that the SEIG voltages are also
balanced under these conditions.

In the dq method, the V; value is calculated using Equation 5. Since this method uses unfiltered PCC
voltages, the V; value exhibits slight oscillations, as shown in Fig. 5e. In contrast, in the SOGI-based CSD
method, the V; value is calculated using Equation 19. Because the Viu, Vim, and Ve, values used in this
equation are filtered through the SOGI, the oscillations in V; are significantly reduced, as seen in Fig. 6e.
The DC bus voltage required by DSTATCOM to produce high quality voltage and current shows similar
results for both methods (Fig. 5f and 6f). Approximately 2.5 V oscillation occurs in both methods.
However, the DC bus value is closer to the reference in the dq method.

Fig. 7 presents the active and reactive power profiles of the load, SEIG, and DSTATCOM under nonlinear
load conditions using the dq method. As observed, DSTATCOM effectively compensates for the reactive
power demand and maintains power balance in the system.

Fig. 8 shows similar results for the SOGI-based CSD method, confirming its ability to support the SEIG in
maintaining stable power flow under nonlinear load conditions.
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Fig. 9 presents the THD results for the dq method, while Fig. 10 shows the THD results for the SOGI-based
CSD method for nonlinear loads. In Fig. 9a, the THD of the load current is measured as 8.92%, while in
Fig. 10a, itis 9.12%. Although the load remains the same, the difference in THD values of the load currents
arises from the performances of the control algorithms. The control method providing better
compensation for harmonic contents in voltages, indirectly affects the THD of load currents positively.
The THD of SEIG currents is obtained as 3.27% in the dq method and 3.99% in the SOGI-CSD method. The
THD of SEIG voltages is 1.33% for the dq method and 1.57% for the SOGI-CSD method. These results
indicate that the dq method demonstrates better performance under nonlinear load conditions.

Since the dq method uses the PCC voltages directly in the control process, reference signals are produced
faster. In this way, faster responses are provided to dynamic load changes. In the SOGI-CSD method, the
delays that occur during the filtering of the PCC voltages and the simple structure of the method have
reduced its performance compared to the dq method. When the SEIG current, voltage and their THD
ratios are examined, it highlighted the performance of the dq method, especially under nonlinear load
conditions.

4.2. Performance of DSTATCOM-based SEIG under Unbalanced Loads

Fig. 11 and 12 illustrate the performance of the proposed control algorithms for the SEIG system under
unbalanced load conditions. Fig. 11 shows the results obtained using the dq method, while Fig. 12 presents
the results for the SOGI-based CSD method. In this test, unbalanced loads consisting of 122, 10, and 82
resistances are connected across the phases, creating an imbalance in the system. These unbalanced loads
draw currents of varying magnitudes from the phases, leading to system instability. DSTATCOM
compensates for these imbalances and provides stability in the SEIG currents and voltages.

As shown in Fig. 11a and 12a, due to unbalanced loads, the load currents exhibit significant imbalances.
As depicted in Fig. 11b and 12b, the DSTATCOM effectively mitigates these phase imbalances by injecting
compensatory currents. Consequently, as seen in Figures 11d and 12d, the imbalances in SEIG currents
and voltages are eliminated thanks to the currents injected by DSTATCOM. When examining the terminal
peak values (V}), a slight oscillation is observed in the dq method (Fig. 11e). However, the SOGI-based
CSD method filters the voltages prior to computation, resulting in significantly reduced oscillations, as
demonstrated in Fig. 12e.

In both algorithms, as shown in Fig. 11f and 12f, the DC bus voltage exhibits an oscillation of
approximately 2 V. Despite the observed oscillations, the DC bus voltage maintains stability throughout
the tests.

In 3P3W systems that lack a neutral line, zero-sequence currents cannot be present due to the absence of

a return path. Therefore, the control strategies mainly focus on compensating negative-sequence
components in order to balance the system.
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Figure 9. Performance of proposed dq method
under nonlinear load (a) Load current and its
THD, (b) SEIG current and its THD, and (c)
SEIG terminal voltage and its THD.

As demonstrated in the simulation results, both the dq and SOGI-based CSD methods contribute to the
mitigation of current and voltage imbalances under unbalanced load conditions. By injecting appropriate
compensating currents, DSTATCOM ensures that the SEIG continues to operate with balanced and stable

output voltages and currents.

The active and reactive power responses under unbalanced load conditions are shown in Figs. 13 and 14
for both dq and SOGI-based CSD methods, respectively. These figures demonstrate the capability of both
control strategies to regulate power flow and mitigate the impact of load imbalance.
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The THD analysis more clearly highlights the performance differences between the two methods. Figures
15 and 16 detail the THD results for the dq and SOGI-based CSD methods, respectively. In Figure 15a, the
dq method presents a load current THD of 0.93%, while the SOGI-based method in Figure 16a presents a
slightly higher THD of 1.36%. The THD of the SEIG currents is 2.97% with the dq method (Figure 15b) and
4.17% with the SOGI-based method (Figure 16b). Similarly, the THD of the SEIG voltages is lower for the
dq method at 0.82% (Figure 15c) and 1.33% for the SOGI-based method (Figure 16c).

Overall, the results show that the dq method outperforms the SOGI-based CSD method under unbalanced
load conditions.

4.3. Performance of DSTATCOM-based SEIG under in the DC-Offset

In this test, to evaluate the performance of the two control algorithms, DC offset components were added
to the measured load currents at 7.1 seconds. At 7.2 seconds, DC offsets were added to the SEIG voltages
in addition to the DC offsets in the currents. DC offsets applied to the SEIG voltages were 20 V, -20 V and
30 V, while DC offsets of 5 A, -2 A and 3 A were applied to the load currents, respectively.

Fig.17a and 18a illustrate the load currents with the applied DC offsets, and Fig.17b and 18b show that the
DSTATCOM currents undergo waveform changes starting at 7.2 seconds due to the DC offsets.

In the dq method, despite the DC offset in the measured currents and voltages, the SEIG currents (Fig.
17c) and voltages (Fig. 17d) are correctly generated and remain balanced. In contrast, in the SOGI-CSD
method, the SEIG currents show slight imbalances (Fig. 18c), but the SEIG voltages remain balanced (Fig.
18d).

The SEIG voltage amplitude (V}), calculated using the dq method and presented in Fig. 17e, begins to
oscillate at 7.2 seconds due to the influence of the DC offsets, as it is derived directly from the measured
voltages (according to Eq. 5). Conversely, the SOGI-CSD method, through its filtering mechanism, shows
reduced oscillations in the SEIG voltage amplitude (Fig. 18e).

Examination of the DC bus voltages (Vi) reveals that the dq method maintains values closer to the
reference and exhibits more stable performance (Fig. 17f), whereas the DC offsets introduced to the SEIG
voltages in the SOGI-CSD method result in more pronounced oscillations (Fig. 18f).

In DC offset conditions, offset components injected into the load current and voltage may negatively affect
the system performance if not handled properly. The control strategies used in this study are designed to
suppress the propagation of DC components to the source side. According to the results, both methods
maintain system stability under DC offset, with the dq method achieving slightly better performance in
maintaining the DC bus voltage and minimizing oscillations. This shows that the control algorithms are
effective in preserving system reliability under abnormal load conditions.

Figures 19 and 20 illustrate the power performance of the dq and SOGI-based CSD methods, respectively,
under DC offset conditions. Both methods manage to stabilize active and reactive power despite the
presence of offset components in the load.

According to the Total Harmonic Distortion (THD) values presented in Fig. 21 and 22, the dq method
yields a THD of 3.41% for the SEIG currents, compared to 4.69% for the SOGI-CSD method. For the SEIG
voltages, both methods present similar THD values of approximately 2.65%. In conclusion, although
neither method is completely immune to the effects of DC offsets, the dq method overall produces
smoother current waveforms and lower harmonic distortion, thereby demonstrating better performance.
Moreover, the THD values for both SEIG currents and voltages remain below the 5% threshold specified
by the IEEE-519-2014 standard.

Adyii | Eng Sci 2025;12(25):113-131/Adyii Miih Bil Derg 2025;12(25):113-131 127



Ozer ve Karaca

71 115
(©)

AR

b
0
7 7.05

(V)

v

Figure 17. Performance of proposed dq method
under DC offset (a) Load currents, (b)
DSTATCOM currents, (c) SEIG currents, (d) SEIG
terminal voltages, (e) Amplitude of SEIG voltages,
and (f) DC bus voltage.

Adyii | Eng Sci 2025;12(25):113-131/Adyii Miih Bil Derg 202

5,12(2

isabc(A)

T

v

1%
c

b
71

(d)

s ) A

Vv
a

0
7 7.05 7.2 5 7.3

300} VVVVV
| v( Vt-ref‘
280 . : : ' :
7 7.05 71 7.15 7.2 7.25 7.3
(©)
705 r T T T T
P A TAY LAY, QJVVVV!
T 700 ‘
>
| Vdc Vdc-ret|
695 - : : ! -
7 7.05 71 7.15 7.2 7.25 7.3

Figure 18. Performance of proposed SOGI-based
CSD method under DC offset (a) Load currents,
(b) DSTATCOM currents, (c) SEIG currents, (d)
SEIG terminal voltages, (e) Amplitude of SEIG
voltages, and (f) DC bus voltage.

5):113-131



Ozer ve Karaca

A Comparative Study of DQ and CSD Methods for Voltage Regulation in DSTATCOM-Based SEIG Systems

4
%10 P, P, Py
~ 27 Q Q Q
%
=17
=3
ACI—J 0
g
a -1
7 7.2 7.4 7.6 7.8 8
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Table 2 presents a comparative summary of the total harmonic distortion (THD) values for both dq and
SOGI-based CSD methods under different operating conditions. It is observed that the dq method
generally achieves lower THD levels in SEIG currents and voltages across all test cases. Especially under
unbalanced load and DC offset conditions, the dq method demonstrates superior harmonic suppression
performance. Although the SOGI-CSD method also keeps THD values within acceptable limits, the results
confirm that the dq method provides more consistent power quality improvement.

Table 2. Comparison of THDs for DSTATCOM Control Theories
SRF-PLL based dg-theory SOGI-CSD theory
Load SEIG  SEIG Load SEIG SEIG
current current voltage current current voltage
Nonlinear load 8.92% 327% 1.33% 915% 3.99% 1.57%

Test Conditions

E:‘zalamed 0.93% 297%  0.82% 136% 417%  1.33%
de-offset 2.58% 341% 2.65% 241% 4.69% 2.64%

5. Conclusions

The performances of the dq method and csd method are compared under nonlinear loads, unbalanced
loads and DC offset condition. dq method provides superior performance by providing direct control of
active and reactive power in the SEIG system. Under nonlinear load conditions, it effectively reduces the
effect of harmonics and ensures the generation of balanced and smooth current and voltage waveforms.
In unbalanced load scenarios, it successfully compensates for phase imbalances in both current and
voltage, maintaining system stability. Moreover, under DC offset conditions, the dq method not only
ensures the accuracy of both current and voltage generation, but also maintains stable system performance
by keeping the DC bus voltage close to the reference value. Under these conditions, the SOGI-CSD method
also produces comparable results, especially excellent in estimating phase voltages and PCC peak voltage.
It stands out with its simple structure as it does not include transformations in the control scheme.
However, when the THD levels of current and voltage are compared, the dq method shows superior
performance. In addition, the THD values for both current and voltage in each method remain within the
acceptable limits specified by the relevant IEEE-519 standard. As a result, although both algorithms
operate within acceptable performance limits, the dq method stands out due to its superior control
mechanism and harmonic suppression capabilities.

Acknowledgment

This work supported in part by the Scientific Research Projects Coordinating Office of Selcuk University
(No. 20111012).

Conflict of Interests

The authors of the article declare that they have no personal or financial conflict of interest with any
institution, organization or person.

References

[1] Sibrahim M, Aissou S, Rouas R, Haddad S, Benamourche N. Experimental determination of minimum
capacitor for self-excitation of induction generators. International Journal of Power Electronics and
Drive Systems (IJPEDS) 2024; 15: 109-116.

[2] Singh G, Singh V. SEIG-based transient and steady-state analysis using dragon fly approach. Soft
Computing 2022; 1-13.

Adyii | Eng Sci 2025;12(25):113-131/Adyii Miih Bil Derg 2025;12(25):113-131 130



Ozer ve Karaca A Comparative Study of DQ and CSD Methods for Voltage Regulation in DSTATCOM-Based SEIG Systems

[3]
[4]
[5]

[6]

[7]
[8]
[9]

Giri AK, Arya SR, Maurya R, Chittibabu B. Control of VSC for enhancement of power quality in off-
grid distributed power generation. IET Renewable Power Generation 2020; 14: 771-778.

Dwari B, Arya SR, Chilipi R. Enhancing power quality with optimized PI controller in three-phase
four-wire wind energy system. Electrical Engineering 2024; 1-19.

Chilipi R, Sumnait AA, Singh B. Control of self-excited induction generator-based micro-hydro power
generation system feeding single-phase and three-phase loads. In: 2020 IEEE Industry Applications
Society Annual Meeting. IEEE; 2020; 1-8.

Singh B, Murthy S, Reddy R, Arora P. Implementation of modified current synchronous detection
method for voltage control of self-excited induction generator. IET Power Electronics 2015; 8: 1146-
1155.

Lolamo M, Kumar R, Sharma V. Enhancing power quality of PV-DSTATCOM integrated grid with
modified adaptive LMS control. Electrical Engineering 2024; 1-14.

Ozer AS, Sevilmis F, Karaca H, Arabaci H. Enhanced control method for voltage regulation of
DSTATCOM based SEIG. Energy Reports 2022; 8: 839-847.

Ozer, AS., Karaca, H., & Sevilmis, F. APF Based Control Algorithm for Voltage Regulation of Self
Excited Induction Generator Using DSTATCOM. International Conferences on Science and
Technology (ICONST) 2023; 327-332

[10] Katole DN, Daigavane MB, Gawande SP, Daigavane PM. Modified single phase SRF dq theory

based controller for DVR mitigating voltage sag in case of nonlinear load. Journal of
Electromagnetic Analysis and Applications 2017; 9: 22-33.

[11] Sevilmis F, Karaca H. Performance analysis of SRF-PLL and DDSRF-PLL algorithms for grid

interactive inverters. International Advanced Researches and Engineering Journal 2019; 3: 116-122.

Adyii | Eng Sci 2025;12(25):113-131/Adyii Miih Bil Derg 2025;12(25):113-131 131



Adiyaman University

Journal of Engineering Sciences
Adyt ] Eng Sci 2025;12(25):132-142

Adiyaman Universitesi

Miihendislik Bilimleri Dergisi
Adyii Miih Bil Derg 2025;12(25):132-142
https://doi.org/10.54365/adyumbd.1628501

Research Article / Arastirma Makalesi

Sivas-Erzurum Alanindaki Kabugun Tektonik
Yapisinin ve Izostatik Denge Durumunun Gravite
Verileriyle Arastirilmasi
Investigation of Tectonic Structure and Isostatic Balance Status of the Crust in
Sivas-Erzurum Area with Gravity Data
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Oz

Bu calismada, Sivas-Erzurum alanindaki kabugun
tektonik yapisi ve izostatik denge durumu gravite
verileri kullarularak arastirilmistir. Calismada, kiitle
sinirlarimi belirlemek igin toplam yatay tiirev teknigi
kullamilmistir.  Bouguer  gravite  verilerinden
stizgecleme ile elde edilmis rejyonal gravite
degerlerinin birinci diisey tiirev degerlerine bu
teknik uygulanmustir. Boylece, yogunluk farki sunan
kiitle smirlar1 genel hatlariyla ortaya koyulmustur.
Gravimetrik moho ve izostatik moho degerleri
hesaplanarak, alamin izostatik denge durumu
arastirilmistir. Boylece, sismik olarak aktif ve pasif
alanlar haritalanmigtir. Calisma alani, Afrika
levhasinin kuzeye dogru hareketiyle sikisan ve buna
bagh olarak da tektonik olarak oldukca aktif bir
alandir. Buna bagli olarak bu ¢alismanin sonuglari,
calisma alanindaki bakir maden yataklarimn
yerlerinin tespit edilebilmesinde fayda saglayabilir.
Ayrica, alanda deprem riski tasiyan yerlerin genel
goriiniimii bu ¢alisma ile verilmistir.

Abstract

In this study, the tectonic structure and isostatic
balance status of the crust in the Sivas-Erzurum area
were investigated. Gravity data were used for this
purpose. In the study, the total horizontal derivative
technique was used to determine the mass
boundaries. First, regional gravity values were
obtained from Bouguer gravity data by filtering.
Then, the first vertical derivative values of these
values were calculated. The total horizontal
derivative technique was applied to these derivative
values. Thus, the mass boundaries presenting density
differences were generally revealed. The isostatic
balance status of the area was investigated by
calculating the gravimetric moho and isostatic moho
values. Thus, seismically active and passive areas
were mapped. The study area is a tectonically very
active area that is compressed by the northward
movement of the African continent. Accordingly, the
results of this study may be useful in determining the
locations of virgin mineral deposits in the study area.
In addition, the general view of the earthquake risk
areas in the area is given in this study.

Anahtar Kelimeler: Tektonik, Toplam Yatay Tiirev,
Birinci Diigey Tiirev, Yapisal Siireksizlik, [zostatik
Durum

Keywords: Tectonics, Total Horizontal Derivative, First
Vertical Derivative, Structural Discontinuity, Isostatic
Condition

*Sorumlu yazar e-posta (Corresponding e-mail): elmas@ktu.edu.tr
Gelis Tarihi (Received):28.01.2025, Kabul Tarihi (Accepted): 11.04.2025


https://doi.org/10.54365/adyumbd.1628501
mailto:elmas@ktu.edu.tr
https://orcid.org/0000-0003-3343-2742

Elmas Sivas-Erzurum Alanindaki Kabugun Tektonik Yapistmn ve [zostatik Denge Durumunun Gravite
Verileriyle Arastirilmast

1. Giris

Alpin siradaglar kusaginda bulunan Tirkiye; Anadolu, Avrasya, Arabistan ve Afrika levhalarin icine
alan, tektonik olarak aktif bir alanda bulunmaktadir [24, 25, 40, 44]. Tektonik bakimdan Ttrkiye'deki
siradaglar, bir calisma ile smiflandirilmistir [4]. Bu smiflandirmada yer alan siradaglar giineyden kuzeye
dogru sirasiyla Kenar Kivrimlar, Iranidler, Toridler, Anatolidler ve Pontidlerdir. Icilid, Ortailid ve Ege
[ranidi siradaglarini da bu siniflandirmaya, daha sonraki bir zamandaki bir ¢calismada eklenmistir [13].
Daha sonraki jeolojik calismalarda neotektonik safhay1 olusturan bes farkli yap: belirlenmistir [1, 43, 46].
Bu yapilar, Olii Deniz Fayi, Bitlis-Zagros Bindirme Zonu, Dogu Anadolu Fay Zonu, Kuzey Anadolu Fay
Zonu ve Ege-Kibris yaymdan olusmaktadir. Belirlenen bu yapailarla iliskili olarak da ti¢ farkli neotektonik
alan siniflandirmasi yapilmustir. Siniflandirilmis bu alanlar ise, Orta Anadolu Ovalar alani, Ege graben
sistemi alan1 ve Dogu Anadolu sikisma alanlarindan olusmaktadir. Yapilan bir calismaya gore, Tiirkiye
cografyasinda devam eden depremlerin ve tektonik olaylarin baslangic zamani Pliyosen zamanidir [20].
Daha sonraki bir zamanda yapilan bir jeolojik calismaya gore, Tiirkiye; Giineydogu Anadolu, Anatolid-
Torid Bloku ve Pontidler olarak siniflandirilmistir. Izmir - Ankara - Erzincan zonu ile diger tektonik
birimlerden ayrilan Pontidler, Tiirkiye'nin kuzeyine dogru konumlanmustir. Rodop-Pontid ve Sakarya
kisimlar1 olarak ayrilan Pontidler [43], daha sonraki bir zamanda yapilan bir calismaya gore de Istranca
masifi, Sakarya ve Istanbul zonlar1 olarak da isimlendirilmistir [27]. Jeolojik ve tektonik olaylara bagl
olarak zaman igerisinde gelisen Tiirkiye tektonik yapisinin son durumu Sekil 1'de verilmistir. Dogu
Anadolu Fay1 (DAF), Kuzeydogu Anadolu Fay1 (KDAF) ve Kuzey Anadolu Fay1 (KAF) calisma alaninda
one cikan faylardir [9, 10, 20, 27, 28]. Calisma alanindaki diger onemli faylar ise; Bitlis-Zagros Stitur Zonu
(BZSZ), Ecemis Fay1 (EF) ve Karadeniz Fay1 (KF)'dir [11]. Afrika levhasinin kuzeye dogru hareketiyle,
Turkiye cografyasinda olusan sikisma ve acgilma alanlari Sekil 1'de gortilmektedir [11].

Bu calismada, Afrika levhasinin kuzeye dogru hareketiyle sikisan Tiirkiye cografyasinda, Sivas-Erzurum
civarlarindaki alanin sahip oldugu son tektonik yapi ve yine bu alandaki kabugun izostatik denge
durumlari arastirilmistir. Tektonik yaprya bagh olarak, kiitle sinirlar1 belirlenmeye calisilmistir. Hem kiitle
siirlarinin belirlenmesi ve hem de izostatik denge durumlarma bagh olarak sismik agidan aktif ve pasif
alanlar belirlenmeye calisilmistir. Kiitle sinirlarini belirleyebilmek icin ¢alisma alanina ait Bouguer gravite
verilerinden elde edilmis rejyonal gravite anomali degerleri kullanilmistir. Bu anomali degerlerine
oncelikle dusey tiirev hesaplamasi yapilmistir. Hesaplanan tiirev degerlerinin toplam yatay tiirev
degerleri bulunmustur. Ayrica, izostatik denge durumunu arastirabilmek icin ters ¢oztimle gravimetrik
moho ve Airy modeline gore de izostatik moho araytizeyleri hesaplanmistir. Boylece, bu iki araytizey
arasindaki farklar kullanilarak, ¢alisma alanindaki sismik olarak aktif ve pasif alanlar belirlenmistir.

2. Materyal ve Metod

Turkiye'nin baslica tektonik yap1 unsurlari $ekil 1'de verilmistir.
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Sekil 1. Tuirkiye'nin baglica tektonik yap1 unsurlary; Bitlis-Zagros Stitur Zonu (BZSZ), Dogu Anadolu

Fay1 (DAF), Ecemis Fay1 (EF), Kuzey Anadolu Fay1 (KAF), Kuzeydogu Anadolu Fay1 (KDAF) ve
Karadeniz Fay1 (KF) ([11]'den alinmustr).
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Calisma alanindaki aktif faylar Sekil 2a'da gortilmektedir. Sekil 2b'de de, calisma alaninda 1900 yilindan
glinumiize kadar meydana gelen ve buiytikligii 4'ten biiyiik depremlerin episantr ve hiposantr dagilimlar1
verilmistir (Bogazici Universitesi Kandilli Rasathanesi Deprem Arastirma Enstitiisti). Bu haritalarda,
mevcut aktif faylarla olusmus depremlerin konumlar1 arasinda 6nemli bir iliskinin oldugu goriilmektedir.
Buna baglh olarak, bu alanin sismik agidan ve tektonik agidan ¢ok 6nemli bir alan oldugu goze
carpmaktadir.

41
a)

35 36 37 38 39 40 41 42
Boylam (derece)

35 36 37 38 39 40 41 42
Boylam (derece)

Sekil 2. a) Calisma alanmin aktif faylarinimn dagilimi ([18]'den alinmustir) ve b) calisma alaninda 1900
yilindan giintimiize kadar meydana gelen ve biiytikliigii 4'ten biiytik depremlerin episantr ve hiposantr
dagilimlar: haritas1 (Bogazici Universitesi Kandilli Rasathanesi Deprem Arastirma Enstitiisii) (Ziyaret
tarihi: 06.01.2025).

Calisma alaninin tektonik yapisi, zaman igerisinde farkli verilerden yararlanilarak arastirilmistir [4, 13, 20,
24,27, 28, 43, 44]. Gravite ve manyetik veri setlerinden hareketle, calisma alani ve civarmin kabuk yapisi
arastirilmistir [5]. Bu calismada, calisma alaninin sahip oldugu son tektonik yap1 ve yine bu alandaki
kabugun izostatik denge durumlar: arastirilmistir. Hem kiitle sinirlarinin belirlenmesine bagh olarak ve
hem de izostatik denge durumlarina bagh olarak sismik acidan aktif ve pasif alanlar belirlenmeye
calisilmustir. Kiitle sinirlarini belirleyebilmek i¢in calisma alanina ait Bouguer gravite verilerinden elde
edilmis rejyonal gravite anomali degerleri kullanilmistir. Bu anomali degerlerine dncelikle diisey ttirev
hesaplamasi yapilmistir. Hesaplanan tiirev degerlerinin toplam yatay ttirev degerleri bulunmustur. Bu
islemler icin POTENSOFT programindan yararlamilmistir [3]. Airy izostazi modeline gore hesaplanan
izostatik moho ve ters ¢oztimle [29, 35] hesaplanan gravimetrik moho araytizeyleri kullanilarak, calisma
alaninin izostatik durumu irdelenmistir. Béylece, bu iki araytizey arasindaki farklar kullanilarak, sismik
olarak aktif ve pasif alanlar belirlenmistir.
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Bu calismada kullanilan topografya verileri (Sekil 3a) 1 km aralikhi ¢oztinurlige sahip Kiiresel
Yiikseklik Modeli (GTOPO30) verilerinden alinmustir [45]. Diger taraftan, bu calismada kullanilan gravite
verileri de Diinya Gravite Modeli verilerinden almmustir [36]. Sekil 3a ve 3b'ye bakildiginda, tektonik
yapilara bagli olarak, topografya ve gravite anomalilerinin degisik dogrultularda uzanimlar gosterdigi
gortilmektedir.

35 36 37 38 39 40 41 42
Boylam (derece)

Erzurum

35 36 37 38 39 40 41 42
Boylam (derece)

Sekil 3. a) Calisma alanmin topografya haritas: ve b) Bouguer gravite anomali haritasi.

Calisma alanindaki kabugun icindeki tabaka derinlikleri, [42]'nin gelistirdigi genlik spektrumundan
yararlanilarak, iyi bir hassasiyetle hesaplamistir. Genlik spektrumu teknigi ile daha 6nceki ¢calismalarda,
iyi bir hassasiyetle tabaka derinlik hesaplar1 yapilmistir [16, 26, 31]. Genlik spektrumu teknigi, gravite
degerlerinin 2B Fourier dontistimleriyle yapilir. Diger taraftan, kabuk igindeki mevcut tabakalarin
ortalama derinlik degerleri, hesaplanan dalga sayilari ile gravite degerlerinin genlik spektrum degerleri
arasinda belirlenen dogrusal iliskilerin egimlerinden hesaplanir. Bu calismada, genlik spektrumu
hesaplamalar1 sonucunda, tabakalara ait dort ayr1 ortalama derinlik degeri hesaplanmistir (Sekil 4). Bu
derinlik degerleri hesaplamalarinda Litosfer-Astenosfer Sinir1 (LAS) icin 90.4 km, Moho simr1 igin 41.5
km, Conrad simnir1 igin 19.3 ve temel kaya sinir1 icin de 7.1 km ortalama derinlik degerleri hesaplanmistir
(Sekil 4).
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Sekil 4. Calisma alanmnin gravite verileri kullanilarak hesaplanan genlik spektrumu.

2.1. TYT Sinir Analizi

Literattire ge¢mis calismalarda, yogunluk farki veren kiitle sinirlariin tespiti i¢in yapilan TYT
hesaplamalarinda genellikle gravite verileri kullanilmustir [2, 14, 23, 37-39]. Bununla birlikte, gravite
verilerinden ziyade, bu verilerden hesaplanan birinci diisey ttirev degerlerinin, kabuk calismalarinda
daha iyi sonuclar verdigi tespit edilmistir [21]. Probleme uygun stizgecleme yapilarak hesaplanan rejyonal
gravite degerlerinin diisey tiirevi alinarak belirlenen verileri degerlendirmek icin ve kabuk igindeki
yogunluk farki veren kiitle sinirlarinmi tespit etmek icin, smir analizi teknikleri gelistirilmistir ve bu
teknikler bulunan tiirev verileriyle kullanilmistir [32, 33]. Bu galismada bu teknik, calisma alani igin
stizgegleme ile hesaplanmis rejyonal gravite degerlerinin tiirev degerleriyle kullanilarak, yogunluk farki
veren kiitle sinurlar1 belirlenmistir. Bu amagla, ilk olarak calisma alaninin Bouguer gravite degerlerine
alcak gecisli stizgecleme yapilmistir. Boylece, rejyonal gravite degerleri belirlenmistir. Belirlenen bu
verilere birinci diisey tiirev hesaplamasi yapilmistir. Bu tiirev islemi i¢in de, Hizli Fourier dontistim (FFT)
tekniginden yararlanilmistir [22]. TYT degerlerinin genlik degeri, tiirev degerleri kullanilarak Formitil 1'de
oldugu gibi yazilir:

_ (2% )2 (e )2
Txy) = \/(6){62 + dy 9z (1)
2 2
Burada —£ ve & kisimlar gravite verilerinden hesaplanmis olan birinci tiirevlerin x ve y yonlerinde
0x 0z 0y 0z

gosterdikleri degisimler olarak ifade edilmistir.

2.2, Ters Coziim Teknigi

Parker-Oldenburg islemi kabuk igindeki araytizleri gostermek icin basariyla kullanilmstir [15, 31, 41]. Bir
arayilizeyin topografyasinin derinlik degerlerini Parker-Oldenburg yontemiyle hesaplamak igin 6nce bir
baslangic derinlik degeri kullanilir. Bu baslangic degeri, genlik spektrumundan belirlenir. Parker-
Oldenburg tarafindan gelistirilen yontem, 6l¢im agindaki derinlik ve gravite degerlerinin Fourier
dontisimlerine baglidir [29, 35]. Homojen ve diizensiz olan bir tabakaya ait gravite verilerini belirlemek
icin yararlanilan Fourier dontisim formiilii asagida verildigi gibidir:

|k|n—1

flzs () = — A2 5 WP Lz 0ol ©
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Burada f[Ag(x)], 29, z;(x), k, G, ve p sirasiyla Fourier dontistimii, ortalama derinlik, derinlik, dalga sayzsi,
gravitasyonal sabit ve yogunluk parametrelerini temsil etmektedirler. Arayiizey topografya yogunluk
degerini belirlemek icin z, ve Ag(x) verileri yinelemeli olarak Formiil 2'de kullanilir. Bu araytiizeyin
derinlik degerinin ilk tahmini, ters Fourier dontisimti kullanilarak elde edilir. Ayrica, bu deger Formiil
2'nin sag tarafindaki ifadeyi hesaplamak icin kullanilir. Bu sekilde, ikinci derinlik degeri de hesaplanir.
Yakinsama kriteri dikkate alinarak yinelemelere son verilir. Boylece, calisma alaninin Moho topografyasi
ters ¢oztimle hesaplanmistir. Bu islem icin, Bouguer gravite verilerinden hesaplanan, stizgeclenmis
gravite verileri kullanilmistir. Yani, Moho topografyasin1 Parker-Oldenburg algoritmasi ile hesaplamak
icin, calisma alanmin Bouguer gravite verilerine bant gecisli stizgec uygulayarak, Kc1 ve Kc2 dalga sayilar:
arasinda olan, stizgeglenmis gravite verileri kullanilmistir. Daha sonra, stizgeglenmis bu gravite verileri
ters ¢coztimle kullanilarak, Moho topografyas1 hesaplanmistir. Moho araytiizey topografyasini ters ¢oziimle
modellemek i¢in yinelemeler yakinsama ol¢iistine ulasilana kadar devam etmistir. Diger bir ifadeyle,
ardisik iki yineleme sonunda tahmin edilen derinlikler (z;) arasindaki ortalama karekok (RMS) hatalarin
yakinsama kriterinden (0,01 km) daha kiictik olmasina dikkat edilir. Moho araytizey topografyasmi
hesaplamak icin litosferik manto (~3,28 g/cm3) ile ortalama kabuk (~2,72 g/cm3) arasinda olusan
yogunluk farki 0,56 g/cm? olarak hesaplanmistir [30]. Sekil 6a'ya bakildiginda, 6zellikle Erzurum
civarlarinda Moho topografya derinliklerinde bir artis oldugu goriilmektedir. Moho topografya haritasina
bakildiginda Moho derinliklerinin 29 - 51 km arasinda degistigi goriilmektedir (Sekil 6a).

2.3. Izostatik denge aragtirmasi

Moho arayiiziinde asir1 kok olusumu alanlar1 izostatik denge analiz yontemleri kullanilarak basariyla
belirlenebilir [7, 8, 12, 17, 34]. [zostatik dengenin derecesi, Gravimetrik Moho ve Izostatik Moho
arasindaki farklarin yiizdelerine gore hesaplamir [7]. Izostatik denge oranlari, bir bolgenin sismik
aktivitesini anlamada 6nemli bilgiler saglar. Bu durum, yerkabugunun kararsizlig: ile sismik aktivitedeki
artis arasindaki iliskidir [12]. Eger kabuk diisey ytiklere karsi olmasi gerektigi gibi kokler gelistirmisse, bu
koklere gercek kokler (Izostatik Moho) denir. Gozlenen Bouguer gravite anomalisinden hesaplanan
koklere de Gravimetrik Moho denir. Bu ¢alismada, Izostatik Moho hesab1 Airy Izostazi modeline gore
yapilmistir. Gravimetrik Moho, izostatik Moho'dan daha derinde ise, kabugun bu kismi, diisey yiiklere
kars1 dengesizdir [8]. Dengeli alanlarda dusey yiiklere karsi yeterli kok olusmustur. Airy Izostazi
modeline gore herhangi bir 6l¢tim noktasindaki topografya derinlik degeri 6.209 katsayisi ile carpilarak o
noktanin altindaki kok yiikseklik degeri bulunabilir [34]. Bu noktanin altma inen Izostatik Moho
derinligini (h;) bulmak icin de, yaklasik 30 km olarak kabul edilen denge derinligi T;'ye ytiikselim
degerleri (r;) eklenir (Denklem 3) [34].

hi=Td+ri=30+ri (3)

Sekil 6a, Kcl ve Kc2 dalga sayilarinda stizgeclenmis gravite verilerinin ters ¢oziimii ile elde edilmis
Gravimetrik Moho topografyasini gostermektedir. Ote yandan, Sekil 6b Formiil 3 ile topografya degerleri
kullanilarak hesaplanan Izostatik Moho topografyasmi gostermektedir. Her bir 6lgiim noktasinda
Gravimetrik Moho derinlik degerinden izostatik Moho derinlik degerleri gikarilarak elde edilen fark
haritas1 Sekil 6c'de goriilmektedir. Boylece, bolgedeki Gravimetrik ve Izostatik Moho derinlikleri
hesaplanarak, izostatik olarak dengeli ve dengesiz alanlar belirlenmistir. Sekil 6c'ye bakildiginda, asir1
dengelenmis alanlarin altinda gereginden fazla koklerin olustugu soylenebilir. Dengesiz alanlarda diisey
ytiiklere kars1 yeterli kok olusmadig: ve sismik faaliyetlerin devam edecegi soylenebilir.

3. Yapilan Calismalar

Calisma alani icin yapilan hesaplamalar sonucunda belirlenen rejyonal gravite anomali haritas1 Sekil
5a'da, diisey tiirev anomali haritas1 Sekil 5b'de ve TYT anomali haritas1 da Sekil 5¢'de verilmistir. Burada
yapilan hesaplamalarin ilkinde, rejyonal gravite degerlerini Bouguer gravite degerlerinden elde etmek
icin yapilan algak gegisli stizgecleme isleminde kesme dalga sayisi olarak Kc4 dalga sayisi degeri
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kullanilmistir. Bulunan rejyonal gravite degerlerinin birinci diisey tiirevi hesaplandiginda, temel kaya
yilizeyine yakin olan ve yogunluklari civar kayaclara gore nispeten biraz yiiksek olan birimlerin dagilimi
Sekil 5b'de net olarak goriilmektedir. Burada goze carpan olaylar, Sivas'in giiney kesimlerinde KAF
boyunca bu birimlerin siralandig ve yine bazi aktif faylarin dogrultulariyla uyumlu olarak uzandiklari

gortilmektedir.
41

Erzurum

35 36 37 38 39 40 41 42
Boylam (derece)

1 )
35 36 37 38 39 40 41 42
Boylam (derece)

35 36 37 38 39 40 41 42
Boylam (derece)

Sekil 5. a) rejyonal gravite anomali haritasi, b) diisey tiirev anomali haritas1 ve ¢) TYT anomali haritas.

TYT haritasina bakildiginda, calisma alanindaki kabugun icinde, yogunluk fark: veren kiitlelerin sinirlar:
yiiksek genlikli olarak takip edilebilir. Ayrica, bu stireksizlikler mevcut faylarla da bazi1 kisimlarda
uyumludur. (Sekil 5c). Ozellikle, Sekil 5c'deki yatay tiirev haritasinda ise, Sivas'm giineyindeki faylarin,
KAF, EF ve KDAF'larin uzanimlarinin, yiiksek genlikli TYT anomalilerinin uzanimlariyla uyumlu oldugu
gortlmistiir. Bununla birlikte, aktif faylarin haricinde, diger alanlardaki ytiksek genlikli TYT anomali
uzanimlar1 da goriilmektedir. Altin minerali ve giimiis minerali gibi ¢cok degerli olan maden yataklarinin
olusumlarinda tektonik stireksizliklerin énemi ¢ok fazladir [19]. Bu itibarla, bolgede halen kesfedilmeyi
bekleyen maden yataklarinin yerini belirleme calismalarinda, hesaplanan bu TYT haritasmnin énemi ¢ok
biiyiiktiir.

Ters ¢oziimle bulunan Moho derinlik degerlerinin, 29 - 51 km arasinda degistigi goriilmektedir (Sekil 6a).
Burada, Moho araytizeyinin alcak kesimlerinde 30 km civarinda degerler alirken, yiiksek kesimlerde ve
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ozellikle doguya dogru 50 km degerlerine kadar derinlestigi gortilmektedir. Sekil 6b'de ise topografya
degerlerine baglh olarak hesaplanan izostatik moho araytizeyi gortilmektedir. Bu araytizey derinlik
degerleri de, yaklasik olarak gravimetrim moho araytiizeyi derinlik degerleri gibi davranmaktadir. Yani,
sahil kesimlerinde s1g iken, i¢ kesimlere dogru ve daglik alanlara dogru derinlesmektedir. Bunlara bagh
olarak, calisma alanindaki gravimetrik moho - izostatik moho farklar: ile dusiik ve ytiksek sismik
aktiviteye sahip kisimlar ortaya ¢ikarilmistir (Sekil 6c). [zostatik olarak asirt dengelenmis alanlarin altinda,
yani izostatik moho araytizeyinin gravimetrik moho araytizeyinden daha derinde oldugu kisimlarda
gereginden fazla kok olusur ve bu alanlarda genellikle sismik aktiviteler gortilmez. Diger taraftan,
izostatik moho araytizeyi gravimetrik moho araytiizeyinden daha yukarida oldugu kisimlarda genellikle
sismik aktiviteler goriiliir. Sekil 6c izlenerek, sismik agidan aktif ve pasif olabilecek alanlar gortilebilir.
Ozellikle KAF boyunca uzanan kisimlar, Erzurum civarlari, EF 'nin da yeraldig1 Sivas civarlar1 ve giineyi,
DAF'm kuzey kisimlari, BZSZ'min giiney kisimlar1 ve Karadeniz sahil kisimlar1 sismik olarak aktif
alanlardadir (Sekil 6c). Bir de, Trabzon ve civarmin dengeli alanda oldugu ve bu alanin hemen
glineyindeki KAF'na dogru olan kisimlarin dengesiz alanlar, yani sismik olarak aktif alanlar oldugu da
gortilmektedir. Bu ¢alismanin sonuglari, calisma alanindaki bakir maden yataklarinin ve deprem riski
tastyan bazi yerlerin ortaya ¢ikarilmasina katki saglayabilir.

I
35 36 37 38 39 40 41 42
Boylam (derece)

1
35 36 37 38 39 40 41 42
Boylam (derece)
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DENGELj
K ALAN

A  ALAN
pencesZAAT

1K( ohf /Eis‘z\\\\ I;

38 1 1 1 1 1 1 1
35 36 37 38 39 40 41 42
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Sekil 6. a) Ters ¢oztimle elde edilen Gravimetrik Moho topografyasi, b) Topografya degerleri
kullanilarak Airy modeline gore hesaplanan Izostatik Moho topografyasi ve c¢) Gravimetrik Moho ve
[zostatik Moho derinlikleri arasindaki farklar.
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4. Sonuclar

Calisma alanina ait Bouguer gravite verileri icin genlik spektrumu hesaplamasi sonucunda temel kaya,
Conrad, Moho ve LAS araytizeylerinin ortalama derinlik degerleri sirasiyla 7.1 km, 19.3 km, 41.5 km ve
90.4 km olarak hesaplanmustir. Bu ¢alismada, belirli bir kesme dalga sayisina (Kc4) gore stizgecleme islemi
yapildiktan sonra hesaplanmais olan rejyonal gravite degerlerinin tiirevine TYT islemi yapilmistir. Bu islem
sonucunda, kabuk icinde belli bir derinlikte var olan kiitlelerin yogunluk farki veren sinirlarmin
uzanimlar1 ve degerlerin bolgesel dagilimi ortaya koyulmustur. Bolge, maden yataklariyla, tektonik
yapisiyla ve buytik faylariyla nemli bir sahadadir. Diger taraftan, bu alan ve civar1 uzun zamandan beri
¢ok sayida deprem olayiyla karsi karsiya kalmistir. Ters ¢oztimle bulunan Moho derinlik degerleri,
sahillerden i¢ kesimlere dogru ve de doguya dogru da artmaktadir. Moho derinliklerinin 29 - 51 km
arasinda degistigi goriilmektedir. Calisma alanindaki Gravimetrik Moho - Izostatik Moho farklari ile
diisiik ve yiiksek sismik aktiviteye sahip kisimlar ortaya gikarilmistir. [zostatik olarak asir1 dengelenmis
alanlarm altinda gereginden fazla kok olustugu belirlenmistir. TYT haritasinda, 6zellikle KAF'm varlig:
ve EFnin varlig1 yiiksek genlikli TYT degerleriyle izlenebilmistir. Ayrica diger alanlarda da, yogunluk
farki sunan yerler belirlenmistir (Sekil 7a). Ote taraftan, dengeli alanlar ile dengesiz alanlarin deprem
dagilimlariyla olan iliskileri Sekil 7b'de gortilmektedir. Burada, sismik olarak aktif alanlarla deprem
dagilimlar1 arasinda biiytik bir uyum vardir. Uyumsuzlugun sadece KAF'in bat1 kisimlarinda ve DAF ve
BZSZ arasindaki alanin bat1 kisimlarinda var oldugu goriilmektedir.
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Sekil 7. a) Yiiksek genlikli TYT anomali dagilimi ve b) dengeli ve dengesiz alanlar ile deprem
dagilimlar1 arasindaki iliski.

Calisma alan1 Afrika levhasinin kuzeye dogru hareketiyle sikisan ve buna bagh olarak da tektonik
olarak oldukga aktif bir alandir. Buna bagl olarak bu ¢alismanin sonugclari, maden yataklarmin genellikle
kirik, catlak ve fay sistemlerinde olustugundan, calisma alanindaki bakir maden yataklarmin yerlerinin
tespit edilebilmesinde faydali olabilir. Ayrica, alanda yogunluk farki sunan ¢izgiselliklere sahip, izostatik
olarak dengesiz olan ve deprem riski tasiyan yerlerin genel goriiniimii bu ¢alisma ile verilmistir.
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Abstract

Rotating bending fatigue tests are crucial for
assessing material fatigue strength in both
industrial and academic contexts. While standards

such as the AISI and ISO define test
methodologies,  automation and  control
mechanisms have not been sufficiently

investigated. This study presents the automation
of a 22-station fatigue testing system with PLC
control. Inductive sensors detect real-time
specimen fractures, transmitting signals to the
PLC, which autonomously tracks cycles, identifies
failures, and terminates tests. A rotary encoder (40
pulses/rev) refines cycle monitoring, whereas an
HMI panel enables real-time visualization and
parameter adjustments. This automation system
significantly improves test accuracy, reliability,
and repeatability, offering substantial advantages
for material fatigue assessments in industrial and
academic applications.

Oz

Doner egilmeli yorulma testleri, hem endiistriyel hem
de akademik baglamlarda malzeme yorulma
mukavemetini belirlemek icin ¢ok biiyiik ©neme
sahiptir. AISI ve ISO gibi standartlar test yontemlerini
tanimlasa da, bu testlerin otomasyon stiregleri
yeterince arastirilmamustir. Bu calisma 22 istasyonlu
bir yorulma test sisteminin ve PLC kontrolli
otomasyonunu igermektedir. Endiiktif sensorler,
gercek zamanli numune kirilmalarim tespit ederek,
PLC'ye sinyaller iletir, boylece PLC dongtileri otonom
olarak izler, arizalar1 tanimlar ve testleri sonlandirir.
40 pulse/rev ¢ozinurliikli bir rotary encoder hassas
cevrim izlemesi saglarken, HMI paneli anlik veri takibi
ve parametre diizenlemelerine imkan tanimaktadir.
Bu otomasyon sistemi, test dogrulugunu,
glivenilirligini ve tekrarlanabilirligini énemli olctide
artirarak endiistriyel ve akademik uygulamalarda
malzeme yorulma analizleri igin ciddi avantajlar
sunar.
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1. Introduction

In industrial use, damage occurs mostly when materials are loaded under variable loads. Predicting the
behaviour of materials under such dynamic loading is very important in the field of structural design.
Engineering materials that are damaged under dynamic loads much lower than their current static
strength; such a dynamic failure mechanism is called fatigue. Rotating bending fatigue tests are used to
determine the fatigue strength of materials and play a critical role in industrial and academic research [1,
2]. These tests determine the fatigue characteristics of rotating machine elements under cyclic loading as
a result of the bending effect [3, 4]. A great deal of information is available on the application procedures
of these tests, such as many standards (AISI and ISO) and a considerable amount of academic work.
However, there is not enough information in the literature in the field of control of the test systems that
perform these tests.

Electronic components may vary depending on the specific system design, but the principles of cycle
counting methods are generally similar for rotary bending fatigue test setups. One widely adopted
method reported in the literature relies on proximity sensors that generate signals each time a
predetermined reference point on a rotating spindle completes a revolution, incrementing the cycle count
accordingly [1-3, 5, 6]. Moving beyond this conventional method, Yamamoto et al. [4] introduced an
alternative approach employing photoelectric sensors. Similarly, Gentile et al. [7] utilized high-precision
encoders integrated with computer-controlled real-time data acquisition systems for cycle-counting tasks.
Small (e.g., 6 or 10 digits) LCD screens are generally preferred for data display in single specimen test
systems [2, 5]. However, digital counters are also frequently used for cycle counting [1, 2, 5, 6, 8].
Yamamoto et al.[4] developed a system consisting of four test stations, each equipped with a separate 16x2
LCD screen, to independently monitor specimen cycle life in a multispecimen test configuration. To
improve operational ease and optimize data management, this research team subsequently integrated a
human-machine interface (HMI) panel into the setup to simplify the data input and output processes [9].
Similarly, Gentile et al. provided a data display process involving real-time data transfer via computer
connections [7]. Unlike other studies, Isakov et al. [3]. used a data acquisition system (DAQ) instead of a
microcontroller-based controller and preferred to perform all data processing during the test through this
system. Other studies in the literature do not provide details about the control system, and some of them
do not even use advanced control elements such as microcontrollers.

Today, the design and control approaches of a rotating bending fatigue test system are largely
standardized, but the need for more advanced control systems that can meet industrial needs is increasing.
Since statistical repeatability is of critical importance in fatigue testing, significant efforts are being made
to develop multistation test systems in terms of both mechanical and electronic control. Particularly critical
is the ability to rapidly and synchronously acquire and display data from each testing station. The
methodologies demonstrated by Gentile and Yamamoto provide notable frameworks for achieving
synchronized data processing and visualization in multistation rotating bending fatigue tests[4, 7, 9].
Moreover, the ability to independently manage multiple concurrent experiments within a single machine
environment continues to drive innovation, inspiring novel and industrially viable test system designs.
With the aim of addressing this gap in the literature, this study describes an automation process in a
rotating bending fatigue test unit consisting of 22 stations. Employing a PLC-based automation
architecture facilitates precise real-time data acquisition and streamlines algebraic computations,
significantly improving overall operational accuracy and efficiency[10]. During the cyclic loading of the
specimen at the machine stations, the PLC monitors the life span values in real time. Moreover, the PLC
is also used to detect damage and autonomously terminate the test.

The HMI panel is integrated into the system for external data input and reading existing data in the test

unit. Certain control commands are given through the HMI panel, while at the same time, it is possible to
make some parametric operating settings. Instantaneous monitoring of rotary encoder data with a
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resolution of 40 pulses/rev, which enables precise tracking of speed counting, is also carried out through
this interface.

Additionally, to detect the presence of damage to the specimens in the automation process, inductive
sensors are placed at each station. In the case of damage to the test specimens, which are monitored in real
time via PLC, the life data are permanently determined as the number of cycles and the other stations
continue the test. After the test, the life data of the specimen can be displayed via the HMI panel. Inductive
sensor signals are monitored instantaneously at each station during the test, and when the specimen
breaks at all stations, the machine stop command is automatically derived via the PLC algorithm.

In this study, the completed electronic equipment, machine automation and operating characteristics of a
rotating bending test unit consisting of 22 stations are analysed. The findings and the contribution of the
machine to the literature are discussed in section 4.

2. Materials and methods

The literature reveals that most existing systems rely on manual or semiautomated testing processes.
These systems are typically limited to testing a small number of specimens, with cycle counting performed
via manual counters or basic digital sensors.

In this context, the fully assembled 22-station rotating bending fatigue test device, as depicted in Figure 1,
distinguishes itself from existing methods because of its high efficiency, fully automated operation, and
precision data acquisition capabilities. This section presents the electrical connections of the machine, the
mechanical assembly of its electronic components, and an analysis of its operational characteristics.

.

.-
Figure 1. Final assembled configuration of the test unit.
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2.1. Inductive sensor

Inductive sensors are widely used for detecting metals and other conductive materials that enter their
generated electromagnetic field. These sensors produce a signal upon detecting a suitable object within a
specific sensing range. The generated signals are utilized to monitor and control the specimen status in
the automation process of the test unit.

SIGNAL

DVP-165M

+24V
Figure 2. Schematic representation of the wiring diagram between the PLC and inductive sensor

In the test unit with 22 stations, the sensors positioned on the idler weights of the specimens provide very
effective control to check the rupture conditions. In the automation process using a Delta DVP 14-SS series
PLC, one inductive sensor was used at each test station. The wiring diagram of the inductive sensor used
in the study for the PLC is shown in Figure 2.
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=T Station 9 Station 20
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|
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i
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Figure 3. Schematic representation of the PLC connections for inductive sensors across all machine
stations.
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A comprehensive wiring schematic illustrating the integration of inductive sensors across all 22 test
stations is presented in Figure 3. This schematic provides an overview of the connection architecture and
sensor distribution throughout the testing system.

The mechanical framework of the test unit is designed to ensure effective monitoring across multiple
stations. In this configuration, specimens are subjected to loading through idler weights attached to their
free ends. These idler weights serve as a mechanism for applying force during fatigue testing. Inductive
sensors are strategically positioned above these weights, enabling the precise detection of specimen
conditions throughout the test. A schematic representation of the mechanical placement of sensors within
the multistation setup is provided in Figure 4.

Specimen

Inductive sensor

P XS Cable Tray
Idler weight assembly

Figure 4. Methodology for the mechanical integration of inductive sensors in a multistation fatigue
testing machine.

While the specimen remains intact, the inductive sensor generates a signal, activating the indicator light.
Upon reaching a determined cycle count and subsequent specimen fracture, the sensor signal is
interrupted, causing the indicator light to turn off. This process is schematically represented in Figure 5.
The specimen status at each station is controlled in real time with the signal generated in this way. When
a specimen fractures, the ongoing cycle count is instantly logged as permanent data, and counting ceases
for the corresponding station, even as the machine continues operation. Consequently, the fatigue life of
a material, measured in cycles, is precisely determined.

Within the PLC-based automation system, this methodology ensures comprehensive tracking of specimen

failures across all stations. Additionally, a self-terminating mechanism was integrated, allowing the test
unit to automatically halt upon completion of all the fatigue tests.
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Figure 5. Specimen status detection via an inductive sensor signal: (a) Intact specimen, (b) Fractured
specimen.

2.2. Rotary Encoder

The rotary encoder is a critical component in motion tracking applications, providing high-precision
feedback by converting mechanical movement into electrical signals. This enables continuous and accurate
monitoring of key parameters such as speed, position, and direction in rotating systems. In this study, an
Autonics E50S-8-40-3-N-24 incremental rotary encoder was employed to facilitate precise cycle counting.
A detailed wiring schematic illustrating the integration of the rotary encoder with the PLC is presented in
Figure 6, outlining the necessary electrical configuration for seamless data acquisition and system
functionality.

ROTARY ENCODER

220V

Figure 6. Schematic diagram of rotary encoder integration with the PLC.

For the mechanical installation of the rotary encoder onto the machine body, a dedicated mounting bracket
and an encoder housing were designed. Figure 7 illustrates the systematic integration of the rotary encoder
into the sheet metal frame of the machine. Additionally, a detailed perspective view of the encoder’s
attachment to the main drive shaft is presented in Figure 8.
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Figure 7. Schematic representation of the rotary encoder’s mechanical integration with the machine’s
metal frame.
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Figure 8. Mounting configuration of the rotary encoder on the main drive shaft
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A 32-bit counter from the PLC registers was utilized for encoder-based cycle counting. These registers
support bidirectional counting up to +2,147,483,647. To accurately determine the number of rotations, a
rotary encoder with a resolution of 40 pulses per revolution was employed. The counting limit of the test
unit is defined in Equation (1).

1

40 % 1)

Count limit = 2147483647 pulse *

= 53687091 rev

On the basis of this limit, the machine can achieve over 53 million cycles, making it suitable for evaluating
the fatigue behavior of nearly all metal types via this well-established system.

2.3. AC Motor Drive (VFD System)

A variable frequency drive (VFD) is a power electronics device designed to regulate the speed, torque,
and direction of AC motors. Unlike conventional direct grid-connected motor systems, which operate
exclusively at full speed and require mechanical braking, VFD technology enables precise digital control
of motor speed profiles. In the test unit, a Delta VFD-M 5.5 kW drive was implemented for motor control

(Figure 9). ~
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Figure 9. Schematic representation of the motor driver connection to the PLC and AC motor.

2.4. HMI Interface Panel

The human-machine interface (HMI) panel serves as the primary interaction point between the operator
and the PLC controlling the fatigue testing system. Through this interface, operators can monitor system
status, adjust parameters, and execute control commands in real time. The developed control system uses
a Delta DOP-AS38-BSTD series HMI panel.
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Figure 10. Designed HMI control screens: (a) main control screen, (b) station-wide cycle count display, (c)
encoder reset and preshutdown delay configuration, and (d) encoder reset confirmation screen.

The HMI panel is connected to the PLC via the RS485 industrial communication protocol, ensuring
seamless data exchange. Its core functionalities include the following;:

* Start/stop control: Operators can initiate or halt the test process via the touchscreen interface.
The main control screen, designed for this function, is shown in Figure 10(a).

* Parameter Configuration: Users can reset encoder data and set automatic shutdown timing
upon test completion. These adjustments are made through the HMI screens shown in Figures 10(b) and
10(c).

* Real-time data monitoring: The cycle count, sensor status, and system diagnostics are
continuously displayed for operator oversight. The station data monitoring screen, designed for this
purpose, is presented in Figure 10(b).

The integration of the HMI panel into the system enhances operator interaction, improving both the
control and traceability of the fatigue testing process while optimizing operational efficiency. Figure 11
illustrates the overall connection architecture of the developed control system. The HMI panel enables
operator interaction with the PLC, allowing external control of the system.
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Figure 11. Control architecture comprising the HMI panel, Delta PLC, sensors, and motor drive.

The PLC derives power from a dedicated supply unit to ensure stable operation. Given the limited
availability of digital input channels, a Delta DVP-165M expansion module has been incorporated to
increase the input capacity. The PLC continuously processes signals from 22 inductive sensors and a rotary
encoder, facilitating real-time system surveillance and execution of critical control functions.

The output signals generated by the PLC are employed for parametric adjustments via a variable
frequency drive (VFD). The VFD, in turn, interprets and executes these commands with high precision,
modulating motor speed and direction accordingly.

Additionally, the HMI panel facilitates interaction with all system components via the PLC, enabling
seamless data reading and writing operations. This architecture enhances operator control while
optimizing process traceability and manageability. The complete operational framework of the system is
outlined in the flow diagram presented in Figure 12.
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Figurel2. Process flow chart

Adyii | Eng Sci 2025;12(25):143-158 / Adyii Miih Bil Derg 2025;12(25):143-158 153



Dogan et al. Automation of a Multi-Station Rotary Bending Fatigue Test Machine with PLC Control System

3. Results
3.1. Test specimens and preliminary fatigue test outcomes

AISI 304 stainless steel specimens were employed for preliminary fatigue assessments. The test samples
were machined to precise geometrical specifications prior to testing, ensuring uniformity across all test
stations. Figure 13 illustrates a pre-test specimen.

Figure 13. AISI 304 stainless steel specimen before fatigue testing.

After testing, clear distinctions were observed between fractured and unfractured specimens. The failed
specimens exhibited visible surface cracks and complete breakage, whereas the surviving specimens
endured cyclic loading within the endurance limit. The posttest conditions of these samples are presented
in Figure 14.

[ — = ]
S —— ————————— 684.5 MPa

e — —— 640.4 MPa

— e s2MPa

‘EQ__. _—— MM

_—_——= .
e e 463,74 MPa

T ———Cm 4195 MPa

Figure 14. Fractured and unfractured AISI 304 stainless steel specimens after the fatigue test and stress
values applied to these specimens.

3.2. General observations from the S—N curve

To validate the accuracy and efficiency of the automated test system, preliminary fatigue tests were
conducted on AISI 304 stainless steel specimens. The endurance limit was estimated on the basis of a set
of seven stress levels recorded through a single trial per level. The resulting S-N curve is depicted in
Figure 15.
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Figure 15. S-N curve for AISI 304 stainless steel, illustrating preliminary fatigue test results.

The results demonstrate a decreasing trend in fatigue strength with increasing cycle count, as expected in
high-cycle fatigue scenarios. The endurance limit appears to stabilize at approximately 419.5 MPa, which
is closely aligned with the literature. According to ASM Handbook Vol. 19 on Fatigue and Fracture, the
endurance limit for 10% CW (cold-worked) AISI 304 stainless steel in rotating bending fatigue tests is
reported to be 60 ksi (approximately 414 MPa)[11]. The similarity between the obtained endurance limit
and the reference value suggests that the developed system provides accurate and reliable fatigue data.
While these preliminary findings confirm the effectiveness of the PLC-controlled system, a more extensive
statistical evaluation of fatigue behavior will be conducted in a subsequent study. The gathered data
confirm that the developed system provides a reliable platform for fatigue testing with high repeatability
and accuracy.

4. Discussion

To contextualize the developed system within the literature, Table 1 presents a comparative analysis of
various rotating bending fatigue testing machines. The table summarizes key technical aspects, including
machine configuration, load application mechanisms, and automation features.

Table 1. Comparative analysis of existing studies

Application Type of Sensor

Study Rotating Bending #Specimen for Cycle Tracking Controller Type Data Visualization.
A . Method
Fatigue Counting
Alietal. [1] 4-Point Bending 1 Proximity 8-digit counter No Controller 2x16 Lcd screen
sensor was Used
Kattimani et . . Proximity . No Controller .
al. [2] 4-Point Bending 1 sensor 6-digit counter was Used 6 digit LCD screen
Isakov et al Inductive IMC Cronos PL2
' 4-Point Bending 1 DAQ System Data Acquisition Not Specified
[3] sensor
System
. A total of four 4x16 LCD
Dual-Spindle s .
Yamamoto g Photo » screens were utilized, with
Cantilever Type Rot. 4 Not specified
etal. [4] ) . sensor one screen allocated for each
Bending Fatigue
sample.
Cantilever Type Rot. Proximity . No Controller .
Alaneme [5] b 1 sensor 6-digit counter was Used 6 digit Lcd screen
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Continuation of Table 1

Study Application Type of #Specimen Sensor Cycle Tracking  Controller Type Data Visualization.
Rotating Bending for Method
Fatigue Counting
R. Mali et 4-Point Bending 1 Proximity 6-digit counter No Controller 2x16 Led screen
al. [6] sensor was Used
PC-based cycle
counting of each
Gentile etal. 4-Point Bending 5 Encoder Spectmen 15 PC-based system is used
[7] done separately
by using
encoder
L Lap No
Cip zlget al. 4-Point Bending 1 Counter 10-digit counter Controller 2x16 Led screen
8] sensor was Used
Dual-Spindle
Yamamoto Cantileverrjfype Rot. 4 N.OF Not specified HMI screen
etal. [9] Bending Fati specified
ending Fatigue
C’Zl‘d[l;;] et 4-Point Bending 1 sptIe\CIi(Ee d Not specified Nsv(;;)rlljt:gger Not specified
M. Banavasi 4-Point Bendin: 1 Not Not specified Not specified
etal. [13] & specified P P

The comparison highlights the distinctive advantages of the proposed system, particularly in terms of
automation efficiency, real-time failure detection, and high-precision cycle tracking. These aspects are
critical for ensuring reproducibility in fatigue testing.

The key advantages of the developed test unit can be analysed as follows:

I. Automation: Previous studies by Ali et al. [1], Kattimani et al. [2], Alaneme [5], Chauhan et al. [12],
Cipil et al. [8], and R. Mali et al. [6] did not incorporate any automated control mechanisms in their
experimental setups; instead, they relied solely on manual operation. Similarly, Yamamoto et al. [4, 9] and
M. Banavasi et al. [13] did not provide any details regarding the control systems used in their
investigations. In contrast, Isakov et al. [3] opted for an IMC Cronos PL2 Data Acquisition System as an
alternative to conventional controllers. Gentile et al. [7] advanced beyond these approaches by
implementing a computer-based application, enabling the controlled testing of five specimens in real time.
Despite these advancements, the present study represents a significant improvement by enabling the
autonomous testing of 22 specimens through a PLC-controlled system. This approach not only enhances
the efficiency and precision of the testing process but also ensures repeatability through an industrial-
grade control system. Moreover, pioneering studies integrate an industrial PLC control system within this
testing framework.

II. Precision in cycle counting: Conventional methodologies for cycle counting typically employ
apparatuses such as proximity sensors [1-3, 5, 6], photo sensors [4], and mechanical lap counters [8], each
of which registers a single count per revolution. In their study, Gentile et al. [7] implemented a more
sophisticated approach by using individual encoders for each specimen to improve counting accuracy.
The system developed in this study introduces significant advancements by incorporating an industrial-
grade rotary incremental encoder (40 pulses/rev), ensuring superior precision in cycle tracking. This
encoder, which is directly coupled to the machine’s main drive shaft through a precision coupling
mechanism, substantially enhances the measurement accuracy. By centralizing cycle counting across all
machine stations, a robust, repeatable, and high-precision monitoring framework is established.

III. Enhanced failure detection: In manually operated systems utilizing mechanical counters, the
counting process ceases automatically upon specimen failure. In contrast, digital counters without a
dedicated controller rely on cycle signals generated by sensors to increase the displayed count on an LCD
screen [1, 2, 5, 6, 8]. In such cases, when a specimen breaks, the counting process is typically halted by
triggering a switch or similar mechanism to stop the motor. However, in multispecimen applications, a
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more sophisticated solution is needed to manage this issue effectively. In the control system developed,
inductive sensors, which are conventionally used for cycle counting, have been adapted to detect specimen
breakage. When a specimen breaks, the corresponding station cycle data are immediately fixed, and
counting is halted for that specific station while the remaining stations continue uninterrupted. Moreover,
testing and cycle counting continue uninterrupted at the remaining stations. This failure detection
mechanism is continuously monitored by the PLC across all stations. Once all the specimens fail, the test
autonomously ceases operation.

IV. Advanced real-time monitoring: The methods used for data visualization in experimental studies
vary significantly. In conventional approaches that use digital counters, tracking measurement data is
typically conducted through a small LCD screen [1, 2, 4-6, 8]. Gentile et al. [7] successfully implemented a
computer-based software system in their test setup, which evaluated five specimens, enabling real-time
monitoring of cycle count data for all specimens.In the present study, which incorporates an industrial
control system, an advanced human—machine interface (HMI) panel was integrated into the system. This
integration facilitates real-time data visualization for fatigue testing across 22 stations. Additionally, the
HMI panel serves as an interface for configuring machine parameters and executing critical operational
commands, thereby enhancing system functionality and user control.

V. Endurance limit consistency: The experimentally determined endurance limit (419.5 MPa) aligns
closely with literature-reported values for cold-worked AISI 304 stainless steel. According to ASM
Handbook Vol. 19, the endurance limit for 10% CW AISI 304 stainless steel in rotating bending fatigue
tests is approximately 60 ksi (~414 MPa). This strong agreement confirms the accuracy and reliability of
the developed test system[11].

4.1. Machine Performance Evaluation

The automation system demonstrated superior operational efficiency by eliminating manual intervention
in failure detection and cycle counting. The use of high-resolution rotary encoders and inductive sensors
ensures precise real-time monitoring, significantly reducing measurement errors. Moreover, the HMI
provides an intuitive platform for data acquisition, making the testing process seamless and user friendly.

5. Conclusion

The comparative evaluation of the fatigue testing systems highlights the unique advantages of the
developed PLC-controlled multistation rotating bending fatigue test machine. The system's automated
failure detection, real-time cycle tracking, and precise endurance limit estimation distinguish it from
conventional fatigue test setups. The findings confirm that this system offers a highly repeatable, accurate,
and efficient fatigue testing method applicable to both academic research and industrial applications.

Future research will focus on integrating additional control algorithms to refine the accuracy of cycle
tracking and extend the machine’s applicability to various material types.
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