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Abstract

Original scientific paper
As an antibacterial agent with pleasant fragrance, citral (CIT) indicates hydrophobic character, and therefore has low water solubility. In
this study, Pickering emulsions were formed and polyvinyl alcohol (PVA)/whey protein hydrophilic nanofibers were coated on PP melt
blown non-woven surfaces by electrospinning method. In this context, hydrophobic citral essential oil is stabilized with B-cyclodextrin (B-
CD) in the electrospinning process. PVA and whey protein polymer blend were used as nanofiber matrices. The morphological, physical,
and thermal properties of the -CD/citral complexes were investigated in PVA/whey protein nanofiber-coated PP non-wovens at various
B-CD levels (1:2, 1:4 and 1:6). Furthermore, zone inhibition procedure was performed to evaluate antibacterial activity of the samples
against Gram (+) (Staphylococcus aureus ATCC® 25923) and Gram (-) (Escherichia coli ATCC® 25922, and Pseudomonas aeruginosa
ATCC® 27853) bacteria. The morphology of fibers showed that all obtained nanofiber-coated PP surfaces were in the range with 216 -
330 nm average fiber diameter. Fourier Transform Infrared (FT-IR) and thermal gravimetric analysis (TGA) thermograms revealed that
citrals were successfully integrated into the bio-based nanofibers. As the amount of citral increased (i.e., the B-CD/citral increased), the
thermal resistance of bio-based nanofiber coated PP surfaces increased. Antibacterial activity indicated the citral-loaded nanofiber-coated
PP surfaces were most effective against Escherichia coli, while none of the samples have antibacterial activity against Pseudomonas
aeruginosa. Overall, the results displayed that the fabricated PVA/whey protein nanofiber-coated PP samples integrated with Pickering
emulsion of citral stabilized have promising wound dressing applications.

Keywords: Antibacterial property, Pickering emulsion, PP melt blown, PVA/whey protein nanofiber, f-CD/citral comple.

POTANSIYEL MEDIKAL UYGULAMALAR iCiN PVA/WHEY PROTEIN NANOLIF KAPLI PP
ERiYiK UFLEMELI DOKUSUZ YUZEYLERE ENTEGRE EDILMI§ SITRAL STABILIZE
PICKERING EMULSIYONLAR

Ozet
Orijinal bilimsel makale

Hos kokulu bir antibakteriyel madde olarak sitral (SIT) hidrofobik karakter sergiler ve bu sebeple suda ¢oziiniirliigii diistiktiir. Bu ¢aligmada
Pickering emiilsiyonlar1 olusturulmus ve elektrocekim yontemi ile polipropilen (PP) eriyik iiflemeli dokusuz yiizeylere polivinil alkol
(PVA)/whey proteini hidrofilik nanofiberler kaplanmustir. Bu baglamda, elektrogekim ydnteminde hidrofobik sitral ugucu yagt -
siklodekstrin (B-CD) ile stabilize edilmistir. Nanofiber matris olarak PVA ve whey proteini polimer karisimi kullanilmustir. B-CD/sitral
komplekslerinin morfolojik, fiziksel ve termal 6zellikleri PVA/whey proteini nanofiber kapli PP dokusuz dokumalarda gesitli B-CD
seviyelerinde (1: 2, 1: 4 ve 1:6) arastirilmustir. Ayrica, numunelerin Gram (+) (Staphylococcus aureus ATCC ® 25923) ve Gram (-)
(Escherichia coli ATCC ® 25922 ve Pseudomonas aeruginosa ATCC ® 27853) bakterilerine karsi antibakteriyel aktivitesini
degerlendirmek i¢in zon inhibisyon prosediirii uygulanmigtir. Liflerin morfolojisi, elde edilen tiim nanofiber kapli PP yiizeylerin 216 - 330
nm ortalama lif ¢ap1 araliginda oldugunu gostermistir. Fourier Doniistimii Kizilotesi (FT-IR) spektroskopisi ve termal gravimetrik analiz
(TGA) termogramlari, sitralin biyo bazli nanofiberlere basariyla entegre edildigini ortaya koymustur. Sitral miktar: arttik¢a (yani -
CDy/sitral arttikea), biyobazli nanofiber kapli PP yiizeylerin 1s1l direnci artmistir. Antibakteriyel aktivite, sitral yiiklii nanofiber kapli PP
yiizeylerinin Escherichia coli bakterisine karsi en etkili oldugunu gosterirken, 6rneklerin hi¢birinin Pseudomonas aeruginosa bakterisine
kars1 antibakteriyel aktivitesi olmadigimi gostermistir. Genel olarak, sonuglar, sitral stabilize Pickering emiilsiyonu ile entegre edilmis
PV A/whey proteini nanofiber kapli PP 6rneklerinin umut verici yara pansuman uygulamalarina sahip oldugunu gostermistir.

Anahtar Kelimeler: Antibakteriyel ozellik, Pickering emiilsiyon, PP melt blown, PVA/whey protein nanolif, B-CD/sitral kompleks.
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1 Introduction

Essential oils (EOs) have been the focus of
considerable investigation as natural products, and they
play a crucial role in food and human health [1]. Due to
their bioactivity to prevent the development of
microorganisms such as bacteria, yeasts, and fungus, the
components of essential oils are a promising substitute to
chemical preservatives. Citral  (3,7-dimethyl-2,6-
octadienal) is a combination of two monoterpene
aldehydes found naturally in plants, herbs, and citrus
fruits: geranial (trans-citral, citral A) and neral (cis-citral,
citral B) [2-4]. Tt has been reported to have anti-
inflammatory and anti-corrosive characteristics in a
variety of experimental and clinical studies, and there is
substantial proof that it functions as a fungicidal and
bactericidal agent [5,6]. However, one of the key
challenges in the application of citral essential oils and
their principal components is the requirement for greater
amounts than those utilized in vitro. One alternative
option is to combine oils and/or components to reduce the
amount required [7]. Other factors restricting the use of
citral in many applications are its low water solubility and
sensitivity to environmental influences such as thermal
and oxidation. In this regard, it has been found that
making emulsions of citral oil increases the availability
and shelf life of different forms such as nanofibers,
microcapsules, films, as well as its antibacterial activity.
According to Lu et al. (2018) essential oil nanoemulsions
containing citral had a substantial effect on Gram (+)
bacteria, the bacteria with the highest zone of inhibition
test [3]. Mokarizadeh et al. (2017) have investigated the
antimicrobial activity of citral loaded nanocarriers [8].
They assigned activity of citral with good values against
many microorganisms. In addition, there are quite a lot of
studies in the literature on the production of electrospun
fibers after emulsifying essential oils in water-based
polymer solutions.

Nanofibers, one of several polymeric forms, are
complex fibrous structures with sizes ranging from
micrometers to nanometers [9-14]. Because of their high
porosity, wide specific surface area, and relatively small
size, nanofibers have become a promising choice for
medical applications over the last few decades.

Pickering emulsions are a unique approach of
stabilizing emulsions, i.e., oil/water mixtures, that utilize
solid particles instead of surfactants [15]. In this approach,
in this approach, by using inorganic particles such as
modified clay, silica, the emulsion is stabilized and a
barrier is formed that prevents the formation of
cohesiveness. Thus, stable emulsion solutions are
obtained.

B-cyclodextrin is a kind of carbohydrate and it has
hollow conical shape with hydrophilic outer part and
hydrophobic inner part which makes it an excellent
Pickering emulsifier [16]. Therefore, stable emulsions
have better evaporation resistance to essential oils than

surfactant-stabilized systems, giving better antibacterial
performance thanks to the B-cyclodextrin.

The current study concerned with fabrication of
PV A/whey protein/citral nanofiber-coated PP melt blown
surfaces by using 3 various ratio of B-CD/citral complexes
(1:2, 1:4 and 1:6) via electrospinning. For this aim, due to
the low solubility of citral in water, o/w Pickering
emulsion solutions were obtained by adding the
antibacterial citral agent to B-CD-stabilized biobased PVA
hydrophilic solutions. Afterward, the bio-based o/w
polymer solutions were coated on the PP melt blown
surfaces by electrospinning. The findings showed that
nanofiber solutions up to certain B-CD/citral (1:4) ratio
show good fiber morphology, while the nanofiber solution
with the highest B-CD/citral (1:6) ratio show the highest
antibacterial activity against Escherichia coli (E.coli).
Finally, it is suggested that PVA/whey protein/citral
nanofiber-coated PP melt blown surfaces can be good
candidates for medical usages especially wound dressing
applications.

2 Materials and Method
2.1 Materials

PP meltblown (MB) non-woven fabrics were kindly
donated by Mogul Textile Company (Gaziantep, Turkey)
were used. The polyvinyl alcohol (PVA) (purity 87.8%,
Mw~30.000 g/mol) was purchased from Zag Industrial
Chemical Company (Turkey). Whey protein powders
were used which purchased from Naturebyme (Istanbul,
Turkey). B-cyclodextrin (B-CD) cyclodextrin (B-CD)
(Cavamax W7 HP Pharma) was donated by Wacker
Chemie (Germany). Citral (CioHi60) (technical grade)
was kindly donated by Elso Kimya Chemical Company
(Turkey). All of the chemicals were used without being
purified in the experiments.

2.2 Fabrication of Citral-Loaded Hybride Non-Woven
Surfaces

PVA powders dissolved in distilled water to obtain a
10% (w/v) PVA solution by stirring at 90 °C. Whey
protein powders were also dissolved in water to obtain
20% (w/v) whey protein solutions. Then, these two
polymer solutions were mixed to make blend solutions
(7/3, v/v). B-cyclodextrin /citral complexes were added to
the polymer mixtures as ratio of 1:2, 1:4 and 1:6 (w/v) and
then high-speed mixing was performed. The nanofibers
were successfully fabricated onto PP meltblown surfaces
via electrospinning (Nanospinner24, INOVENSO). The
electrospinning process parameters were given in Table 1.
The neat PV A/whey protein nanofiber coated-melt blown
hybrid surfaces used as a control sample. All samples was
kept in the desicator. The samples were named PPWPCI,
PPWPC2, and PPWPC3, where C1, C2, and C3,
respectively stand for the changing f-CD/citral ratios (1:2,
1:4, and 1:6). The neat sample was named PPWPCO.

International Journal of Innovative Engineering Applications 8, 1(2024), 1-7
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Table 1. The electrospinning process parameters.

Voltage Distance
(kV) (mm)
PPWPCO 28 89
PPWPC1 28 89
PPWPC2 28 89
PPWPC3 28 89

Flow rate

Collector rate B-
(mL/h) (rpm) CD/citral (w/v)
0.75 250 -
0.75 250 1:2
0.75 250 1:4
0.75 250 1:6

**The temperature and humidity conditions are approximately 26°C and 50 %, respectively.

2.3 Characterization

The nanofibers’ microstructural properties was
evaluated using a Scanning Electron Microscope (SEM).
All samples were gold-coated prior to analysis. Image J
(version 1.520 software) was performed to measured fiber
diameter for each sample.

Thermogravimetric analysis (TGA) was performed in
a nitrogen atmosphere (N2)) with a heating rate of 10°C
min! over a temperature range of 30 — 600 °C, followed by
an oxygen atmosphere (O2)) with the same heating rate.

The chemical structures of the non-woven surfaces
were confirmed using Fourier transform infrared (FT-IR)
spectroscopy. The data were obtained using a
ThermoNicolet iS50 FT-IR (USA) spectrometer with an
ATR adaptor (Smart Orbit Diamond, USA) in the
wavelength range 4000 - 500 cm!, with 16 scans at 4 cm’!
resolution.

2.4 Antibacterial Activity

The antibacterial sensitivities of hybride non-wovens
were determined by the standard strains of Escherichia coli
ATCC® 25922, Staphylococcus aureus ATCC® 25923
and Pseudomonas aeruginosa ATCC® 27853. The
lyophilized bacterial strains were grown on Trypton Soy
Agar (Merck Millipore™ 105458). The culture media were
incubated for 24 hours at 37°C under aerobic environment.
Bacterial colonies were suspended in saline isotonic
solution and adjusted to 0.5 McFarland (1 x 108 CFU/mL)
turbidity standard.

The disk diffusion technique was used to assess
antimicrobial effectiveness qualitatively. Mueller Hinton
Agar (Merck MilliporeTM 103872) was inoculated with
100 pL of bacterial suspensions. The polymer ingredients
were placed on the agar plate's surface. The plates were
incubated in an aerobic atmosphere for 24 hours. At the end
of the incubation time, the zone diameter of the inhibition
region around the material injected for each non-woven
based-polymer was measured using a calliper.

3 Results and Discussion
3.1 Morphological Analysis

SEM analysis was carried out to describe the interior
morphology of all nanofiber coatings and the resultant
nicrographs are shown in Figure 1. The neat samples
(PVA/whey protein) are continuous, with average fiber
diameters of 330.5 + 87 nm. Moreover, uniform and
beadless fiber morphology was seen which coincides with
the other PVA/whey protein nanofiber morphology in the
literature [17]. Fiber diameter distribution of PWPCI is
more homogeneous than the PVA/whey protein/citral fiber

coatings (PWPC2 and PWPC3). However, increasing the
amount of citral damaged the fiber morphology, resulting
in the formation of beaded structures. This is due to the
decreasing of spinning solution viscosity. The viscosity of
the spinning solutions was a significant parameter
influencing the fiber diameter. Kim et al. (2016) also
showed that the viscosity of the spinning solution may
modify the diameter of PVA-based nanofibers,
demonstrating that the viscosity of the solution has a
relationship between its concentration and nanofiber
diameter [18]. A study on characterization of D-limonene
loaded-PVA/psyllium husk showed that the more essential
oil there is in the spinning solution, the thinner fibers can
be obtained [19]. Furthermore, the existence of citral in the
fiber indicated that it can be blended effectively with the
polymer matrix thanks to the B-CD (Figure 1B1). When the
cross-sectional SEM micrographs of the fibers were
examined, it was determined that the best coating was in
the PP sample, as well (Supplementary S1).

Fiber diameter (nm)

AD.=216.48 + 46 nm

200 Zﬁu
Fiber diameter (nm)

AD.=2344 247 nm

Fiber diameter (nm)

AD =2185+497 nm

ﬁ . Fiber diameter (nm)
|
]

Figure 1. SEM micrographs and average fiber distributions of
(A1-A2) neat PVA/whey protein nanofibers (PPWPCO0), (B1-B2)
PPWPCI1 and (C1-C2) PPWPC2, and (D1-D2) PPWPC3.
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3.2 FT-IR Spectroscopy

The chemical groups of the neat hybride non-woven
and also B-CD/citral loaded non-wovens were
investigated by FT-IR (Figure 2). PP melt blown non-
woven surfaces’ FT-IR spectra showed typical
asymmetric and symmetric stretching peaks at 2948 cm’!
and 2916 cm™ (-CH) and 2836 cm’, respectively. The
other peaks appear at 1455 cm™!, 1376 cm!, and 840 cm’!
belong to (-CH) bending [10].

The characteristic absorption bands of PVA are as
follows: 3299 cm™ (-OH stretching), 2955 cm™ and 2861
cm’! asymmetric and symmetric (-CH stretching), 1418
cm! (-OH or -CH bending), 1087 cm! (C-C stretching
and -OH bending), and 840 cm™' (CH, rocking) [20,21].
Moreover, based on the literature the FT-IR bands of
whey protein appears at ranging from 3100 to 3500 cm™!
on protein strings associated with -NH stretching and free
-OH group, respectively. The peaks from 2850 cm to
2980 c¢cm! are linked with a C-H stretching, the band
between 1600 - 1700 cm™ are related with amide-I (C=0O
stretching and C-N stretching), the band formed in 1400
to 1550 cm™ related to amide-1I (-NH bending), the peaks
at 1200 - 1350 cm! are related to amide-III (-CN
stretching and -NH in plane bending vibration) [22-24].
The presence of these bands indicated that whey protein
had been absorbed into the PVA blended nanofibers, as
did whey protein’s triple helix structure. In this context,
PPWPCO sample has typical absorption peaks at 3283 cm’
' which is related to PVA and whey protein (-OH
stretching and -NH stretching), at 2917 cm! is -CH
stretching, the peaks at 1733 cm™ and 1644 cm! attributed
with a -C=0 stretching vibration band from carbonyl
functional groups remaining after PVA synthesis from
polyvinyl acetate hydrolysis or oxidation during
preparation and amide-I, respectively. Amide-II is from
whey protein and (-OH) bending from PVA are observed
in 1537 cm™ and 1424 cm’', respectively. The peaks at
1374 cml, 1324 cm!, 1243 cm™! are belongs to amide-111
(-CN stretching and -NH bending) and the peaks appears
from PVA 1080 cm™ and 1080 cm™! (C-C stretching and -
OH bending), 840 cm™' (CH, rocking), respectively. The
peak value decrease in the peaks of 1080 cm™ and 1030
cm’! assigned with C-C stretching and -OH bending, is
also indicated in the PPWPC1, PPWPC2 and PPWPC3
nanofibers by the addition of citral. The FT-IR spectra
peaks of citral between 2915 cm™ and 2856 cm™ were
assigned to CHs; and CH; stretching vibrations,
respectively, as shown in Figure 3. The -C=0 stretching
vibration peak was at 1671 cm!, the C=C vibration peak
was at 1441 cm’!, and the CH; bending vibration
absorption peak was at about 1376 cm [25,26]. The
characteristic peaks of citral overlaid with PVA/whey
protein matrix, the matrix spectrum covered the presence
of citral. This finding is parallel with the literature. In a
study performed on the composite hydrogels, the
characteristic peaks of citral are hidden in the polymer
matrix [27]. Further, it is assumed that a small amount of
citral use also causes this condition. In another study, it
was reported that a new peak was formed by adding citral
to hydrogels consisting of chitosan and carboxymethyl
cellulose [28].

PPWPC3

PPWPC1

PPWPCO | | P ; \J

1080
7 1080

Transmittance (a.u)

\ ' |
PPmb 3283 2917 1645 1943l W7

A N

T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

TP PR RS PN PR PR PR PR PR PR PO PO RPN PO O PO PO |

Wavenumbers (cm™)
Figure 2. FT-IR spectrum of the all samples.

/\ "
2915 2856 f \
1441

1376

Transmittance (a.u)

T 1671
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Wavenumbers (cm™")
Figure 3. FT-IR spectrum of the citral.

3.3 Thermal Properties

Figure 4 indicates the thermal characteristic of the
hybrid fibers. The weight loss of all samples has a slight
initial weight loss between 30-100°C due to vaporization
of free water. Single-step degradation has been observed
for PP melt blown NWs at and 350-470°C (except for
moisture loss). The TGA curve of neat PVA/whey protein
nanofiber-coated PP non-woven (PPWPCO) and all citral-
loaded PVA/whey protein-coated PP non-wovens
(PPWPCI1, PPWPC2, PPWPC3) samples have the same
degradation profile and show 3-step breakdown (except
for moisture loss). The initial degradation of neat sample
PPWPCO occurred between 250°C and 400°C, which may
be related to both PVA and whey protein degradation. As
previously reported, the side chain breakage of PVA
started at 200 °C and for whey protein degradation
temperature at approximately 270°C, as well [20]. The
second degradation step was found between 400 - 500°C.
This is due to PVA’s backbone breakdown, chain scission
of PVA molecules dominated, and also the degradation of
side groups that are separated from the whey protein’s
backbone [21]. After the last step (600 - 625°C) was the
of the pyrolysis product produced throughout the analysis
in the N2(g) environment. Interestingly, the degradation
profiles of the neat sample (PPWPCO0) and sample with
max B-CD/citral ratio (PPWPC3) are very similar to each
other. However, in the second stage, PPWPO0 sample has
more weight-loss than PPWP3 sample one. With the
addition of citral essential oil to the structure, the heat

International Journal of Innovative Engineering Applications 8, 1(2024), 1-7
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resistance reduces. It is predicted there is a strong
interaction between the polymer matrix (PVA/whey
protein) and B-CD/citral complex. It is known that
essential oils are sensitive to heat and oxidation, and an
increase in the amount of essential oil reduces the thermal
resistance of the material in many studies [29].

100 |
—— PPWPC3

—— PPWPC2
—— PPWPC1
—— PPWPCO
——PPmb

90
80
70
60
50
40 1

Weight loss (%)

30
20
10

0

T T T T T T T T ]
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 4. TGA thermograms of all samples.
3.4 Antibacterial Efficiency

The disk diffusion procedure was performed to
investigate the antibacterial activity of neat (PPWPCO)
and citral-loaded (PPWPC1, PPWPC2, and PPWPC3)
samples against three species of bacteria (E. coli, S.
aureus, and P. aeruginosa) (Table 2 and Figure 5).

Bacterial infections seem to be a serious healthcare
concern as a result of the proliferation and distribution of
multi-drug bacterial resistance, which has attracted the
attention of researchers in developing novel antimicrobial
therapies [30]. Citral has been shown to be a bacteriostatic
agent against Staphylococcus aureus [31], Listeria [32],

@

and Escherichia coli [33], although the antibacterial
mechanism has not been investigated further [34]. Citral's
antimicrobial activity can damage cell walls of bacteria
[3]- A study about the antibacterial mechanism of citral
was performed by Tao et al. (2014) [35]. In this study, it
is appointed that citral with Penicillium italicum provides
for a decrease in lipid content in the bacteria, which
inhibits membrane stability and enhances permeability of
water-soluble compounds.

Despite  its  effectiveness  against  harmful
microorganisms in many applications such as food,

pharmaceutical, medical, and cosmetic, citral still
encounters significant obstacles in terms of use and
application. In this regard, fabrication of citral loaded-
PV A/whey protein nanofiber-coated PP non-wovens good
approach for medical uses. As per Fig. 5, control sample
(PWPCO) indicated no zone of inhibition for all bacteria.
PPWPC3 sample indicates antibacterial activity against
all type of bacteria due to the max B-CD/citral ratio (1:6).
Further, all citral-containing samples (PPWPCI,
PPWPC2, and PPWPC3) displayed antibacterial activity
against . coli bacteria. It is reported Gram (-) bacteria are
often more resistant to plant extracts, oils, and their
components than Gram (+) bacteria (S. aureus), owing to
their more complex cell walls [36]. However, in this study
samples with citral showed higher antibacterial efficiency
against Gram (+) bacteria. Many studies suggest that some
biological agents are more effective against Gram-
positive bacteria [37,38]. Ma et al. (2020) reported that the
synthesized citral-loaded chitosan/carboxymethyl
cellulose hydrogels has good antibacterial effect against
E. coli and S. aureus. [28]. As the B-CD/citral rate
increased, the antibacterial activity of the samples
increased, in this study. PWPC3 samples have the best
antibacterial efficiencies against Escherichia coli with 14
mm and zone inhibition.
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Figure 5. Antibacterial activities of the samples against A) E. coli B) S. aureus bacteria and C) P:;:rugir.losa

Table 2. Zone inhibition values of the hybride surfaces.

Sample ID Inhibition Zone (mm)
Escherichia coli Staphylococcus aureus Pseudomonas aeruginosa
PPmb - - -
PPWPCO - - -
PPWPCI 8 - -
PPWPC2 10 10 -
PPWPC3 14 12 -
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4 Conclusion

In this study, PP melt blown non-woven surfaces
successfully coated with PVA/whey protein/citral
nanofibers via electrospinning. Citral was stabilized with
B-CD, as a Pickering emulsifier. Therefore, Pickering
emulsion solutions were formed to obtain bio-based
nanofiber coatings in the electrospinning process. In
general, the morphological results of the nanofiber
coatings showed that the diameter of the fibers decreases
due to the fact that the citral concentration reduces the
viscosity of the solution. In addition, it was observed that
the fiber morphology of the sample (PPWPC3) with the
highest B-CD/citral ratio was disrupted. Nevertheless, it
was concluded that the increase in concentration with the
results of TGA provides resistance to the degradation of
the material due to the interaction between matrix and p-
CD/citral complex in the Pickering emulsions. According
to FT-IR analysis, the obvious interaction between
PVA/whey protein polymer matrices and B-CD/citral
complexes has not been detected. The slight changes were
appointed in the ranges of 1000 - 1200 cm™! band based on
the increase of B-CD/citral complexes. The resulting
materials have good antibacterial efficiencies between 8§ —
14 mm against E.coli. Therefore, these new nanofiber-
coated PP melt blowns developed with antibacterial
activity might be used to bacterial infections. Nonetheless,
more research on the materials’ in vitro and in vivo
cytotoxicity and wound scratch testing will be required. In
summary, our findings provide insight on the role of good
antibacterial efficiency as well as production process of
new material for medical applications.
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Abstract

Original scientific paper
A realistic goal in efforts to reduce worker injuries related to rockfall incidents is to assess the conditions that create a rockfall hazard. If
employers can properly assess the risks of rockfall and implement appropriate technical and administrative controls, they can better mitigate
the risks. In order to achieve this goal, the methodology of Root Cause Analysis (RCA) can be considered as a method of risk assessment.
An effective risk assessment method should include the ability to observe variable ceiling conditions and assess how much potential they
represent for injuring workers. RCA's ability to prioritize the risks associated with changing conditions provides significant benefits to
anyone responsible for designing, approving, or installing controls that are reasonably repeatable and stabilize the ceiling or reduce the risk
of material falling from the roof. Herein, this study is based on a case analysis of the risks and causes of rock fall incidents in a metro
construction project using the RCA methodology. This study explains the use of an RCA methodology that can help improve system-level
failures and weaknesses, such as rocks falling from the ceiling of a tunnel. Furthermore, the present report examined the causes that led to
the accidents and the predictors/variations were assessed using fishbone approach. Accordingly, inadequate training, lack of experience
and the use of inappropriate equipment were identified as the causes of accidents. Careless behavior is also a major source of danger, in
addition to failure to follow safety procedures.

Keywords: Rockfall, occupational health and safety, hazard, root cause analysis.

SABIHA GOKGEN - TAVSANTEPE METRO PROJESI INSAATINDA KOK NEDEN ANALIZ
METODOLOJiSI KULLANILARAK KAYA DUSMESI TEHLIKESININ AZALTILMASI

Ozet
Orijinal bilimsel makale

Bir metro ingaat projesindeki kaya diismesi olaylariyla iligkili is¢i yaralanmalarini azaltma ¢abalarinda gercekgi bir hedef, kaya diigsmesi
tehlikesi yaratan kosullar1 degerlendirmektir. Isverenler bu riskleri dogru bir sekilde degerlendirebilmesi ve uygun teknik ve idari
kontrolleri uygulayabilmesi durumunda, riskleri daha iyi hafifletebilirler. Bu hedefi basarmak i¢in K6k Neden Analizi (RCA) metodolojisi,
risk degerlendirmesi yontemi olarak diistiniilebilir. Etkili bir risk degerlendirme yontemi, degisken tavan kosullarini gézlemleme ve
bunlarin iscileri ne kadar potansiyel olarak yaralayabilecegini degerlendirme yetenegini icermelidir. RCA'nin degisen kosullarla iligkili
riskleri o6nceliklendirme yetenegi, tavani istikrarli hale getiren veya malzemenin tavanindan diisme riskini azaltan kontrolleri tasarlama,
onaylama veya kurma sorumlulugu olan herkes i¢in 6nemli faydalar saglar. Bu g¢alisma, bir metro ingaat projesindeki kaya diigmesi
olaylarmin risklerini ve nedenlerini RCA metodolojisi kullanarak bir vak'a analizi {izerinden incelemektedir. Bu ¢aligma, tavanin diigmesi
gibi sistem diizeyindeki basarisizliklar1 ve zayifliklar1 gelistirmeye yardimer olabilecek bir RCA metodolojisinin  kullanimini
aciklamaktadir. Ayrica, mevcut raporlar, kazalara yol agan nedenler inceledi ve balik kilgig1 yaklagimini kullanarak biitiin faktorler
degerlendirildi. Buna gore, yetersiz egitim, deneyimsizlik ve uygun olmayan ekipman kullanimi kazalarin nedenleri olarak belirlendi.
Ihmalci davranislar, giivenlik prosediirlerini izlemede basarisizlikla birlikte, tehlike kaynaklarindan biri olarak belirlendi.

Anahtar Kelimeler: Kaya diismesi, is saghgi ve giivenligi, tehlike, kok neden analizi.

1 Introduction concern for any organization. Risk assessment studies,
workplace accidents, maintenance programs and strategies

Risks and hazards in the global competitive markets are designed and implemented with the negative

can have a devastating impact on an organization, resulting
in costly consequences. Therefore, preventing risks and
hazards within their own operations or products is a major
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consequences of machine or equipment failure in mind,
minimizing unplanned downtime caused by such failures.
[1]. It is clear that for organizations, particularly those
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operating in an expanding global economy, the cost of error
can be very high and it is easy to see how failures affect the
organization’s ability to compete [2]. As a result,
organizations often develop and implement innovative
strategies, both technical and managerial, which are critical
to achieving sustainable success.

As organizations incur significant costs due to
unexpected downtime, it is important to learn from
mistakes by identifying their causes and preventing their
recurrence. However, resources for research and analysis
must be made available to achieve this goal [3]. This leads
to the question: "How can we reduce the cost of investment
in identifying the causes of failure?

Root cause analysis (RCA), an effective method for
achieving this goal, focuses on identifying the root cause
of a failure through systematic causal analysis [4]. To
achieve this goal, RCA uses a variety of methods and tools.
The choice of these should be in accordance with their
location and purpose. These include Pareto charts, Failure
Mode and Effect Analysis (FMEA), 5 Whys, Ishikawa
Fishbone Diagram, Fault Tree Analysis, 8D Report
Template Checklist. However, there are three main barriers
to using RCA. The first is that the methods and tools used
to carry out RCA can be quite complex and difficult to use.
This can result in RCA being used less frequently, taking
more time and making it more difficult to maximize the
learning potential within the organization. Secondly, some
RCA methods or tools may require specialized software
applications. These may have limited access and may
require an initial capital investment. Thirdly, some
methods or tools must be rigidly applied, which limits
creativity and increases the likelihood of missing or
abbreviating the real root cause(s) [5]. This is a method that
focuses on identifying the root causes of a current event
and subsequent events [6]. This method aims to solve the
problem in its entirety by identifying the underlying
causes, rather than focusing on a specific cause or effect of
the problem. Therefore, in order to make it more effective,
it needs to be made simpler, faster, and more reliable. To
achieve this goal, RCA methods should be made more
user-friendly within the company, accessible open source
software should be used, and processes should be tailored
to the organization’s characteristics. As a result, there will
be a reduction in costs and organizations will be able to
make their risk analysis processes faster and more
effective.

Instead of a culture of responsibility, there is a culture
of blame in organizations. For RCA to be used effectively,
it is important that the organization adopts a learning
culture and encourages responsibility rather than blame in
the problem-solving process. In this context, organizations
must train their employees, encourage their identification
of problems and offer solutions [7]. The lack of training
and risk awareness among employees is another major
obstacle to achieving this goal. In order to use RCA
effectively, it is necessary to have a trained team that is
familiar with the methodology. Especially, it is important
to have the knowledge and skills necessary to understand
the basic principles and tools of RCA, to ask the right
questions, and to analyze the right data. Organizations need
to invest in staff training programs, methods and tools.

They may also need to hire experts or set up a
dedicated team. The fact that the studies require detailed

analysis and data collection processes can create
difficulties for organizations in terms of time and
resources. The implementation of RCA needs to be
prioritized and supported by all relevant stakeholders. It is
also important that the budget planning process includes
the allocation of an appropriate budget to provide the
necessary resources.

In this study, a qualitative root cause analysis was
applied to the rockfall event that occurred during tunnel
excavation and support works, the subsequent events, and
the effects of possible mitigation measures. In this RCA
model, the fishbone method has been used for the
consideration of each parameter in the chain of events
leading to the accident. In assessing the rockfall initiating
events, factors resulting from formation characteristics,
support methods and material properties were investigated.
A detailed study of the near misses or minor injuries that
can occur in tunnelling, which is considered one of the
most dangerous workplaces in terms of occupational health
and safety, will help to develop strategies to prevent
accidents from reaching a potentially serious level.

The metro tunnel connecting Sabiha Gokgen Airport
and Tavsantepe station, the construction of which started
in March 2015, has a length of 15 kilometers and there are
a total of 4 stations on the line. Upon completion, the
project will connect the airport to Istanbul's existing metro
system. It is expected to reach a capacity of one million
passengers per month.

According to the data of the Social Security Institute
of 2022, 4491 work accidents occurred in tunnel and
railway construction in our country, 11 of them resulted in
death, 1090 of them in the form of injuries requiring more
than five days of treatment. Similar accidents cannot be
prevented, although all such accidents are analyzed and
recommendations are made. Such a high rate of accidents
can be explained with the not learned from the past
experiences. The rock fall accident, in which many workers
were injured during excavation and support activities in the
study area, was the subject of analysis. Along with the
present study, we hypothesized that, based on the former
reports, the major reasons of the accident occurred in metro
project could be associated with the environment and
communication and education status of the personnel
involved in the project. In order to test the hypothesis, we
used a fishbone approach including “communication”,

EEINNT3 CEINT3

“education”, “and environment”, “personnel factors”.
2 Literature Review

Today, accident investigation and risk reduction, with
a particular focus on occupational health and safety, are
commonly used to analyze system and equipment failures
by examining the reliability and maintenance practices of
technological systems, identifying the causes of equipment
malfunctions, and making improvements to prevent
recurring problems [8-10]. Due to its widespread use in
industry, it has also attracted interest in fields such as
quality management, manufacturing, and services [11].

It performs detailed analysis to identify the root causes
of errors or defects that occur at any stage of production,
and then takes appropriate preventive action to ensure that
these problems do not recur, thereby eliminating the causes
of errors in the production process and improving quality
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[12]. Tt also focuses on RCA business processes and
investigates the reasons for errors in the structure of these
processes [13], helping to construct a more efficient and
effective workflow by identifying sources of errors in
processes. Companies can reduce costs and increase
customer satisfaction through the identification of errors in
their processes [14].

Systems-based RCA is designed to combine change
management, risk management and systems analysis
applications [15]. It is also designed to deal with complex
systems and use a systematic approach to understand
problems and allocate resources effectively in large
projects. It aims to identify potential errors in a system,
determine their causes, and then produce appropriate
solutions. System-based RCA considers errors and
inconsistencies in subsystems by addressing the entire
system. This provides a holistic view. If one of the
components in the system fails, other components in the
system may be affected [16]. Change management is the
analysis of the impact of changes to a system and the
implementation of  appropriate  measures.  Risk
management identifies potential risks and assesses their
potential impact. Preventive measures are taken to mitigate
risks.

In the area of occupational health and safety, RCA
examines the reliability and maintenance practices of
technological systems, as well as accident investigation
and risk mitigation based on comprehensive data. Its aim is
to identify the causes of equipment failures on the basis of
all available evidence. In addition, data from similar
incidents and experiences in other organizations can be
used in RCA analysis. This data can help to understand the
causes of past incidents and provide information on how to
take preventative measures against possible future
incidents [17].

In general, the RCA process begins with the formation
of the team and continues with the definition of content and
purpose and the collection of data. Identifying and
structuring an appropriate method for analyzing the data
collected is the most important step. As a result, corrective
actions are taken and recommendations are made. To
ensure that any additional risks or malfunctions are
eliminated, the system is controlled in a closed loop (Fig.
1.).

RCA is performed using special analysis techniques
such as "5 Whys" technique, Failure Mode and Effect
Analysis, Fault Tree Analysis, Fishbone or Ishikawa
diagrams, Pareto Analysis, and Root Cause Mapping [18].

The root causes of a problem can be identified using
these structured analysis techniques. For example, the "5
Whys" technique involves repeatedly asking the question
"why?" to determine the causes of the problem and get to
the root causes (Fig. 1.). In this way, we can get to the most
fundamental causes of the problem. To identify the sources
of faults in a system and assess their impact, Failure Mode
and Effect Analysis is used [7]. A fault tree analysis is a
diagram that shows the causes of a failure in a system and
the consequences of that failure. Fishbone diagrams, or
Ishikawa diagrams, are graphical organisational tools that
are used to identify the root causes of problems (Fig. 2.).
To identify the most common causes of a problem, Pareto
analysis is effective. Root Cause Mapping is a technique
used to visualize all the factors involved in a problem and

understand how they relate to one another [19]. The use of
these analytical techniques is therefore one of the critical
elements in the success of RCA. Choosing appropriate
techniques leads to precise identification of problem causes
and development of appropriate solutions. Identifying the
root causes of problems is made easier by this structured
approach to RCA. This allows continuous system
improvement.

Cioca and Moraru [20] used root cause analysis, a
combined and systematic approach to risk, to assess the
risk of fire and explosion in gas mines. Even a small fire
can cause major disasters, resulting in a potential explosion
or fire, if a flammable atmosphere is created. Budiyanto
and Fernanda [21] reported that traffic accidents at the
container terminal are the most likely to occur and are
caused by negligence, resulting in damage to both people
and equipment.

In addition, Shahhossein et al. [22] reported that the
root causes of the possibility of failure in the
implementation of large-scale construction projects are
that most of the problems in the projects arise from
financial concerns and deficiencies in the bidding process.

Team
Building

Define

Control N
content

and
assess

Solut.

and
recom.

Figure 1. The steps of root cause analysis (RCA).

RCA is a process that starts with physical causes,
progresses to human causes and finally to management or
root causes, identifying the reasons for problems in order
to develop solutions. In this way, the causes of any
problems can be identified and appropriate corrective
action can be in place. One of the outputs of RCA is the
documentation of the data and evidence collected during
the analysis process. These results will include findings in
relation to the hypotheses that have been considered and
the most likely root causes of the failure or loss.
Hypotheses help to test different approaches to determine
the cause of the problem. The results are presented based
on the information obtained at the end of the analysis and
provide a clear understanding of the causes of the problem.
Recommendations for corrective action are one of the key
outputs of RCA.

In order to prevent the recurrence of problems and to
ensure continuous improvement of the system, these
recommendations include warnings and suggestions.
Based on the results of the analysis, recommendations for
corrective action are determined and an appropriate plan

International Journal of Innovative Engineering Applications 8, 1(2024), 8-16

10



0. Ozbakir

for implementing solutions is

outputs are part of the RCA analysis process and are used

to take appropriate corrective

necessary information to prevent similar problems in the

future.

A commonly used tool in root cause analysis is the
Ishikawa diagram shown in Figure 2. This diagram covers considered to be caused by
efforts to prevent defects in production, marketing, and

service processes and includes

factors that affect the outcome. The causes of each defect

are considered as a variation

diagram. The diagram has a fish-like shape; the defect or
problem is written on the right-hand side, while the causes
are shown as spiky thorns. Subgroups may be expanded

provided. All of these This approach aims

depending on the range of causes.
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3 Material and Metod

There are two main purposes for the identification of
the causes of accidents in the work place. The first is to

The opinions of supervisors,

quality control experts and experienced tunnel workers

Figure 2. Fishbone or Ishikawa diagrams for root cause analysis (RCA).

to understand the problem, identify the root causes, and
support collaborative decision making. An investigation
has been launched to gather information about the
problem, including details of the time and place of the
identify the causes of failures through failure incident. The root cause of the problem or incident was
investigations and to provide information on the risk
situation in the workplace. This information includes
determining the cause of the failures, identifying working
conditions, raising awareness of risks, and identifying
possible precautions. Secondly, the data is used to
understand and prevent similar failures. Data from
individual accident investigations are used to analyze
similar accidents that occur in similar workplaces and to
develop preventive measures. The first step in separating
the factors that contributed to the accident is to identify
the visible causes that led to the accident.

A team of experts with the necessary expertise to
analyse the problem is required to perform RCA correctly.

were taken into account at this stage. The ideas of these etc.). (Fig. 3.).
experts approach the problem from different perspectives
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relationships between variables and provide additional
actions and provide the information on possible causes.
identified through brainstorming sessions and grouped into
categories within major industries. In the context of
occupational health and safety, accidents are generally

Causes are usually

characteristics, the work environment, or communication
the identification of all (Fig. 2.). For example, situations such as inadequate
lighting or a lack of training for staff can have a negative
and are grouped in the impact. Picking the right fishbone among the causes is
important. This methodology contributes to quality control
and process improvement by providing a systematic
approach to root cause identification.

Risks were not identified and

pragrams is not determined

determined and corrective actions developed by analyzing
the data obtained. Using a results-oriented approach, the
process continues with the evaluation of alternative
solutions based on hypotheses.
identified before the work was carried out? Were safety
violations overlooked? Are there any design-related
security flaws? Are the security
environment working correctly? Was the work done in
compliance with instructions? The identification of
subfactors also includes the training that led to the
accident, the way the work is performed and whether the
work instructions are sufficient, as well as whether there
are environmental factors that contribute to the accident
engineers, technicians, (such as weather conditions, noise) and other factors that
affect the worker's attention (such as overtime, stress,

Were risks/hazards
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Figure 3. The search strategy of root cause analysis (RCA).

Group Error

Through a systematic approach, this study identifies
corrective actions to prevent the recurrence of the
problem. Developing different solutions to the problem
and implementing the most effective corrective action is
the main purpose. Monitoring the implementation of
corrective actions to ensure they are carried out correctly
is the most critical step at this stage. The results of the
implementation of the solutions should be evaluated and
the necessary steps for further improvement should be in
place. Analyzing data for accurate analysis, developing
solutions, and continuously improving systems by
identifying corrective actions prevents problems from
recurring and continuously improves systems.

In this study, the causes of situations such as collapses
and rock falls in tunnel excavation were examined in
detail and a case study was presented using root cause
analysis. In addition, the potential risks of these accidents
were examined, emphasizing the need for engineering and
administrative controls to prevent accidents and hazards.
The aim was to identify the measures needed to prevent
such accidents. This was done by analysing the causes of
rockfalls in the Istanbul metro tunnel. A risk assessment
was therefore carried out. The aim was to identify sources
of risk and propose protective measures. The results of the
study will provide guidance on how to prevent accidents
during tunnel excavation.

4 Rockfall Hazards and Moment of Accident

Tunnel support structures are structural systems
installed during or after tunnel excavation to provide
ground support, maintain the opening, limit groundwater
ingress, support fixtures and provide a sub-base for the
final surface. These structures can be used to provide
initial stabilization, to provide permanent support to the
ground, or both [23].

Although the lining of a tunnel is a structural system,
it has different behavior and stability characteristics to
other structural systems. Their interaction with their
environment is the main reason for these differences. Loss
or inadequate support from the surrounding ground can
cause tunnel lining failure. The ability of the tunnel lining
to deform under load is determined by the relative
hardness of the tunnel lining and the surrounding soil.

Tunnel linings are generally more flexible than the
surrounding soil, and this flexibility allows the lining to
deform in response to soil deformations during and after

tunnel excavation. This deformation contributes to the
development of strength and stability in the surrounding
soil [24]. Due to the deformation of the tunnel lining, the
moments redistribute the axial and eccentric loads within
the lining. This shows that flexible and ductile tunnel
liners are the most efficient [25].

Once excavation of the required tunnel opening has
begun, the initial stress state is no longer valid and the
excavated area is now subject to a new stress state. Soil is
usually inhomogeneous and has been subject to large
natural forces since excavation [26]. Once excavation is
complete, appropriate support measures shall be taken to
protect workers from falling materials, collapse hazards
and other deterioration of the tunnel roof or crown. Figure
4 shows the material piled up in the working environment
as a result of rocks falling from the excavation surface and
roof following tunnel excavation.

Figure 4. Excavation surface and lining of surrounding rock.

In some formations, rockfalls can also occur if the
face is not properly supported within a reasonable period
of time after excavation. For these reasons, detailed field
and laboratory studies should be carried out prior to
excavation of underground structures to ensure proper and
accurate reinforcement. This helps to prevent accidents
and ensure safety at work [27].

As roof collapses and rock falls are among the most
common causes of accidents in underground structures, it
is necessary to understand the conditions that lead to them
in order to prevent such incidents and take protective
measures. The geological conditions, the stresses, the
design of the tunnel and the impact on the environment
can be noted as examples of these conditions [28]. In order
to strengthen or balance the underground rocks, ground
control is carried out. There are two stages for this
purpose. In the first stage, measurements such as how
excavation work will be done and which reinforcement
will be used where are made during the design phase. The
second stage consists of operational measurements.
Depending on the design of the tunnel, measurements and
precautions will be taken to adapt to changing conditions
as the tunnel progresses [29].

Reinforcement systems should be designed in
accordance with the geology, stress conditions and tunnel
opening geometry. For a good reinforcement system, the
dimensions and geometry of the tunnel should be well
understood, and all factors such as blast damage,
geological discontinuities and stress conditions should be
taken into account. It is therefore necessary to investigate
in detail all the factors that may have an influence on the
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formation of roof collapses and rock falls. The scientific,
impartial and targeted assessment and management of
potential risks during tunnel construction is of the utmost
importance. This ensures the safety of tunnel construction.
It also minimizes the risk of loss of life and property.
Therefore, risk assessment and management should be
carried out with great care in the design and
implementation of tunnel projects.

The "Underground Space Use: Analysis of the past
and lessons for the future" report published by the
International Tunneling and Underground Space
Association (ITA) provides detailed statistics on accidents
that occur during tunnel construction [30]. According to
the report:

e Since 1950, there have been at least 340 accidents in
tunnel construction around the world.

e At least 660 people died and thousands were injured
in these accidents.

e The most common cause of accidents is roof or floor
collapse. About 50% of these accidents are fatal.

o Fire, explosion, collision with work equipment and
industrial accidents are other common causes of
accidents.

An investigation has been carried out into the accident
that took place on 04.03.2021. The accident occurred as
part of the Sabiha Gokgen-Tavsantepe metro project.
RCA analysis was used in the investigation. Similar
accidents in all tunnels can be predicted from the findings
and results of the accident investigation. The progress of
the tunnel excavation started at 07:00 and was completed
on schedule at 08:30 with the completion of the 0.8 metre
excavation step. Immediately after the tunnelling machine
emerged from the tunnel face, a loader was brought in to
remove the excavated soil, which was completed at 09:30.

The excavated area was then covered with sprayed
concrete, with a thickness of 5-10 ¢cm, and reinforcement
work began. However, the ground collapsed during the
reinforcement work. A 1.5 to 2 cubic meter section of the
ground fell on four workers. The workers were trapped
under 30 kg of steel mesh, and the steel mesh they were
holding also hung down to the ground due to its weight.
Three of the workers suffered serious injuries such as
fractures and crush injuries due to the falling materials,
while the other worker survived the accident due to being
positioned near the edge of the loader bucket. Between
2018 and 2021, there were nine accidents at different
construction sites on the project, all as a result of material
fall incidents. The investigations revealed that the
common cause of all these accidents was falling material.
Three of the accidents resulted in serious injuries,
including broken feet and hips, while the rest of the
accidents resulted in minor injuries. These data show that
tunnelling is a high-risk activity.

The route on which the accident occurred is the
Sultanbeyli Formation, a structure consisting of
unconsolidated sand, gravel, clay and sometimes block-
sized fragments with horizontal and vertical transitions.
The layers of this formation are named Orhanli Member,
Dudullu  Member, Tuglacibasi Member, Altintepe
Member, and ikiz Tepeler Member, each having different
lithological characteristics. Specifically related to the

examined accident, the left rear face of the Kuyruk Tunnel
is located in the Orhanli Member, which mainly consists
of clay, silt, and fine sand-sized materials. These materials
are bluish-gray when fresh and turn light brown as they
weather. Fine-grained clay-silt materials dominate the
rock type and occur as lenses and interbeds containing
sand-gravel and block-sized unconsolidated materials in
some areas. This formation also contains basal
conglomerates of coarse material derived from the
shoreline. Calcareous concretions are also present. Fine-
grained clay-silt materials, which may contain varying
amounts of limestone, predominate in all layers of the
reservoir environment in the outlying parts of this
formation.

5 Discussion

During the excavation, which was carried out entirely
in the direction of tunnel advance, a Scm layer of shotcrete
was applied to the area opened up by the removal of the
excavated material. The concrete was allowed to set for
15-30 minutes before reinforcing work began. During this
process, however, particles of soil were falling on the
workers when they broke off (Fig. 5). The soil excavated
in the tunnel is generally composed of a clayey soil that
contains sandy-clayey layers belonging to the Sultanbeyli
Formation. Clay is a very cohesive material. However, it
loses its cohesiveness when sand gets into it, and the sandy
parts usually break and fall out [31]. Predicting
fragmentation in such soils is extremely difficult [32]. In
cases where we cannot prevent the main material from
separating from the ground, it may not be possible to
control or eliminate the hazard at source from an
occupational safety perspective [33]. Therefore, control
and prevention of this hazard must be achieved through
the use of engineering methods. Techniques such as
shotcrete, which is applied prior to excavation, are often
used to prevent soil fragmentation. However, it was found
that the shotcrete applied to the front of the fragment after
an accident was not durable enough to hold the piece in
place. There are two possibilities regarding the durability
of the shotcrete used after the accident. The first
possibility arises from the fact that the sprayed concrete
may not have hardened sufficiently, which could result in
inadequate strength.

However, there are a number of factors that can
influence the setting process of the concrete [34], this
requires an in-depth analysis by the quality department.
According to the findings of the quality unit, the
temperature values of the concrete produced at the time of
the accident were approximately 12 degrees Celsius, and
no evidence was found that the setting problem was
caused by cold weather conditions. The concrete plant
must therefore deal with any defects that may affect the
concrete setting process. The second possibility is that the
durability of the shotcrete that was applied was not
sufficient to hold the separated piece in place. In the
examination conducted by the Quality Unit, it was
determined that the design and control studies of the
shotcrete included cement and additive compliance tests,
and the initial setting time of the concrete was
approximately 1 minute. According to penetration
measurements of 2.5 and 10 minutes in field tests, the
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values range from 0.6 to 2.1 MPa, and according to
laboratory compressive strength tests, the value ranges
between 27.5 to 31.6 MPa one day later. Although the
laboratory results are positive, the field tests do not
confirm this.

For the concrete to hold the separated piece in place,
high tensile strength is required [35]. This can be achieved
by increasing the thickness of the concrete. However,
there is a limit to the maximum thickness of shotcrete that
can be applied without reinforcement [34]. Unreinforced
shotcrete can be applied up to a maximum thickness of
7cm, and can be applied at greater thicknesses and the
tensile strength of unreinforced concrete remains low
(approximately 2 MPa) [36]. As an alternative, reinforced
concrete can also be used to solve the problem. This can
be achieved by installing a mesh on the excavated surface.
However, this approach can lead to workers being
exposed to more hazards. To increase the tensile strength
of the shotcrete, steel wire can be incorporated into the
shotcrete [37]. In this way, not only can the strength of the
concrete be increased, but also the falling of material from
the ground can be reduced, and any fallen pieces can fall
over time. In this way, the falling of material can be
largely prevented, or workers can be given time to escape
from the danger zone because the separated material will
not suddenly fall.

The main causes were the workers' desire to work
quickly, which resulted in more people than normal being
in the loader bucket (the maximum should have been
three), and insufficient escape space in the event of an
accident. The use of a suitable basket platform for the
reinforcement work could have remedied this situation.

Compared to loaders, however, such basket machines are
less manoeuvrable. In the event of a cave-in at height, the
confined nature of the working area of these machines
does not allow for rapid escape. Loaders are faster in this
regard. In addition, to prevent workers from falling, the
loader operator must be more careful when reversing. This
was also a point of reference for the workers in their
statements on the incident. Despite its shortcomings in this
regard, the loader will always be faster and more
advantageous than the basket machine in escaping from
the danger zone (Figure 6.). The risk of overturning due to
parts falling from the floor hitting the machine is another
disadvantage of basket machines [38]. This can further
worsen the possible outcome of the accident. However, it
is important to remember that when using loaders, there is
a risk of workers falling from the bucket during sudden
reverse manoeuvres. Using different machines for each
task in narrow areas such as tunnels is not very effective
in terms of space.

F fgure 5.’W0rkin;g nvironment in the tunnel.
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Figure 6. Causes leading to the accident.

Workplace-based training has been reviewed and its
outcomes evaluated. The question "Why were these rules
not followed?" was asked. Were these rules and
procedures explained to those responsible, and was the
importance of compliance understood? Do the control
personnel have the necessary knowledge and experience?
Negative answers to these questions are an indication that
a safe environment has not been in place due to a lack of
training. This can also be interpreted as a failure of
management. The fact that the majority of workers answer
'yes' does not absolve employers of their responsibilities.

Providing training does not absolve employers of their
responsibilities; monitoring the use of authority and
responsibility is the responsibility of the employer [39].

6 Conclusion

According to the findings of the study, it can be
concluded  that  personnel,  management and
communication problems are often identified as the causes
of accidents. Such problems have been then manifested
as critical risks, which in turn have caused accidents.
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Personnel problems can result from inadequate training
and experience of workers, inadequate knowledge of how
to use appropriate equipment, failure to follow safety
procedures and careless behavior. Management
deficiencies include physical deficiencies such as
inadequate infrastructure, non-compliance with legal
requirements, unclear roles and inadequate risk
management strategies. Communication problems can
arise from interactional breakdowns between workers and
managers, inadequate or incorrect transmission of
instructions, lack of accurate information during
emergencies, or misunderstandings among other factors.
A key role in preventing accidents will therefore be played
by improving the way people work, manage and
communicate in the workplace.

As also underscored above, root Cause Analysis
(RCA) is the systematic investigation of the underlying,
hidden causes of a system failing or causing an adverse
event. RCA is a structured and process-oriented
framework. It aims to address systems and organizational
issues. It avoids negative individual blame. However,
there are also significant methodological limitations to the
RCA. RCAs are typically uncontrolled case studies and it
is impossible to know whether the root cause identified by
the analysis was actually the cause of the accident due to
the incomplete predictability of accidents. Furthermore,
these analyses are retrospective and may be affected by
hindsight bias. Other biases may be the result of the depth
of the investigation into the causes, or the prevailing
concerns of the day. It is therefore important to plan the
RCA process well beforehand and to conduct the analysis
objectively and unbiasedly.
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Abstract

Original scientific paper
Increasing evidence shows that Rheum ribes bark exhibits therapeutic and pharmacological effects. Therefore, we determined the total
phenolic and flavonoid content and performed elemental analysis of R. ribes bark using inductively coupled plasma mass spectrometry.
The results indicated a phenolic content of 0,61 + 0,001 mg gallic acid-equivalent/g sample and a flavonoid content of 0,327 + 0,026 mg
catechin-equivalent/100 g sample. Elemental analysis of R. ribes bark revealed the presence of numerous essential elements, including Fe,
K, Ca, Na, Al, and Mg. Our results show that R. ribes bark contains high levels of phenolic and flavonoid compounds and is a source of
various important elements. Consequently, it may offer health benefits and might prove to be a valuable resource for the pharmaceutical

and food industries.

Keywords: Antioxidant; flavonoid; phenolic; trace element; Rheum ribes.

1  Introduction

Plant oils and extracts possess several therapeutic
properties and are extensively used in pharmaceuticals
and alternative medicine. Antioxidants present in plants
protect cells against harmful substances, prevent
oxidation caused by free radicals, and can reduce the
deleterious effects of disease such as chronic
inflammation, obesity, diabetes, cardiovascular diseases,
and cancer [1], [2]. Naturally produced antioxidants
include vitamins A, C, and E, polyphenols, carotenoids,
and flavonoids [3], [4]. Antioxidants often contain
phenolic compounds [5], which are important bioactive
compounds, and play key roles in defense responses, such
as anti-aging, anti-inflammatory, antioxidant, and anti-
proliferative activities [6]. Flavonoids are secondary plant
metabolites that play important roles in regulating plant
growth and inhibiting low-density lipoprotein oxidation
[71, [8]. Additionally, plants contain various biologically
important macro-elements, such as K, Ca, Mg, and Na,
and trace elements, such as Fe, Zn, Cu, Mn, Mo, Cr, and
Co, which are necessary for enzyme activity, growth,
metabolism, and tissue health. Deficiencies in these
elements lead to health problems, whereas excessive
intake may result in toxic effects [9]. Although medicinal
plants have not exhibited detrimental effects at
concentrations evaluated to date, excessive intake of
heavy metals negatively impacts human health [2], [10],
[11]. Therefore, an accurate evaluation of the elemental
composition of plants is pertinent [2], [12].

R. ribes, which belongs to the Polygonaceae family,
has been an important food source and medicinal plant in

*Corresponding author.
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Turkey and other parts of the world since ancient times
[13]. Annually, tons of R. ribes plant bark are discarded.
Given its medicinal applications, we aimed to investigate
its total phenolic and flavonoid contents, as well as the
elemental composition of the bark.

2 Materials and Methods
2.1 Collection of Plant Materials

Wild-growing R. ribes was collected from the Pervari
district of Siirt province, Turkey, in early May 2023
(Figure 1). The bark of the collected plant samples was
dried at 24 °C in a dark room for 1 month. Subsequently,
the dried R. ribes bark was ground into powder under
identical conditions and preserved for further analysis.
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2.2 Extract Preparation

Five milliliters of 75% methanol containing 0.1%
phosphoric acid were added to a 0,2 g powdered plant
sample, mixed well, and homogenized using an ULTRA-
TURRAX homogenizer (MS3-MaxiHomo35, Osaka,
Japan) at 600 rpm for 30 s. The sample was centrifuged at
2500 rpm (Archer LC-05A, Istanbul, Tiirkiye) for 10 min
at 24°C to obtain the supernatant, which was then
incubated for 15 min in an ultrasonic water bath at 25°C.
The extraction process was repeated twice, and the
extracts were pooled. The final extract volume was
adjusted to 10 mL with methanol, and the extract was
transferred to 100 pL tubes.

2.3 Total Phenolic Content Determination

Folin—Ciocalteu reagent (FCR) is used to measure the
total phenolic content of a substance. Phenolic compounds
are antioxidants and can react with free radicals, reducing
cellular damage. The FCR reacts with phenolic
compounds, causing a color change that is proportional to
the amount of phenolic compounds present. This test is
commonly used in the food, beverage, and natural product
industries to assess antioxidant capacity and is usually
reported in terms of gallic acid equivalents. Briefly, 900
pL pure water (18,2 MQ, Arium Pro Ultrapure Water
System, Sartorius, Gottingen, Germany) and 5 mL 0,2 M
FCR were added to 100 puL R. ribes extract. The mixture
was shaken vigorously and allowed to rest for 8 min. Next,
5 mL 7.5% sodium carbonate was added to the mixture
and vortexed for 20 s. The mixture was then incubated in
the dark at 22-24°C for 2 h, after which the absorbance
was measured at 765 nm using a spectrophotometer
(Biochrom Libra S70 Double Beam Spectrophotometer,
Cambridge, England).

2.4 Total Flavonoid Content Determination

The R. ribes extract (0,4 mL) or catechin standard was
transferred to a 10-mL measuring cup, and 4 mL pure
water was added. Then, 0,3 mL 5% NaNO; was added to
the mixture and allowed to rest for 5 min. Next, 0.3 mL
10% AICI; was added to the mixture and allowed to rest
for 6 min. Finally, 2 mL 1 M NaOH and 3 mL distilled
water were added to the mixture, shaken, and the
absorbance measured at 510 nm using a
spectrophotometer (Biochrom Libra S70 Double Beam
Spectrophotometer, Cambridge, England). Pure water was
used as a blank.

2.5 Inductively Coupled Plasma Mass Spectrometry
Elemental Analysis

For inductively coupled plasma mass spectrometry
(ICP-MS), a 1 g powdered R. ribes bark sample was
transferred to a Teflon container. Next, 10 mL
concentrated 65% nitric acid (Merck, Darmstadt,
Germany) was added to each sample; 10 mL 65% nitric
acid was added to an empty Teflon container and used as
a blank. The Teflon containers were placed in a MARS 6
One Touch microwave digestion system (CEM,
Matthews, NC, USA). The maximum temperature was
increased to 210°C over 25 min and maintained for 15
min. Dissolution was performed in a closed system for 40
min. After the microwave temperature returned to 22—
24°C, the solutions and Teflon container lids were
thoroughly washed with ultrapure water and transferred to
50-mL volumetric flasks.

Calibration solutions for ICP—MS (Table 1) were
prepared by diluting commercially available multi-
element standards with 1% Suprapur nitric acid (Millipore
Sigma, Burlington, MA, USA) in ultra-pure water and
used to construct a calibration curve.

Table 1. Calibration standards.

Std1 Std2 Std3
Analytes (ppb) (ppb) (Ppb)

Std4 Std5 Std6 Internal
(ppb) (ppb) (ppb) standard

Li, B, Al, Ti, V,

Cr, Mn, Co, Ni,

Cu, Zn, Ga, As, 0,5 1 5
Se, Rb, Sr, Nb,

Mo, Ru, Pd, Ag,

Cd, Sn, Ba, Hf,

Ta, W, Au, Pb, U

25 50 100 8y

Na, Mg, K, Ca, 25 50 2,50

Fe

1250 2500 5000

Appropriate sample dilutions were prepared, and
ICP—MS analyses were performed on a NexlION 2000B
ICP mass spectrometer (PerkinElmer, Waltham, MA,
USA) fitted with a quartz nebulizer, cyclonic spray
chamber, and integrated auto-sampler under the operating
conditions summarized in Table 2.

A washing solution containing 1% Suprapur nitric
acid-ultrapure water was prepared at the concentrations

specified in Table 1, and 25 ppb 89Y (Yttrium) was used
as the internal standard. Samples were injected into the
cyclonic spray chamber with argon gas flow via a
peristaltic pump. In addition to argon, a high helium
percentage was used to prevent interference. Syngistix for
ICP-MS software version 2.2 (PerkinElmer) was used for
instrument setup, data acquisition, and data analysis.
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Table 2. Inductively coupled plasma mass spectrometry operating conditions.

Parameter Description/Value
Nebulizer MEINHARD plus Classic Type C
Spray chamber Glass cyclonic (baffled), 4°C
One piece torch w/2,5 mm Quartz Injector
Injector 2,0mmi.d.
Nebulizer flow Optimized for <2% oxides
Radio frequency power 1600 W
Cones Ni
Replicates 3
Dwell time 50 ms
Aerosol dilution Set to 2,5%
Sample delivery rate 350 pL/min
Rinse time 455
Nebulizer gas flow rate 0,93 L/min

Deflector voltage

Analog stage voltage

Pulse stage voltage

Discriminator threshold

Sample tubing (orange-yellow)
Internal standard tubing (orange-red)
Peristaltic pump speed

Alternating current rod offset

Approximately 12 V

Approximately 1750 V

1100 V

26

Flared PVC pump tubes 0,51 mm/0,89 mm
Flared PVC pump tubes 0,19 mm/0,91 mm
35 rpm

Approximately 4

3 Results and Discussion
3.1 Total Phenolic Content

The R. ribes bark had a high phenolic content of 0,61
+ 0,001 mg gallic acid-equivalent/g sample, as determined
using the Folin—Ciocalteu method. A previously reported
phenolic content for water, ethanol, and methanol extracts
of R. ribes was 118,76, 125,07, and 136,82 mg,
respectively [14]. Another study reported a total phenolic
content of 35,71 mg pyrocatechol-equivalent/mg extract
[15]. Although the bark of R. ribes may have a lower total
phenolic content than other plant parts, these discarded
portions still hold potential as valuable source material for
health and dietary

supplements because of their phenolic components.
Phenolic compounds are widely present in plants and have
numerous health benefits, such as antioxidant, anticancer,
and anti-inflammatory effects [16]. Their anticancer
effects, including growth inhibition and cytotoxic effects,
are under active investigation. R. ribes may therefore exert
beneficial health effects, including antioxidant and
anticancer activities.

3.2 Total Flavonoids

In addition to the total phenolic content, the presence
and amount of other bioactive compounds, such as
flavonoids, tannins, and phytosterols [17], can affect the
biological activity of R. ribes bark extract. We found that
the total flavonoid content of the R. ribes bark extract was
0,327 + 0,026 mg catechin-equivalent/100 g sample. R.
ribes plant extracts obtained using different methods are
reportedly rich in flavonoids; water, ethanol, and

methanol extracts were previously shown to have a total
flavonoid content of 2681,49, 2345,85, and 1239,74 mg
catechin-equivalent/g extract, respectively [14]. Another
study reported that the chloroform extract of R. ribes roots
had the highest flavonoid content at 145,59 + 0,22 mg,
whereas the methanol extract of the stems had the lowest
content at 13,66 + 0,75 mg [15].

Flavonoids are plant-derived compounds with
antioxidant,  anti-inflammatory,  anti-tumor,  and
antimicrobial  properties and are therefore of
pharmacological and biochemical interest. The current
study indicates that R. ribes bark is a rich source of
flavonoids, and further studies are required to investigate
the health benefits of the bark and the bioavailability of
the flavonoids.

3.3 Elemental Analysis

The elemental analysis of R. ribes bark using ICP—MS
revealed the presence of numerous elements (Table 3),
with Fe, K, Ca, Na, Al, and Mg present at the highest
concentrations. Therefore, R. ribes bark contains
potentially valuable elements that can be used in various
health and food applications.

Minerals and trace elements play important roles in
various metabolic processes, and their deficiency or
excess can lead to disease. For instance, Cu plays an
important role in tissue regeneration, strengthening of
bones, protein synthesis, energy production, and red blood
cell formation [18]. However, excessive Cu intake can
cause health problems. Similarly, Cd is a toxic element
that can persist in the body, and high Cd levels in food can
cause serious health problems [19]. K regulates water
balance and facilitates the conversion of carbohydrates to
glycogen [18], and Mg is important for regulating energy
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metabolism, the muscle and nervous systems, bone
formation, and blood pressure [20]. Se is a crucial element
for human health, involved in reproduction, thyroid
hormone metabolism, and protection against oxidative
damage and infection through its role in the synthesis of
enzymes such as selenoproteins [21]. Mn is an essential
co-factor of metalloenzymes, especially superoxide
dismutase [22]. Co contributes to the composition of

vitamin B12, which is essential for the production of red
blood cells and the regulation of nervous system functions
[23].

In summary, R. ribes can be used for food products
and promoting health. It contains numerous essential
minerals and trace elements, which makes it a valuable
material for the food industry.

Table 3. Inductively coupled plasma mass spectrometry elemental analysis results.

7|_i llB 23Na 24Mg 27A|
Helium KED High Helium KED High Helium KED High Helium KED High Helium KED High
(ppb) (ppb) (ppb) (ppb) (ppb)
6756.584 144831.442 5942042.688 3023013.745 851856.794
39K 43Ca 48Ti 51\/ 52Cr
Helium KED High Helium KED High Helium KED High Helium KED High Helium KED High
(ppb) (ppb) (ppb) (ppb) (ppb)
37184914.979 8737640.163 17538.989 1587.996 5151.725
55Mn 5TFe %Co 0Ni 3Cu
Helium KED High Helium KED High Helium KED High Helium KED High Helium KED High
(ppb) (ppb) (ppb) (ppb) (ppb)
20520.414 369547.785 1156.817 18777.943 11192.606
8Zn %Ga As 825e %Rb
Helium KED High Helium KED High Helium KED High Helium KED High Helium KED High
(ppb) (ppb) (ppb) (ppb) (ppb)
463869.839 3701.328 1331.671 16891.835 43326.721
SBSr 93Nb 98MO lOZRu lOGpd
Helium KED High Helium KED High Helium KED High Helium KED High Helium KED High
(ppb) (ppb) (ppb) (ppb) (ppb)
29873.875 1208.499 1570.078 544.923 1384.669
107Ag lllcd 1lBSn lSBBa 180Hf
Helium KED High Helium KED High Helium KED High Helium KED High Helium KED High
(ppb) (ppb) (ppb) (ppb) (ppb)
1491.508 1261.400 1800.098 15476.094 1315.541
181Ta 184W 197Au ZOBPb 238U
Helium KED High Helium KED High Helium KED High Helium KED High Helium KED High
(ppb) (ppb) (ppb) (ppb) (ppb)
1788.306 2045.404 2297.684 20774.610 5548.620

*KED,; kinetic energy discrimination, ppb; parts per billion

4 Conclusion

This study explored the potential use of abundant
discarded R. ribes bark as a resource for the health and
food industries. We analyzed the total phenolic and
flavonoid content and determined the elemental
composition of R. ribes bark and found that it contains a
significant amount of phenolic and flavonoid compounds,
suggesting that it may be a rich source of antioxidants and
anticancer agents. Elemental analysis revealed elevated
concentrations of essential minerals, including Fe, Ca, K,
and Mg. Our results therefore imply that R. ribes bark
contains bioactive compounds with potential health
benefits.

This study has some limitations. First, the results of
this study are limited to specific R. ribes bark samples
from a particular region, which impacts genetic diversity
and growth conditions. Further research involving larger

sample sizes is therefore necessary to validate our
findings. Second, we used only microwave dissolution
and ICP-MS in this study, and different analytical
techniques may yield different results. Therefore, our
findings should be corroborated by additional,
comprehensive studies using diverse analytical methods.
Assessing the overall impact of these variables on the
results in greater detail will be crucial in future research
endeavors. Additionally, in-depth studies are required to
investigate the interactions between various bioactive
components to elucidate the functional mechanisms
involved in the positive impact of R. ribes bark on human
health.
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Abstract

Original scientific paper
In accordance with the developments in today's technology, the use of unmanned aerial vehicles in architectural documentation and 3D
modeling studies is becoming increasingly widespread. When the studies in the literature are examined, it is seen that they focus on the
documentation and 3D modeling of historical buildings. In this study, unlike the research in the literature, the usability of UAV
photogrammetry in architectural project implementation and monitoring is investigated. In line with this aim, 3D point clouds and 3D
models were generated using UAV photos in the study. For the identified reference points, measurements obtained from architectural
project drawings, measurements taken on-site using the measurement technique with a laser meter, and finally the comparison of the
measurements corresponding to these reference points on the 3D model produced from UAV photos were conducted. Based on the obtained
data, when the detailed measurements taken with a laser meter are compared with the detailed measurements taken from the 3D model
obtained with UAV, the consistency level is observed to be an average of 98% and above. Thus, the accuracy of the measurements obtained
using UAV photogrammetry has been proven. Additionally, it was observed that measurements taken with a laser meter from the same
reference points on the architectural project were different. The reason for this is the modification of the forms of details in the
implementation phase of the architectural project. In this regard, it is thought that obtaining precise measurements on photos taken with
UAYV photogrammetry will provide an important groundwork for future studies on architectural project implementation and monitoring.

Keywords: Photogrammetry, UAV, point cloud, 3D model, building survey.

MIMARI PROJE UYGULAMALARININ FOTOGRAMETRIK NOKTA BULUTU ILE
INCELENMESI: IGDIR UNIVERSITESI CAMii ORNEGI

Ozet
Orijinal bilimsel makale

Giliniimiiz teknolojisindeki yasanan gelismelere bagli olarak mimari belgeleme ve 3B modelleme ¢aligmalarinda insansiz hava araglarinin
kullanimi giin gegtikce yayginlagsmaktadir. Literatiirdeki ¢aligmalar incelendiginde tarihi yapilarin belgelenmesi ve 3B modellenmesi
konular1 {izerine yogunlasildig1 gériilmektedir. Bu calismada literatiirdeki arastirmalardan farkli olarak IHA fotogrametrisinin mimari proje
uygulama ve takibinde kullanilabilirligi arastirilmistir. Calismada bu amag dogrultusunda IHA fotograflar1 kullanilarak 3B nokta bulutu
ve 3B model iiretilmistir. Belirlenen referans noktalar i¢in; Mimari proje ¢izimlerinden elde edilen veriler ile lazer metre kullanilarak
yerinde 6l¢iim teknigi ile alinan olgiiler ve son olarak da IHA fotograflarindan iiretilen 3B model iizerindeki bu referans noktalarina karsilik
gelen dlgiilerin karsilastirilmas: yapilmustir. Elde edilen veriler dogrultusunda lazer metre ile alinan detay 6lgiimlerinin, IHA ile elde edilen
3B model iizerinden alinan detay 6Slgiileri ile kiyaslandiginda tutarlilik derecesinin ortalama %98 ve {izerinde oldugu gézlemlenmistir. Bu
sayede [HA fotogrametrisi kullanilarak elde edilen dliilerin hassasiyeti kanitlanmistir. Ayrica lazer metre ile mimari proje {izerindeki aym
referans noktalarindan alinan 6lgiilerin farkli oldugu tespit edilmistir. Bunun nedeni ise mimari projedeki detaylarin uygulama agamasinda
formlarinin degistirilmesidir. Bu dogrultuda THA Fotogrametrisi ile ¢ekilen fotograflar iizerinde yapilabilecek hassas dlgiimlerin elde
edilmesi gelecekte yapilacak mimari proje uygulama ve takibine yonelik ¢caligmalara 6nemli bir altlik olusturulacag: diisiiniilmektedir.

Anahtar Kelimeler: Fotogrametri, /HA, nokta bulutu, 3B model, réleve.

1 Introduction have led to the emergence of new methods and techniques.
Due to advancements in today's technology, these
The efforts to achieve accurate and precise data in methods and techniques continue to evolve, and their

documentation and 3D modeling studies in architecture
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applications are becoming increasingly widespread. One
of these modern techniques is Photogrammetry.

Photogrammetry, generally, refers to the scientific
discipline of making precise measurements of the relative
positions of points by utilizing data obtained from images
and other information sources. This allows for accurate
determination of properties such as distances, angles,
areas, volumes, elevations, dimensions, and shapes of
objects [1]. Furthermore, it is possible to create a three-
dimensional (3D) model from detailed two-dimensional
(2D) photographs of objects.

The photogrammetry method makes a significant
contribution by providing texture data, which includes
surface features, in addition to the fundamental three-
dimensional data of objects. These texture data are
combined with the geometric properties of three-
dimensional objects to align with metric features. Since
these textures are obtained from the objects'’ own
photographs, more realistic models are produced. This
ensures that objects appear in a detailed and realistic
manner, similar to their appearance in the real World [2].
Additionally, the photogrammetric method,;

e Obtaining the desired format of the product
depending on the use of technological equipment,

¢ Significantly reducing processing time compared to
conventional methods,

e Providing superiority in accuracy of evaluation
compared to other approaches,

e Having data in digital format,

e Gaining advantages over traditional methods, such as
the ability to be linked to the country coordinate
system, for various reasons [3].

The advantages of photogrammetric technique over
classical methods highlight it among other methods and
contribute to its widespread use. This technique, whose
usage is increasingly expanding, is divided into terrestrial
and aerial photogrammetry based on the location of the
photographing point

Terrestrial Photogrammetry refers to a technique
carried out with photographs taken from fixed points on
the Earth's surface, while Aerial Photogrammetry is
defined as a technique where photographs are taken from
the air to cover extensive areas that cannot be reached by
terrestrial shooting techniques. [4]. Initially based on
images taken from the ground, photogrammetry later
expanded its field of view by moving the capture point to
the air, becoming a significant method for creating plans
and maps [5].

Aerial photogrammetry, despite undergoing different
stages of development over time, is currently most
commonly performed using Unmanned Aerial Vehicles
(UAV). UAV photogrammetry is a method carried out
using UAV or drones. Cameras on the UAV platform
enable unmanned aerial vehicles to autonomously or
manually perform the task of capturing photographs from
a specific altitude. This has significantly reduced time and
workload without the need for a large working team,
allowing for the rapid attainment of the most accurate
results. UAV photogrammetry is extensively used in
architectural studies, as in many engineering fields.

In the field of architecture, UAV photogrammetry is
a technology used for detailed measurement and digital
3D modeling of architectural structures. Photogrammetry
is commonly employed in architecture, not only for
modeling historical buildings but also effectively for post-
construction measurement and analysis of modern
structures. This method allows for the documentation and
analysis of architectural projects to be carried out more
quickly compared to traditional methods.

Both terrestrial photogrammetry and aerial
photogrammetry have been widely used in recent years in
the field of architecture for the preparation of survey
projects and documentation of historical structures. In the
literature, there are numerous studies documenting
cultural heritage and creating 3D models using
photogrammetric techniques (Erdogan [6]; Asri and
Corumluoglu [7]; Asri and Corumluoglu [8]; Maras et al.
[9]; Marangoz and Ozen [10]; Sasi [11]; Polat et al. [12];
Zeybek and Kaya [13]; Erdogan et al. [14]; Senol and
Orman [15]; D6s and Yigit [16]; Kabaday: and Erdogan
[17]; Karatas [18]; Yildirnm Demir and Yaman [19];
Susam [20]). In these studies, applications have been
carried out for ruins, mosques, small mosques, museums,
churches, tombs, fountains, bridges, city walls, pulpits,
mansions, and historical settlements. In addition to these,
archaeological artifacts such as historical sculptures and
tombstones have also been 3D modeled and documented.

In the literature, research generally focuses on
documenting and 3D modeling historical heritage. In
contrast, this study investigates the usability of UAV
photogrammetry in the implementation and monitoring of
architectural projects. In pursuit of this goal, 3D point
clouds and models were generated using UAV photos. For
the identified reference points, measurements obtained
from architectural project drawings, measurements taken
on-site using a laser meter, and finally, a comparison of
the measurements of these reference points on the 3D
model produced from UAV photos were conducted. This
allowed for an analysis of the accuracy and precision of
the measurements  obtained  through UAV
photogrammetry. In this regard, achieving precise
measurements on UAV photogrammetry images is
believed to provide a significant foundation for future
studies focusing on the implementation and monitoring of
architectural projects.

2 Material and Method
2.1 The Case Study

The study involved the application on a mosque
located at Igdir University Sehit Biilent Yurtseven
Campus (Figure 1). The mosque, with a capacity of 3000
people and a construction area of 1600 m2, includes 2
minarets with a height of 50 m each, one large dome with
a height of 26 m, and 5 small domes. The construction of
this mosque, characterized by a highly modern and
aesthetic architectural concept, began in 2014 and was
completed in 2017.
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2.2 Obtaining Data (Field Study)

The data acquisition process in the study consists of
three stages. First, the length measurements of the sections
to be compared were taken from the architectural
implementation project shown in Figure 2. In the second
stage, corresponding to the lengths obtained in the first
stage, measurements of the existing state of the structure
were taken using a laser meter, as depicted in Figure 3. In
the final stage, photos of the mosque were captured using
the DJI Phantom 4 RTK Unmanned Aerial Vehicle
(UAV) (Figure 4), through a versatile (multi-oriented)
flight performed at a height of 60 m. The technical
specifications of the UAV used in the photo shoot are
provided in Table 1.

r
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e ¢
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Figure 3. Kl pro laser
meter.

Figure 4. Dj1 phantom 4 rtk drone.

Table 1. Technical siecifications of the unmanned aerial vehicle.

1391 gr

Takeoff Weight

Cross Length

Maximum
Altitude

Operating

Maximum Ascension Speed

Maximum Descent Speed

Maximum Speed

Maximum Flight Time

Operating
range

temperature

Operating frequency

Accuracy Range

Sensor

Lens

Image Size Maximum

photo format

350 mm

19685 ft

6 m / s (automatic flight); Sm /s
(manual control)

3 m/s

31 mph (50 kph) (P-mode)

Approximately 30 min

32°C

2.400 GHz- 2.483 GHz (Europe,
Japan, Korea)

5.725 GHz- 5.850 GHz (United
States, China)

RTK is active and working
properly:

Vertical: £0.1 horizontal: +0.1 m
RTK off

Vertical: ~ £0.1 m  (vision
positioning); £0.5m

(GNSS positioning)

Horizontal: £0.3m

(Vision positioning); +1.5 m
(GNSS positioning)

FOV 84°; 8.8mm / 24mm (35mm
format equivalent: 24mm);

FOV 84°; 8.8mm / 24mm (35mm
format equivalent: 24mm);
/2.8- /11, autofocus, 1 m

4864x3648(4:3);

JPEG

Capacity

Voltage

Weight

5870 mAh

152V

468

2.3 Processing of Data (Office Work)

After the fieldwork was completed, 496 photos taken
with the UAV were input into the demo version of the DJI
Terra software (Figure 5), and point cloud, Digital Surface
Model (DSM), and 3D model results for the mosque were
obtained. Subsequently, reference measurements from the
architectural implementation project were displayed on
the model. Later, measurements taken with a laser meter
from the same reference points were processed onto the
model.
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3 Findings

The photos taken with the UAV were processed in
DJI Terra software, resulting in a point cloud (Figure 6),
DSM (Figure 7), and 3D model (Figure 8). Measurements
taken from the reference points on the generated 3D model
were compared with measurements taken with a laser
meter and the length measurements from the architectural
implementation project (Figures 9-11). All three
measurement values are presented in Table 2. In this table,
values measured with the laser meter are considered as the
exact measurement values. Additionally, in Table 2, L1
represents the difference between the exact measurement
and the length in the architectural project, while L2
represents the difference between the exact measurement
and the length of the same detail on the 3D model.

Figure 6. Point cloud view.

) 2 s

Figure 7. Dsm view. igure 11. West front reférce points.
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Table 2. Comparison of reference point measurements.

MEASUREMENT VALUES
f Lazer . 3D
Facade/Detail Metre Al::';:(:]jgstct(trjnr;il Model (Ir;) (Ir?nz)
(m) (m)
Al | 583 5.88 586 | 0.05 | 0.03
A2 | 3.06 4.63 303 | 157 | 0.03
Front | B-1 | 6.90 5.89 6.80 | 1.01 | 0.10
Facede | B-2 | 5.72 5.45 578 | 027 | 0.06
c-1]| 582 5.96 5.82 | 0.14 | 0.00
c-2 | 3.08 4.63 309 | 155 | 0.01
D-1 | 3.96 *xx 3.92 - | 0.04
D2 | 131 1.45 127 | 0.14 | 0.04
Back E-1 | 10.10 9.97 10.05 | 0.13 | 0.05
Elavation
E-2 | 6.93 7.09 6.92 | 016 | 0.01
E-3 | 1.84 156 187 | 028 | 0.03
F-1 | 587 5.89 589 | 0.02 | 0.02
Side F2 | 239 3.20 240 | 081 | 0.01
(Right) | F-3 | 6.70 6.61 6.67 | 0.09 | 0.03
Elavation | G.1 | 16.72 16.72 16.74 | 0.00 | 0.02
G2 | 765 7.71 764 | 006 | 0.01

*Due to the differences in form between the architectural
project and the implementation, measurement values
could not be taken.

In Table 2, detailed measurements for 16 points on
three different facades of the mosque located at Igdir
University Suveren Campus are provided. When
examining the differences in detailed measurements taken
with a laser meter on the 3D model, it is observed that the
maximum difference is £10 cm. In detail C-1, the
measurements taken with a laser meter on the 3D model
were found to match exactly. Based on the obtained data,
the consistency degree of detailed measurements taken
with a laser meter compared to detailed measurements
taken from the 3D model obtained with UAV is observed
to be an average of 98% and above. Additionally, it was
found that measurements taken with a laser meter from the
same reference points on the architectural project were
sometimes different. Especially when detail A-2 is
examined, a length difference of 1.57 m is observed. The
reason for such significant differences is the construction
of details in the architectural project at different
dimensions  during the implementation phase.
Furthermore, the measurement value for detail D-1 could
not be obtained as it was not consistent with the
architectural Project.

4 Results

The regularly captured images with UAV
photogrammetry during the construction stages of
architectural projects can be used to monitor and supervise
the construction progress, assess potential issues early,
and ensure compliance with the project. Photogrammetry
has become a significant tool in the field of architecture,
offering advantages such as providing precise
measurements, supporting detailed modeling, and aiding
conservation efforts.

This technique provides the opportunity to obtain
faster, more effective, and more detailed information
compared to traditional measurement and documentation

methods. In this study, various detail measurements were
taken on three different facades of the mosque located at
Igdir University Suveren Campus. Evaluation of these
measurements indicates that UAV photogrammetry
provides information about the adherence of the
construction process and post-construction to the
architectural projects, as well as the accuracy of the
constructed forms. Particularly, the precise detection of
differences between architectural projects and the actual
construction during the construction process demonstrates
the effective use of UAV in such scenarios.

Declaration
Ethics committee approval is not required.
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Abstract

Original scientific paper
Underwater wet welding (UWW) is a critical technique for repairing offshore structures, underwater pipelines, water transport
infrastructure, docks, and harbor equipment. In this study, the mechanical and microstructural properties of AH36 low-carbon steel
weldments were investigated using metal arc welding (SMAW), an underwater wet welding method, at various welding current strengths
and seawater temperatures. The relationship between changes in seawater temperature and welding current parameters and their impact on
seasonal variations in welding conditions and seawater composition was examined. In the first stage, the yield strength of AH36 was
statistically modeled using a central composite design with input parameters of seawater temperature (ranging from 9.7 °C to 25.3 °C) and
weld current value (ranging from 49A to 90A). Optimal conditions were determined, resulting in a yield strength of 270MPa, achieved at
a seawater temperature of 17.5 °C and a weld current value of 69.5 A. In the second stage, data from optimization studies were utilized to
develop elemental exchange equations for Cr (R?=87.3), Ni (R?>=64.45), and Mn (R?>=65.74) ions in seawater. The findings reveal that weld
current intensity primarily influences changes in Cr content in seawater, seawater temperature is correlated with Ni content, and both
current intensity and seawater temperature affect the Mn content. The analytical techniques employed include Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) for seawater ion analysis, Energy Dispersive Spectroscopy (EDS) point analysis to determine the chemical
composition of AH36, and Scanning Electron Microscopy (SEM) for microstructural analysis.

Keywords: Response surface method (RSM), steel plate A36, stick metal arc welding (SMAW), underwater wet welding (UWW), welding
current.

SMAW PARAMETRELERININ AH36 BAGLANTI OZELLIKLERINE VE DENIZ SUYUNUN
KIMYASAL BiLESIMINE ETKISININ ARASTIRILMASI

Ozet
Orijinal bilimsel makale

Sualt1 kaynagi (SMAW) acgik deniz yapilarinin, sualti boru hatlarinin, su tagimaciligt altyapisinin, rihtimlarin ve liman ekipmanlarinin
onarimu igin kritik bir tekniktir. Bu ¢alismada, bir sualt1 kaynak yontemi olan metal ark kaynagi (SMAW) kullanilarak AH36 diisiik
karbonlu ¢elik kaynaklarin mekanik ve mikroyapisal 6zellikleri gesitli kaynak akim siddetleri ve deniz suyu sicakliklarinda incelenmistir.
Deniz suyu sicakligi ve kaynak akimi parametrelerindeki degisimler arasindaki iliski ve bunlarin kaynak kosullar1 ve deniz suyu
bilesimindeki mevsimsel degisimler iizerindeki etkisi incelenmistir. ilk asamada, AH36'nin akma dayanimu, deniz suyu sicaklig (9,7 °C
ila 25,3 °C arasinda degisen) ve kaynak akimi degeri (49A ila 90A arasinda degisen) girdi parametreleri ile merkezi bir kompozit tasarim
kullanilarak istatistiksel olarak modellenmistir. Optimum kosullar belirlenmis ve 17,5 °C deniz suyu sicakligi ve 69,5 A kaynak akimi
degerinde 270 MPa akma dayanimi elde edilmistir. Ikinci asamada, optimizasyon calismalarindan elde edilen veriler deniz suyundaki Cr
(R?=87,3), Ni (R?>=64,45) ve Mn (R?>=65,74) iyonlar1 i¢in element degisim denklemleri gelistirmek i¢in kullanilmistir. Bulgular, kaynak
akim yogunlugunun oncelikle deniz suyundaki Cr igerigindeki degisiklikleri etkiledigini, deniz suyu sicakliginin Ni igerigi ile iliskili
oldugunu ve hem akim yogunlugunun hem de deniz suyu sicakliginin Mn igerigini etkiledigini ortaya koymaktadir. Kullanilan analitik
teknikler arasinda deniz suyu iyon analizi igin Indiiktif Eslesmis Plazma Kiitle Spektrometrisi (ICP-MS), AH36'nin kimyasal bilesimini
belirlemek i¢in Enerji Dagilimli Spektroskopi (EDS) nokta analizi ve mikroyapisal analiz ig¢in Taramali Elektron Mikroskobu (SEM)
bulunmaktadir.

Anahtar Kelimeler: Yanit yiizey yontemi (RSM), A36 ¢elik levha, cubuk metal ark kaynagi (SMAW), sualti kaynak (UWW), kaynak akumi.
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1 Introduction

Underwater wet welding (UWW) technology has
gained widespread recognition owing to its real-time and
on-site applications in constructing and maintaining
marine structural engineering equipment, including subsea
oil pipelines, marine vessel repairs, oil platforms, and
offshore turbines [1, 2]. The simplicity of this technology
in equipment utilization allows for cost-effective
maintenance of complex-shaped structures [3-5]. While
shielded metal arc welding (SMAW) remains in use, recent
research has shown a growing focus on flux-cored arc
welding (FCAW) within the realm of UWW [6-8]. Solid-
state friction stir welding has the potential to successfully
join steel plates [9-15]. However, it has some
shortcomings, such as the requirement of a stirring tool
with  high-temperature resistance and geometrical
limitations. Thus, conventional fusion welding methods,
i.e. gas metal arc welding and gas tungsten arc welding, are
the most common welding processes used for joining steel
parts including stainless steels in various industries [16,
22]. However, these gas shielded arc welding methods
cannot be used in under seawater applications. Shielded
metal arc welding is particularly valuable for repairing
welds that are paramount in deep-water environments [23,
24]. With urbanization and industrialization, industrial
chemicals, rare earth elements, platinum group elements
(PGE), and radionuclides are increasingly present [25].
This can significantly affect spring water quality,
potentially leading to bacterial and pathogenic
contamination [26, 27].

Underwater arc welding has been shown in recent
studies to be the most suitable method for carrying out
repairs and constructing underwater structures. [28].
Nevertheless, several challenges arise when testing welds
performed underwater [29]. Among the major difficulties
encountered is the rapid contact between the workpiece and
water, resulting in a pronounced quenching effect [30].
Hydrogen diffusion occurs due to the dissociation of water,
leading to hydrogen-induced cracking, which has been
observed to reduce fatigue strength [31]. Arc instability,
porosity and loss of alloying elements in welds caused by
the presence of infused gases contribute to the deterioration
of the mechanical properties and microstructure of the weld
metal [32]. In addition, the heat-affected zone (HAZ) is
subjected to increased hardness, which can lead to cracking
[33]. In order to obtain the required properties in welds, it
is recommended to implement control over the input
parameters during welding, to include alloying materials in
the electrode coating and to use multi-pass welding
techniques [34]. There are not many studies in the literature
on the environmental effects of weld parameters and their
effects on seawater. The main subject of this study is to
increase the welding capability and minimise the
environmental impact by providing optimum conditions.

This study emphasizes that polluted surface water and
groundwater can serve as pathways for various
microbiological contaminants, resulting in adverse health
effects in humans [35]. Consumption of contaminated
drinking water can lead to waterborne diseases, such as
diarrhea and gastrointestinal illnesses, responsible for
numerous epidemics throughout history [36].

Most studies have discussed the effects of elements on
the slag barrier of wet-flux core welding, mainly focusing
on molten slag. Welding AH36 presents challenges such as
thermal cracking and carbide precipitation, especially in
multipass welds, which may lead to alterations in the
mechanical strength. Over a century ago, observations
were made in the German chrome ore industry, which
showed a higher incidence of lung cancer among workers
than in the general population. Subsequent investigations
revealed that hexavalent chromium (Cr6+) in drinking
water was the underlying cause of this elevated risk [37,
39]. Studies underscore the critical significance of Cr
content in seawater [40, 41, 42].

This study investigates the environmental impact of
welding parameters on seawater during maintenance,
repair and manufacturing operations. Thus, it is predicted
that the environmental impact of seawater temperature and
welding parameters can be minimised.

2 Materials and Methods
2.1 Materials

AH36 steel emerges as a highly favored material
within diverse marine sectors, particularly in shipbuilding
and underwater structures. The selection of AH36 steel can
be attributed to several key factors. Firstly, its high strength
is paramount for underwater structures and vessels,
offering resilience against water pressure, waves, and
environmental stressors, thereby bolstering overall
structural integrity. Secondly, its exceptional resistance to
corrosion in environments like seawater and high moisture
settings significantly prolongs longevity and reduces
maintenance costs for underwater structures. Thirdly,
AH36 steel shows remarkable toughness even in low-
temperature conditions, ensuring reliability and durability
in cold water operations. Lastly, its favorable welding
properties make it highly suitable for underwater welding
processes, facilitating repair and assembly procedures,
thereby providing a crucial advantage in underwater
applications.

AH36 steel plates with dimensions of 300 mm x 100
mm % 16 mm cut from rolled sheets were used as the base
metals. An E7014 electrode with a diameter of 3.25 mm
was used as the filler. Welding was performed in a 2000 ml
seawater environment, and the chemical compositions of
the base metal, filler metal, and seawater are listed in Table
1.

Table 1. Chemical compositions of the base metal, filler metal, and seawater.

Materials C Si Mn P S Al Ti Cu Cr Ni Mo Fe
AH36 (wt%) 0.18 0.50 0.90 0.035 0.035 0.015 0.02 035 0.20 0.40 0.08 Bal.
E7014 (wt%) 0.15 090 1.25 0.035 0.035 Bal. Bal. Bal. 0.20 Bal. 0.30 Bal.
Sea Water (ug/l) - 200 0.10 40 160 0.7 - 0.5 0.10 0.50 0.10 4
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2.2 Welding Procedure

A series of welding experiments using different
welding current values and seawater temperatures, using
Shielded Metal Arc Welding (SMAW) as the welding
method, were conducted in this study. To perform these
experiments, a welding machine with a maximum
operating capacity of 350 A was used, as recommended in
the literature [4]. Before commencing the welding process,
all specimens were meticulously prepared. This
preparation involved mechanical polishing using abrasive
paper to ensure a smooth and uniform surface.
Furthermore, chemical cleaning with anhydrous ethanol
was conducted to eliminate any dust, oil, or other
impurities that could interfere with the welding process or
compromise the integrity of the resulting weld joints [3].

The sea water temperature parameters were selected
according to the annual changes in sea water temperature
according to the data obtained from the Turkish State
Meteorological Service.  Welding parameters were
determined according to TS EN ISO 3834-2 Quality
Requirements for Melting of Metallic Materials standard
according to electrode diameter, material thickness and
material type.

Welding experiments were conducted in a water tank
with a water depth of 150 mm. A mechanical arm was used
to manipulate the welding electrode to ensure the welding
quality. The response surface method was employed to
examine the influence of welding current on both the weld

and seawater. Optimization experiments using a central
composite design (CCD) with the assistance of a Design
Expert (13 trial versions) were conducted. Based on the
model, the current values tested ranged from 49 to 90 A,
and different seawater temperatures ranging from 9.7 °C to
25.3 °C were explored. Subsequently, the multi-response
optimization model in MINITAB was used to analyze the
concentrations of Cr, Ni, and Mn observed in seawater
under optimal experimental conditions [44, 45].

2.3 Microstructure Characterization and Mechanical
Performance Test Methods

Samples were prepared according to the EN ISO
17637 standard for visual inspection to determine surface
defects and EN ISO 17636-1 standard to determine internal
defects [46]. After the plates were welded, the tensile,
chemical, and SEM analysis specimens were obtained
using the wire-cutting manufacturing method, as shown in
Fig. 1. 5 tensile specimens, 5 microscopic characterization
specimens and 5 seawater specimens were taken from each
test group with a total of 360 specimens for experimental
studies.

Fig. 1 illustrates the test specimens' cutting plan and
the geometry of tensile test specimens. All the sample areas
were chosen from the same position as the weld center. To
minimize the impact of random errors on experimental
precision, three metallographic specimens and five tensile
specimens were selected for each weld parameter [47, 48].

(a) (b) Metallographic
i i Samples
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characterization samples [
SI TD
Tensile sampls/
<
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(d) | 4xR5 (e) Point of chemichal
- detection zone
o —
100

Figure 1. Samples of schematic illustrations of the directions and dimensions (a) location of tensile samples and microscopic characterization samples, (b)
metallographic samples, (c) orientation and zone of EDS samples, (d) dimensions of tensile samples, and (e) point locations of chemical test.

To examine the microstructure of the weld metal,
particularly the distribution and morphology of the
austenite and ferrite phases, a metallographic microscope
was employed. The microscope allows for detailed
observations and analysis of the internal structure of the
weld, providing insights into the arrangement and
characteristics of the austenite and ferrite phases. The
etching solution consisted of a mixture of hydrochloric
and nitric acids.

Electron Backscatter Diffraction (EBSD) was used to
analyze the grain size, boundaries, and misorientation of
the ferrite and austenite phases. EBSD provides valuable
information on the crystallographic properties of

materials. Scanning Electron Microscopy (SEM) was
used to investigate phase composition and density. The
scanning angle ranged from 10° to 80°and the scanning
speed was set at 3°/min. The weld joints were
characterized in three directions: rolling direction (RD),
transverse direction (TD), and average direction (ND).
The metallographic, EBSD, and SEM samples were
obtained from the surface corresponding to the ND-TD
orientation. This allows for consistent analysis and
comparison of the weld microstructure and properties in a
specific plane [48, 49].

International Journal of Innovative Engineering Applications 8, 1(2024), 28-36

30



E. Gorgln

Figure 2. Microstructure characterization and mechanical performance
samples (a) samples zones, (b) examination points.

Tensile tests were conducted using an electronic
universal testing machine with a maximum load of 15 kN
and tensile speed of 2 mm/min, adhering to guidelines
from reference documents such as AG-50 kN. The
samples were obtained from the specimens shown in Fig.
2(a). To examine the morphology of the tensile fractures,
a scanning electron microscope equipped with a tungsten
filament was wused [56]. Detected spots were
systematically distributed, starting from the base metal
(BM), extending through the heat-affected zone (HAZ),
and culminating at the weld metal center (WM). The spots
indicated in Fig. 2(b) were used for microstructural
characterization, and the interval between each spot was
maintained at 2 mm.

The holes visible in Figure 2(b) are worm holes
caused by hydrogen diffusion due to water segregation
during welding and are considered acceptable under ISO
5817-Welding - Fusion welded joints in steel, nickel,
titanium and their alloys (except beam welding) - Quality
levels for defects, but the test was carried out in non-
porous areas.

2.4 ICP-MS Performance Test Methods

The welding process was performed with a volume of
2000 ml. seawater medium and 50 ml. Samples were
collected from the seawater after each welding. After
opening the lids of the containers cooled at room
temperature for ICP -MS analysis, the solutions dissolved
in Teflon were taken into 50 ml balloon jugs [50, 51].
Dilution was performed by adding 50 ml of ultra-distilled
water to the solution, and the samples were placed in
plastic tubes. The samples were filtered through 25/0.45
pm filters and stored in a refrigerator at +4 °C until
reading. To prevent metal contamination, all the materials
used during the dissolution of the samples were passed
through HNO3 (1:1) and ultra-distilled water (1/9). An
Agilent 7700 series ICP-MS device was used for heavy
metal analyses. The study observed the relationship
between the variation in Cr and Ni values in seawater and
the weld parameters, and meaningful relationships were
established [52].

Cr3+ is a micronutrient and an essential nutritional
supplement, while Cr6+ is highly toxic to human health.
Chromium is an outstanding element in which different
species exhibit contrasting behavioral characteristics
towards human health (Fig. 6(b)). Cr exists in various
oxidation states, from Cr0 to Cr6+. While Cr6+ is often a
by-product of industrial contamination, it can also occur

naturally in groundwater, depending on the local aquifer
geology and water chemistry. This is also necessary to
meet regulations in some instances; for example, the
allowable limit for Cr6+ in drinking water is 100 ng/ml,
as stipulated by the US EPA, whereas the recommended
target for Cr6+ by California Public is 0.06 ng/ml [53, 54].
In a recent study conducted by [55], the assessment of
environmental risk associated with certain heavy metals,
including As, Pb, Cu, Cr, Zn, Mn, Ni, V, Al, and Fe, in the
water and sediments of the Bahr El-Baqar drainage was
examined. This study emphasized that the ratios of these
elements in seawater are essential for evaluating their
potential environmental impact.

Among the elements analyzed in this study, Mn, Fe,
Cr, Al, and Cu, which have critical importance regarding
their effects on the environment and human health, were
the focus [56]. To weld in the seawater under different
welding conditions, the focus was on establishing a
relationship between the presence or absence of elements
passing from the welding electrode and the base material
into the seawater; thus, trying to find an optimum welding
temperature and its effect on seawater was also included
in the analysis.

2.5 Multi-Response Optimization Methods

The Response Surface Method (RSM) is a computer-
aided mathematical modeling approach distinct from
classical optimization methods (REF). This study
employed it to identify the optimal experimental
outcomes, contingent upon varying the experimental input
parameters through the optimization of the experimental
conditions. To facilitate this process, the Design Expert
13.00 software package was utilized to ascertain the
experiments to be conducted, and the obtained results
were subsequently integrated into the program.

RSM  combines statistical techniques  with
mathematical expressions to address problems involving
multiple variables. This methodology is widely applicable
in various domains, including product formulation, design
enhancement, and process development. Central
Composite Design (CCD) is an experimental technique
used to assess the effects of multiple variables and their
interactions. It aims to optimize systems by understanding
the impact of different factors on system responses, with
applications in various fields such as industrial processes
and pharmaceuticals. To accommodate this method,
independent variables are scaled to vary between -1 and
+1, with the smallest value denoted as -1 and the largest
as +1, whereas the midpoint is established as 0. A central
composite design encompasses cube points at the corners
of a cube, star points outside the cube, and center points at
the origin, all of which fall within the -1 to +1 range. The
following equation can be mathematically expressed:

Y=o+ 2(BiXn)+Z(BiXii?)+2(Bi XiX;) 0
(i=1,23....n)

where Y is the estimated response variable, n is the
number of observations, i and j are linear and quadratic
dependent and independent coefficients, respectively, 0
is the constant coefficient, f3; is the linear coefficient, fi is
the interactive coefficient, and f; is the quadratic
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coefficient. In this study, the response variable Y, Yield
strength, X1; seawater temperature X2, and spring flow
intensity were applied to the model.

3 Results and Discussions
3.1 Microstructure and Elemental Composition

The dynamic nature of seawater composition, the
difficulty of analyzing trace element concentrations in
seawater with high precision, as well as factors such as
environmental conditions, water currents and the general
marine ecosystem can change the direct influence of the
weld parameters.

Energy-dispersive ~ X-ray spectroscopy (EDS)
analysis was used to determine the separation of the Cr-
Mn-rich phases. As a result of the EDS analysis,
secondary phases rich in Ni, Nb, Cr, and Mo were
observed in the Heat Effective Zone (HAZ) region. Fig. 3
(a)-(b).

Subsequently, EDS mapping was employed to
determine the elemental distribution along the AH36 weld
metal interface. The results obtained are illustrated in Fig.
3(b), (d), and (f). Based on the mapping, it was observed
that the elements chromium (Cr) and manganese (Mn)
were primarily distributed within the base metal AH36.
This suggests that the concentrations of Cr and Mn were
relatively higher in the base metal than in the weld metal
in this specific analysis.

The EDS mapping analysis revealed that chromium
(Cr) was predominantly concentrated within the AH36
base metal. Furthermore, a significant diffusion gradient
of Cr was observed across the interface between the base
metal and the weld metal. This indicates a notable change
in the distribution of Cr as it diffused from the AH36 base
metal into the adjacent weld metal. The Cr content of the
weld metal was higher than that of the base material. This
is consistent with the results of the variation in the line
scan analysis. The migration of Al, Si, and S from the base
metal to the weld metal affects the properties of the weld
metal by changing the composition of the Cr-based filler.

According to the EDS spot analysis results shown in
Fig. 3(d), these Nb-rich phases were block-shaped NbC or
irregularly shaped Laves phases. The atomic
compositions of 2 and 7 are shown in Fig. 3(a), and were
found to fulfill the carbide characteristics, proving that
carbide formation occurred in the HAZ region.

Phases suitable for A,B type (A: Ni, Cr, Fe; B: Nb,
Mo, Ti) intermetallic compounds are shown in Fig. 3 (a)-
(f) 2. According to Dupont, a high chromium (Cr) content
tends to enhance the segregation of the Cr-rich phases.
This means that when a higher concentration of Cr is
present in a material, the Cr-rich phases are more likely to
separate or segregate within the structure.

When the carbon content was relatively high,
chromium (II) oxide (Cr,03) precipitated. This
precipitation occurs when there is an interaction between
the high carbon content and the chromium present in the
material. The formation of Cr,Oj3 can affect the properties
and behavior of the material. In contrast, the leaf phase
was formed at a low carbon concentration. As suggested
by Ramkumar, the presence of Si and Fe also contributes
to the formation of the laves phase [57]. In addition, as

shown in Fig. 3(b), a block-shaped white phase rich in Cr
and Mn was observed in the AH36 base metal. As shown
in Fig. 3(b), the EDS spot analysis results confirmed that
the 3,4,5-6 blocky phase was Cr,0s.

Base Metal

Figure 3. (a) The fracture morphologies of the welding zone, (b) EDS
point analysis of the welding zone, (c) the fracture morphologies of the
HAZ zone, (d) EDS point analysis of HAZ zone, (e) the fracture
morphologies of base metal, (f) EDS analysis of base metal.

The phenomenon of chromium (Cr) and manganese
(Mn) segregating at grain boundaries, resulting in
relatively lower concentrations within the austenite
matrix, has been consistently observed in various studies
[18]. This behavior aligns with the previously discussed
findings. The preferential segregation of Cr and Mn at the
grain boundaries is a well-documented characteristic of
specific alloy systems. This can affect the mechanical
properties, corrosion resistance, and other factors of the
material. Multiple investigations have documented such
segregation patterns, indicating their significance in the
microstructural analysis of materials containing Cr and
Mn [58]. The formation of these segregated phases at the
grain boundaries of the heat-affected zone can lead to
grain-boundary liquefaction and produce cracks that
degrade the mechanical properties and corrosion
resistance of the material [43]. The same color
orientations shown in Fig. 3 represent the phase
distributions in the underwater wet weld Fig. 3(b) shows
that most of the peaks indicated by 5 and 6 grew along the
boundary line. As shown in Fig. 3(a), alloy AH36
consisted of refined grains with random grain orientations
in the region indicated by number 1. The formation of twin
boundaries was observed in Region 3. The fine-grained
part is close to the fusion boundary, as shown in Fig. 3(b)
and apparent grain growth was observed in the HAZ, as
shown by number 4 in Fig. 3(c). In addition, evidence of
type-Il grain boundaries parallel to the fusion line is
shown in Fig. 3(e). It can be seen that the C-based welds
and AH36 base metal have a body centered cubic
structure.
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Figure 4. (a)Microstructr efdirig z
Microstructure of welding zone of 200pum.

The grain boundary type is closely related to the stress
corrosion resistance of the grain boundaries. Typically,
grain boundaries can be classified into low-angle
boundaries (LABs, 2-15°) and high-angle grain
boundaries (HABs, 15-180°). Fig. 4 shows that the grain
boundaries in the base metal were composed of LABs and
HABs, whereas very few LABs were observed in the weld
zone and HAZ. This showed elemental migration from
seawater to the HAZ and weld zone.

FOREE N e | RIS o
Figure 5. (a) Morphology of the HAZ zone of 500pm, (b) Morphology
of the HAZ zone of 300pum.

Fig. 5 shows the microstructural characteristics of
wet-welded joints. The weld metal (1) was completely
austenite in structure, with equiaxed grains at the top of
the welds (2) and columnar grains at the bottom of the
welds (3). This phenomenon is closely related to the
change in solidification mode from cellular to dendritic
morphology. The solidification mode depends on the
combined effects of the composition, temperature
gradient, and solidification rate. The equiaxed grains in
Fig. 5 (a) were observed at the ends of the welds, where
the temperature gradient was shallow owing to arc
extinction. Fig. 5 (b) shows the columnar grain formation
due to the increased solidification rate for high-
temperature gradients [32]. The direction of columnar
grain growth in the carbon-based weld metal was
consistent with the heat transfer direction.

3.2 Mechanical Performance

Compared with previous studies, grain size and
inclusions were not the determining factors that improved
the UTS of the weld metal (the average ultimate tensile
strength). The difference solid-solution-forming elements
reduce the strength of the solid- solution, primarily by
reducing the resistance to the movement of dislocations,
as shown in Fig. 6.

According to Roth [53] and Liang [54], the solid-
solution strengthening effect owing to multiple alloying
elements was determined using Equation 2, where 1 is the

type of solute, k; is the hardening coefficient for solute i,
and c; is the concentration of solute I (% at.).

Ac=Y; [k \/(Ci )) (2

tor Temperature('C)

wal

00 220 240 260 20 0 220
Vield Strength (Mpa)

Figure 6. Multi-response optimization of water temperature and yield
strength.

3.3 Optimisation Results with the Response Vertical
Method

The RSM method modeled yield stress values
obtained from tensile tests and seawater temperature, and
is shown in the following equation:

Yield Strength =223.164 + 5.118X- 3)
1.017X,+0.053X1*X5-0.065X22-0.034 X2,

For the obtained equation to be compatible with the
model, the three regression values expressing the model
should be close to each other and have high values. In the
model, predictive R? (0,7883), adjusted R? (0,9489), and
total R? (0,9702) were found to be high and compatible.
This value shows that the yield strength obtained by the
model can be predicted with an error of 2.98%, even for
experiments not performed at the studied weld current
intensity (X;) and seawater temperature (Xz). The
obtained equation shows that seawater temperature
significantly affects yield strength. The presence of the
interactive term X; x X, in the equation indicates that
seawater temperature and weld current intensity jointly
affect the yield strength of AH36. X, and X3 in this
equation indicate that a quadratic effect is possible. As a
result of the modeling, two-dimensional and three-
dimensional graphs were drawn for AH36 (Fig. 7a, b),
relating the change in yield strength to the seawater
temperature and weld current intensity.

2 164 186 208 2
Sea Water Temperature (-C)

Figure 7. RSM optimization resulfs.

Tempertr (C)

3.4 Sea Water Elemental Composition

The P value was not measured in ICP-MS analysis
and the results of this analysis are shown in Table 2. It is
indicated with a negative sign. The values shown in Table
2 are unitless and represent the ratio (ppm) relative to each
other.
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After ICP-MS analyses were performed on the
seawater samples after the weld, it was found that there
was a multi-response optimization relationship with a
high rate of 87.3% (R?) between the Cr ratio change
between the weld and seawater at different weld current
values. This relationship was formulated as Cr=304,7-
10,36X, + 0,0866X,, multi-response optimization
equation. Thus, the difference in the Cr content in
seawater can be predicted to a large extent in advance
using the weld current values. No relationship was found
between seawater temperature and Cr content in seawater.

0 (a)

50 6‘0 70 8‘0 920
Welding Current (A)

100 25 150 75 200 25 250
Water Temperature (°C)

Figure 8. (a) Cr (%Wt)-Welding current relation, (b) Ni (% Wt)-Water
temperature relation.

As shown in Fig. 8(a)-(b), ICP-MS analyses showed
significant correlation with Cr, Ni and Mn values. ICP-
MS analyses significantly correlated the Cr, Ni, and Mn
values. It was observed that the changes in the Ni and Mn
ratios of the weld parameters in seawater were not as
highly correlated as those of Cr. It was observed that the
change in the Ni ratio in seawater after welding was not
related to the spring flow as in Cr, but to the change in the
temperature of the seawater. However, this was a low
correlation of 64.45% (R?). This relationship was
formulated using the multi-response optimization
equation Ni=-30.3+2.54X1. Unlike Cr and Ni, the change
in Mn content in seawater is related to seawater
temperature and welding current values, but this
relationship is as low as 65.74% (R?). It is formulated with
Mn=-70753+3990 X1+1095X2-58.9 X1 X2 (XlI:
Welding current, X2: Water temperature).

4 Conclusion

The main results of this study are as follows:

(1) The EDS spot analysis revealed predominant
distribution of chromium (Cr) and manganese (Mn)
within the base metal AH36, indicating higher
concentrations compared to the weld metal. A notable
gradient in chromium (Cr) diffusion was observed at

the interface between the AH36 base metal and the
adjacent weld metal, suggesting significant changes
in distribution. Additionally, identification of Nb-rich
phases through EDS analysis and the formation of
chromium oxide (Cr,O3) under higher carbon content
provided insights into the material's behavior. The
presence of a block-shaped white phase rich in Cr and
Mn was confirmed in the AH36 base metal, signifying
specific elemental behavior and compound formation.
These  findings  collectively  contribute  to
understanding the microstructure and elemental
composition intricacies of AH36 material under
various conditions.

(2) A relationship between the changes in the seawater
chemistry (i.e. Cr, Ni, and Mn ratios) and welding
parameters was observed. The Cr ratio was directly
related to the welding current, the Ni ratio was
directly related to the seawater temperature, and the
Mn ratio was directly associated with both the
seawater temperature and welding current.

(3) It was observed that the HAZ region of the low-
carbon alloy AH36 metal had a ferrite and austenite
structure and irregular distribution, and the elemental
change in this region was high according to EDS point
analyses. These results show that the HAZ region had
the highest element diffusion into seawater after
welding.

(4) An absolute decrease in the yield strength value of
AH36 metal after submarine welding was observed.
The optimum yield strength was determined to be 270
MPa using RSM.

(5) It was determined that 87.3% of the diffusion into
seawater during welding depends on the welding
current so that the Cr element can be controlled before
the target value of 0.06 ng/ml recommended by
California Public for Cr6+. Thus, a mathematical
model has been developed to mitigate the
environmental damage caused by Cr element.

(6) With the findings obtained in this study, parameters
such as determination of welding parameters, control
of environmental impact, prediction of mechanical
properties and productivity in underwater welding
applications are determined. These results play an
important role in improving quality, reducing
environmental impact and improving efficiency in
underwater welding applications.
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Abstract

Original scientific paper
In this study, the output power of a photovoltaic (PV) panel under different operating conditions was estimated with the help of an extreme
learning algorithm (ELM). For this purpose, a PV panel with a power of 180W was installed, and the open circuit voltage, short circuit
current, panel temperature, and solar radiation of this panel were measured and recorded at regular intervals. A total of 75 measurement
data were obtained. The maximum power of the panel was calculated using the open circuit voltage and short circuit current information.
While panel temperature and solar radiation were given as inputs to the regression model of the PV panel based on ELM, the output of the
regression model was taken as the maximum power of the PV panel. To improve the prediction accuracy of ELM, the number of input
neurons of ELM and the type of activation function used in the hidden layer were determined by trial and error method. The generated PV
data set is separated into training and testing sets. The performance of the method was examined with the 5-fold cross-validation method.
For this purpose, the dataset was divided into 5 equal parts. One of these parts was used for testing the ELM and the remaining four sets
were used for training the ELM, and this was done by changing the test set each time. Thus, the network was trained and tested 5 times
with different sets, and the test result of the network was obtained by averaging the sum of the performances of all test functions. Regression
results obtained from ELM are given for different numbers of hidden layer neurons and different types of activation functions in the hidden
layer. The best prediction result of ELM was obtained for the case where the hidden layer activation function was tangent sigmoid and the
number of hidden layer neurons was 20. The R-values were found to be 1 when the number of hidden layer neurons was 20 and tangent
and radial basis activation functions were used. From the results obtained, it has been seen that ELM predicts the output power of the PV
panel with very high accuracy. It is concluded that ELM is a useful tool for estimating the PV panel output power.

Keywords: Extreme learning algorithm, regression, PV panel.

GIKIS GUCU UG OGRENME ALGORITMASI ILE BIR FOTOVOLTAIK PANELIN CIKI$ GUCU
TAHMIN

Ozet
Orijinal bilimsel makale

Bu caligmada, farkli calisma sartlar altinda bir PV panelin ¢ikis giicii u¢ dgrenme algoritmasi (UOA) yardim ile tahmin edilmistir. Bu
amagla, 180 W giiciinde bir PV panel kurulmus, bu panelin agik devre gerilimi, kisa devre akimi, panel sicakligi ve giines 1sinimi belirli
araliklarla Olgiilerek kaydedilmistir. Toplam 75 adet 6lgiim verisi elde edilmistir. Agik devre gerilimi ve kisa devre akimi bilgileri
kullanilarak panelin maksimum giicii hesaplanmustir. UOA kullanilarak olusturulan PV panelin regresyon modeline giris olarak panel
sicakligns ve giines 1simmu verilirken, regresyon modelinin ¢ikist PV panelin maksimum giicii olarak alinmustir. UOA’nin tahmin
dogrulugunu iyilestirmek icin UOA’nin giris néron sayis1 ve ara katmanda kullanilan aktivasyon fonksiyonu tipi deneme yanilma ydntemi
belirlenmistir. Olusturulan veri kiimesi egitim ve test kiimesi olarak ayrilmistir. Y&ntemin basarimi 5-katlamali capraz dogrulama yontemi
ile incelenmistir. Bu amagla, veri kiimesi 5 esit pargaya boliinmiistiir. Bu pargalardan biri test igin ayrilip geri kalan dordii agin egitim igin
kullanilmig ve bu islem her defasinda test kiimesi degistirilerek ger¢eklestirilmistir. Boylece 5 defa ag farkli kiimelerle egitilip test edilmis
ve agn test sonucu biitiin test fonksiyonlarim performanslarmin toplamimin ortalamasi almarak elde edilmistir. UOA’dan elde edilen
regresyon sonuglari farkli ara katman ndron sayist ve farkli tip aktivasyon fonksiyonlari igin verilmistir. UOA’ni en iyi tahmin sonucu
ara katman aktivasyon fonksiyonu tipinin tanjant sigmoid ve ara katman néron sayisinin 20 oldugu durum i¢in elde edilmistir. Elde edilen
sonuglardan UOA’nin PV panelin ¢ikis giiciinii ¢ok yiiksek dogrulukta tahmin ettigi goriilmiis ve UOA’nin PV panellerin ¢ikis giiciiniin
tahmininde etkin bir ara¢ olarak kullanilabilecegini gostermistir.

Anahtar Kelimeler: Ug 6grenme algoritmas:, regresyon, PV Panel.
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1 Introduction

Solar energy is an environmentally friendly energy
source. However, clouds and weather conditions can affect
the availability of solar energy. Therefore, the electrical
energy produced from solar energy may vary depending on
different parameters. For these reasons, responding to load
demand with solar power plants is a very difficult task. One
way to prevent this situation is to estimate the output power
of photovoltaic (PV) systems [1]. Different forecasting
methods can be used to estimate solar energy. This forecast
will help power plant operators monitor solar conditions
and prepare for any rapid fluctuations in power output.
Additionally, energy storage systems can be considered as
one of the possible solutions that can help in dealing with
changes in solar energy. In addition, energy storage
systems bring high and maintenance costs to the system.

However, the power obtained from PV systems varies
due to reasons such as solar radiation, shading, and panel
protection. One approach to changing variability is to
estimate PV output power as accurately as possible. Using
such visions, the energy storage efficiency capacity of off-
grid PV users can be optimized [2]. Similarly, grid-
connected distributed PV energy usage schedules can be
optimized, and grid-connected PV systems can use these
forecasts to develop their strategies using electricity market
offers, allowing system operators to better organize their
reserves. The output power of a single PV system is highly
affected by local weather changes. Photovoltaics has its
disadvantages. Unpredictable weather conditions have a
major impact on the electricity generation of solar power
plant when connected to the electricity supply and
distribution grids. For this reaosn, precise and reliable
estimation of solar system output power are crucial for the
safe and cost-efficient operation of the PV power system
and forecasting [3].

If there are PV electricity generation plants with high
power in the interconnected system, serious disruptions
may occur in the network in case of cloudiness. In this case,
the power at the PV output will show a rather large and
sudden change. When this change in irradiance occurs
during a sudden change in load, the situation will worsen
[4]. Therefore, it is clear that reliable estimation tools are
crucial for PV technologies, optimizing the performance of
solar power plants in the planning and operating stages, and
ultimately accurately assessing the economic return.
Accurate estimation of solar power output is crucial to
evaluate the actual performance of PV panels.

In literature, some methods have been proposed for the
prediction of the solar panel’s output power. In [5], an
improved feedforward neural network model was proposed
for power output prediction of solar panel. The neural
network model was optimized using the particle swarm
optimization algorithm. Two hidden layers were used in
the neural network model and the inputs to this network are
day, time, cloudiness index, air temperature, wind speed,
air humidity, radiation, precipitation, and air pressure. In
[6], a neural fuzzy network is proposed for the prediction
of daily energy production. Day, irradiance, air
temperature, wind speed, air humidity, and air pressure are
given as input to the neuro-fuzzy network. The prediction
accuracy of this model was evaluated with data obtained
from three PV plants and the average prediction error was

found to be 5%. In [7], a hybrid model was proposed for
the output power estimation of a solar power plant. The
training set was divided into four groups according to the
weather conditions, and each training set was used to train
four support vector machine models. According to the
weather types of the predicted day, the appropriate support
vector machine model is selected. Data taken at 15-minute
intervals yielded predictions for one day ahead with a mean
square error of 10.5%. The mean square error for each
support vector machine was 9.12% for the cloudy model,
12.6% for the foggy model, 12.4% for the rainy model, and
7.85% for the sunny model. In [8], a hybrid model
combining a power support vector machine and a similar
day method was used to predict power output for 50 days.
In [9], a new method for PV power estimation based on
machine learning, image processing, and acoustic
classification techniques is proposed. In [10], a deep
learning-based neural network is proposed to estimate solar
irradiance. The results of the proposed method are
compared with the results obtained from support vector
machines and feedforward neural network methods. In
[11], a residential distribution network is proposed for
output power estimation of PV. In [12], compared the
performance of four artificial neural networks (ANNS)
models for predicting the PV solar power. They utilized
four PV data sets and online weather data. The obtained
results provide high accuracy in analysing weather data,
which is suitable and useful for planning the PV plant. In
Ref. [13], authors investigated the performance of deep
learning methods and created models ANNs and recurrent
neural networks to forecast solar radiation. Both hidden
layers were included in the ANN model. In Ref. [14], to
determine the PV modules’ performance, an ANN model
was developed. They used temperature and irradiance
parameters as inputs and current and voltage parameters as
outputs for their feed-forward artificial neural network
model. Levenberg-Marquardt and robust back propagation
are the two training algorithms the authors experimented
with throughout training. An ANN technique was
developed by Ref. [15] to investigate and model the fouling
effect on solar PV glass. The network input variables were
six meteorological data sets. There are 35 neurons in the
single layer of this artificial neural network design. In order
to forecast PV power output, Ref. [16] developed a model
based on ANN and an adaptive neuro-fuzzy inference
system. Horizontal and global diffused irradiances, air
pressure and temperature outside, precipitation, wind
speed, length of daylight, relative humidity, and panel
surface temperature were chosen as network input
parameters. This study’s training algorithm was
Levenberg-Marquardt. ANN-based artificial intelligence
methods have widely used in estimating PV panel output
power. However, ANN has some disadvantages such as
low learning speed and local minima. There are two
primary causes for this behavior. One of them is the use of
slow gradient-based learning algorithms in neural network
training, and the other is the learning algorithms iteratively
adjustment of the networks' parameters [17]. Recently, a
new learning algorithm called extreme learning machine
(ELM) has been proposed to eliminate the drawbacks of
the ANN. The studies on ELM showed that ELM is
feasible and promising in real-time applications [18].
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In this study, the output power of a PV panel under
different operating conditions was tried to be estimated
with the help of an Extreme Learning Machine (ELM). For
this purpose, a PV panel with a power of 180 W was
installed and the open circuit voltage and short circuit
current of this panel, panel temperature, and solar radiation
were measured and recorded at regular intervals. A total of
75 measurement data were obtained. The maximum power
of the panel was calculated from the open circuit voltage
and short circuit current. While panel temperature and solar
radiation were given as inputs to the regression model of
the PV panel based on ELM, the output of this regression
model was taken as the maximum power of the PV panel.
Some parameters of ELM (number of input neurons, type
of activation function) were adjusted to give the best results
by trial and error method. The dataset is separated into
training and test sets. The performance of the proposed
method was examined with the 5-fold cross-validation
method. For this purpose, the dataset was divided into 5
equal parts. One of these parts is reserved for testing the
network whereas the remaining four sets are used for
training the network, and this is done by changing the test
set each time. The network is trained and tested 5 times in
total with different sets. The test result of the network is the
average of the sum of the performances of all test
functions. The ELM was implemented using MATLAB
software. From the regression results obtained, it was seen
that ELM predicted the output power of the PV panel with
very high accuracy. In addition, results show that ELM can
be a reliable tool for estimating the output power of solar
panels.

2 The Mathematical Model of Photovoltaic

It is essential for a PV model to make precise
predictions of dependable current-voltage (I-V) and
power-voltage (P-V) curves in actual operating situations.
The most common equivalent circuit that describes well the
electrical behaviour of a PV system is the five-parameter
circuit model, shown in Figure 1 [19]. This equivalent
circuit model shown consists of the photo-current source
I, the shunt resistor Rsn, a diode parallel to this resistor, and
the series resistor Rs. When the amount of radiation falling
on the cell increases, the electric current produced also
increases. The voltage obtained from the solar cell is shown
as V. The resistance value Rs shown in the series connection
to the output end is equal to the semiconductor material's
total resistance forming the cell and the contact resistances
formed at the connection points of the cells. Parallel (shunt)
resistance Rsn is taken as the sum of the resistances
occurring between the layers and around the cell in
materials with a thin film structure consisting of very thin
layers. It is determined that the series resistance value is
very small compared to the parallel resistance and could be
neglected [19], [20], [21]. The actual resistance of the
circuit can be considered as series resistance. In the ideal
case, Rs is zero and Rs is infinite. Although the perfect
conditions are unattainable, manufacturers work towards
minimizing the influence of both resistances to enhance
their products [20].

L Yk H Bt R [ v

Figure 1. Single diode equivalent circuit for a solar cell.

From Figure 1, the output current of the cell is I can be
written by using Kirchhoff’s law as follows:

|=|L_ID_|sh' (1)

Diode current Ip can be written as follows:
q(V +Ryl)
Ip =1 |exp| ————= |-1], 2
D o{ p[ nkT ( )

In Eq. 2, k; Boltzmann constant, g; unit electron charge
amount, T; It shows the absolute temperature of the cell in
Kelvin. If Eq.1 is substituted into Eq.2, Eq.3 is obtained as
follows:

| = IL—I{exp[—q(vn;fsl)j—l}——v;IRS, 3)
sh

3 Extreme Learning Machine

The fact that the learning rate of feedforward neural
networks is generally much slower than necessary is a
major problem in practice. There are two reasons:

1) These networks are typically trained using slow
gradient-based learning algorithms.

2) The network’s parameters are iteratively adjusted by this
learning algorithm.

G. B. Huang suggested a unique learning strategy for
the single hidden layer neural network (SLFN) that differs
from these conventional training procedures. The extreme
learning machine (ELM) is the name given to this learning
method. In this learning algorithm, the input weights are
selected randomly and the single hidden layer neural
network's (SLFN) output weights are computed
analytically. Theoretically, this learning method offers a
fast learning rate with strong generalization performance.
[22], [17].

Figure 2 shows the structure of a SLFN. In this figure,
I, w, f present input weights, output weights, and activation
function (AF) in the hidden layer, respectively [22].

Ilm

Xr |2rn

Irm

Figure 2. The artitechture of a SLFN.
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The SLFN’s output can be obtained as follows:
m
=

In Eq.4; x is inputs; b is bias value. The standard SLFN can
approximate the samples without error and there are values
of w, | and b that will make the error zero [11], [20]. The
following equation shows one way to write the m set of
equations.

Hxw=T (5)

In Eq. 5; H is known as output matrix of the hidden layer
and it can be obtained as follows:

fllx +b) f(lX +by)

(X, +b;) f (I X +b5,)
A quick explanation of ELM for SLFNs are given as
follows:

a) Random assignments are made for the input weight
and bias.

b) For the hidden layer, the output matrix H is acquired.

c) The output weight w is calculated [22].

Although ELM has many advantages, it may not be
effective in estimating the output power of solar power
plants where big data is available. In the current big data
age, it is essential for creating an ELM algorithm that can
train massive data sets. But when it comes to training
massive data, the ELM has several drawbacks such as
memory residency, difficulty with solving the matrix and
online training [23].

4 Simulations and Results

In this study, the power of a 180 W PV panel was tried
to be estimated using ELM. For this purpose, solar
radiation, panel temperature, open circuit voltage, and
short circuit current of the PV panel were measured at 15-
minute intervals. The maximum power of the panel was
calculated using the open circuit voltage and short circuit
current of the PV panel. The inputs of ELM are selected as
panel temperature and solar radiation, and the output of
ELM is the power of the panel. Additionally, input and
output values to ELM were normalized and the results were
given using 5-cross validation. The most important
parameters affecting the performance of ELM are the
number of hidden layer neurons and the type of AF in this
layer. The regression performance of the ELM is given for
different numbers of the hidden layer neurons and different
types of AF.

Figure 3 shows the prediction results of ELM and
actual results. The results are presented for tangent sigmoid
activation function (TSAF) and hidden layer neurons
(NHLN) with 10 and 20.
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0.14
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Power (pu)
=)

0.08 -

0.06

. . . . . I
0 10 20 30 40 50 60 70 75
Data

(a) NHLN: 10

Data
(b) NHLN: 20
Figure 3. The actual results and prediction results of ELM for
TSAF.

The regression results are given in Figure 4. When the
number of hidden layer neurons is increased from 10 to 20,
the R-value increases from 0.99998 to 1. When Figure 4(a)
and (b) are examined, it is seen that the prediction
performance of ELM increases as the number of hidden
layer neurons increases.

Regression: R=0.99998

0145 |__© Data

Y=T
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O Data
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o

0.0562 . . . . . L . . 4
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(b) NHLN: 20
Figure 4. Regression curves for TSAF.
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The prediction results of ELM, which uses a radial
basis activation function (RBAF), and actual results are
given in Figure 5 for the number of hidden layer cells, 10
and 20, respectively.
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Data

(a) The number of hidden neurons: 10
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—EM [}

Power (pu)
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Data
(b) The number of hidden neurons: 20
Figure 5. The actual results and prediction results of ELM for
RBAF.

The regression results are given in Figure 6. When the
number of hidden layer neurons is increased from 10 to 20,
the R value increases from 0. 99973 to 1. When Figure 6(a)
and (b) are examined, it is seen that the prediction
performance of ELM increases as the number of hidden
layer neurons increases.

Regression: R=0.99973
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(a) The number of hidden neurons: 10.

Regression: R=1
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(b) The number of hidden neurons: 20.
Figure 6. Regression curves for RBAF.

The regression performance of the ELM for different
types of activation functions and different numbers of
hidden layer neurons is shown in Table 1. As can be seen
from the table, the lowest root mean square error (RMSE)
was obtained by using TSAF and 20 hidden layer neurons.

Table 1. The regression performance of the ELM for different types of
activation functions and different numbers of hidden layer neurons.

AF  NHLN RMSE Training
time (s)
10 3.9646x10* 00136
TSAF %0 45486x10-5 00156
rpar 10 52283x107* 00156

20 4.8058 X 1075 0.0156

To better validate the performance of the proposed
method, the comparison studies were conducted. In the
comparison studies, neural network, linear regression and
quadratic Gauss regression models were used. The
regression result obtained from neural network is given in
Figure 7. Tangent activation function and the number of
hidden layer neurons are used in the neural network
structure. R-value was obtained the 0.91598.

Training: R=0.99691 Validation: R=0.99766

© 0
014
200 b g 0 Daw
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] ]
=) = &
I 0.06 o 1 006 &
5 5
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3 F]
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004 006 008 01 012 014 004 006 008 01 012 014
Target Target

Test: R=0.57641 All: R=0.91598
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Output ~= 0.92*Target + 0.0063

004 006 008 01 012 014
Target Target

Figure 7. Regression curves for neural network.

004 006 008 01 012 014

Figure 8 and 9 show estimation results of linear
regression and quadratic Gauss regression models. It is
seen from these figures that linear regression model has
better estimation performance than quadratic regression
model.
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Figure 9. Estimation results of linear regression model.
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5 Conclusion

This study presents an ELM based regression model
for the estimation of PV panel output power. Training and
test data for ELM was obtained from an experimentally
established PV panel. PV panel has a power of 180 W. The
irradiation on the panel, panel temperature, open-circuit
voltage of the PV panel and short-circuit current of the PV
panel, were recorded at 15-minute intervals. A total of 75
measurement data were obtained by measurements. Panel
temperature and irradiation were applied to inputs of ELM
whereas panel output power to output of the ELM. The
ELM algorithm was carried out using MATLAB software.
The optimal values of some parameters of the ELM such
as input neurons, activation function are found by trial and
error method to improve its regression performance. The
regression performance of the ELM was evaluated by a 5-
k fold. The ELM gives the best regression result for the
case where the hidden layer activation function was tangent
sigmoid and the number of hidden layer neurons was 20.
The comparison studies were given to validate the
regression performance of the ELM. The regression results
show that the ELM predicts the output power of the PV
panel with very high sensitivity.

Some factors such as the type of PV material, cloud
and other shading effects, dust, module orientation and
different weather conditions.
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Abstract

Original scientific paper
Fractional-stochastic differential equations are widely used tools to simulate a wide - range of engineering and scientific phenomena. In
this paper, the applicability of the approach of indeterminate coefficients to various fractional-stochastic models is examined. These models
have a fractional white noise term and are mostly produced by fractional-order derivative operators. We also investigate applications of a
polynomial chaos algorithm to stochastic Lotka-Volterra and Benney systems. Fractional-stochastic equations are entirely novel systems
that have the potential to function as models for a wide range of scientific and engineering phenomena. It is noted that fractional-order
systems with uncertainty or a noise term can benefit from the effective use of Galerkin-type approaches in this article.

Keywords: Galerkin methods, numerical solutions, stochastic systems with fractional operators.

KESIRLI MERTEBELIi DIFERANSIYEL DENKLEMLERIN YENi SAYISAL GOZUMLERI

Ozet
Orijinal bilimsel makale

Kesirli stokastik diferansiyel denklemler, ¢ok ¢esitli mithendislik ve bilimsel olgulari simiile etmek i¢in yaygin olarak kullanilan araglardir.
Bu makalede, belirsiz katsayilar yaklasiminin gesitli kesirli stokastik modellere uygulanabilirligi incelenmistir. Bu modeller kesirli beyaz
giirtiltii terimine sahiptir ve ¢ogunlukla kesirli dereceli tiirev operatorleri tarafindan tiretilir. Ayrica polinom kaos algoritmasinin stokastik
Lotka-Volterra ve Benney sistemlerine uygulamalarini da arastiriyoruz. Kesirli stokastik denklemler, ¢ok ¢esitli bilimsel ve mithendislik
problemleri i¢in model olarak islev gorme potansiyeline sahip tamamen yeni sistemlerdir. Bu makalede Galerkin tipi yaklasimlarin etkin

kullanimindan ve belirsizlik veya giiriiltii terimi iceren kesirli dereceli sistemlere uygulanabilirligi arastirilmustir.

Anahtar Kelimeler: Galerkin yontemleri, sayisal ¢oziimler, skokastik sistemler, kesirli operatirler.

1  Introduction

Stochastic differential equations and fractional order
derivative  operators, {2,4,5,11,12,13,14,15} are
invaluable tools for applications in many different areas
of science and engineering. For example, they are used in
monitoring chemical processes operating under
uncertainty, in image processing such as feature extraction
and image segmentation, in analyzing, designing, and
testing electronic systems, and in many other engineering
applications such as big data analysis, robotics, machine
learning, and artificial intelligence.

A fractional-stochastic differential equation has some
terms of fractional-order derivative/integral operators,
certain deterministic operators, noise (expressed as a
derivative of the Wiener process), and fractional-
Brownian motion. There may be more terms in these kinds
of equations, including Levy-type noise or jump. Some of

“Corresponding author.
E-mail address: mehmetaliakinlar@gmail.com (M. A. Akinlar)

the well-known {1,3} fractional-order operators with
nonsingular kernels and integral properties, such as
Riemann-Liouville, Caputo, Griinwald-Letnikov, and
Atangana-Baleanu, are more efficient than deterministic
maps. Ito's formula is primarily used to obtain exact
solutions of fractional-stochastic differential equations,
but these solutions are only obtained in a few specific
instances. Thus, among the most important and helpful
numerical  solution methods in  computational
mathematics are those wusing Euler's type, finite
differences, and indeterminate coefficients (Galerkin,
Least-square, Collocation, Wavelets, and Finite
Elements).

The primary goal of the current research work is to
examine how some finite-element, polynomial chaos and
Galerkin methods can be applied to specific and original
differential equations. Deterministic derivative operators,
fractional-order derivative operators in the Caputo and
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Riemann-Liouville (RL) sense, fractional-Brownian
motion, standard Brownian motion, and fractional white
noise are the fractional-stochastic systems of equations
that are examined in this work. Not a single equation or
system taken into consideration in this study has ever been
researched in the past. According to this perspective, the
current work represents a fresh and innovative addition to
science. Investigating the suitability of various
indeterminate coefficient approaches for fractional-
stochastic models renders this work novel and highly
valuable for computer science researchers.

The novelty of this research study can be presented as
follows: First of all, both research topics and tools,
fractional-order stochastic differential equations and
fractional Brownian motion are the tools that can be used
in the modeling of many different engineering and
scientific phenomena in physics and biology in a highly
efficient manner. In this paper, we employ both tools and
apply them to the models not considered in the literature
in the way we study. Fractional Brownian motion is a very
helpful tool for researchers because of its long-range
dependence, correlated time increments, and Hurst
parameter features. We address the conjunction of
fractional operators with white noise and fractional
Brownian motion; these tools' combination and
application to scientific and engineering problems are still
in their infancy. From these points of view, the present
study is going to be useful for the researchers in these
areas.

2 Fundamentals of Fractional Operators

In recent years, fractional-order calculus, often
known as differential equations, has become increasingly
important in applied and computational mathematics.
These equations are produced by fractional-order
operators, such as derivative and integral operators. They
worked in various scientific fields, including engineering,
physics, economics, and mathematics. Because fractional-
order operators may compute non-locally and account for
historical impacts, they are more effective and preferred
in applications.

Suppose that g:(0,0) » R is a function and
fractional-order operator with the order S for g is defined
as

1 t
1296 = 155 | s =¥ g(o)ao,
0

inhere I'(-) denotes Gamma function.

For (m € N), Caputo-type derivative operator of order 8, m —
1< B <m, of g(s) is given by
dm
DPg(s) =JmF 2 9.

The Riemann-Liouville (RL) type integral, IZf(x) and
derivatives RZ f (x) of a function, say f(x), of order « is:

1 X
() = s f (- )™ f(p)dp, x € [a,b].

It is obvious that:
B(ra p+a d 14+a a
L (EF () = [ () and —— [ = IEf(x).
1 o (x d
REF() =7 foydp 4

(n—a)ox" ), (x—p)*+i-n
<a<sn

Forn =2,1.e. forl < a < 2, one has

REF() =

1 a_zf" f(p)dp
2—-a)ox?),

(x —p)et
3 The Galerkin Method

One of the unique varieties of procedures for
unknown coefficients is the Galerkin approach. Next, we
go over the basic concepts of the Galerkin technique in
brief.

Let us consider the differential equation (which can
be hybrid, fractional, deterministic, or stochastic).

Fu(x) = k(x)

where F is a derivative operator, functions u(x) and k(x)
are given functions. Write u(x) as

u@) = ) digi(x)
i=1

in which ¢;(x) is known as the coordinate function and
the coefficients, d; are constants or functions to be
determined. Let us define the so-called residual term R(x)
as

R(x) := Fu(x) — k(x)
and define the following operator

b
I(dy,dy, ..., dy) : = J- W;(x)R(x)dx = 0.
a

Choosing weight function W;(x) in this equation as
W;(x) := @;(x), the Galerkin method (one of the
undetermined coefficients methods) becomes the name of
the resulting technique.

4 Brownian Motion

Brownian motion (or Wiener process) is a stochastic
process (W) .so defined on a probability space (X, F,P)
with:

W, =0,

the function x = W, is a continuous function with
probability 1,

the increments W,,,, — W, have a normal distribution,
N(0,n).
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Independent increments mean W, — W; and W, —
W, are independent random variables for 0 < [ < x <
m < k. W(x) satisfies that:

AW(x) dWkx)
~ dx :klek(Sk(x)'

dx

o=~ [Beaawe
0 J;

1
EN (0,—) , that is a standard normal random variable
o

dW (x) == dW (x;41) — dW (x;), where
= {l|l = [Xp—1, %), X = Xpoq =0, X9 =0, X, =

1}

If f is a bounded function, it is not hard to see that

E <f1f (aw (x) - dW))) =0.

Another important and highly helpful method in
science, engineering, and finance modeling a wide range
of events is fractional-Brownian motion or fBm. It is a
very useful tool for scientists because of its long-range
dependence, correlated time increments, and Hurst
parameter features. The definition and intriguing
characteristics of fBm, for instance, can be found in {10}
for interested readers. The literature has a wide variety of
fBm kinds. We think about

BH(sx)—ZJ_ek(xm(s) Zul<oo

ek(x) = \/_sm(knx) k=1, 2
B (sy,x) — B" (Sp-1,2)

Z i G (@)

ak(sn 1))
a(sn) — ax(sn-1) = JAcGen, ¢ EN(O,D).

In the following part, we present and analyze the first
fractional-stochastic differential model. We deal with
numerical solutions of a partial differential equation
(PDE) that is fractionally stochastic and contains various
derivatives of an unknown function of s and x, as well as
a Levy noise term, fractional white noise, and a second-
order time derivative. We examine a unique differential
problem that has not been approached using finite element
methods in previous research. The goal of analyzing such
an equation is to demonstrate how original the equation is,
as well as how helpful these kinds of equations are in
representing a wide range of phenomena in science and
engineering. Numerical solutions of the following
equation are of interest to us:

Ugs (5, X) — Uyy (5, %) — u(s, x) + dBH(s)
] au(s x)
e
=g(s,x)

(1

where (s,x) € 2:=[0,1] x [0,1] and u(s,x) = 0 in 8..
Weak form of ([maineq?2]):

(uss(si x)' W) - (uxx(s' x), W) - (u(s' x)' W)
+(dBH (s, x),w) <_66_x[f(u(s‘ x)) au((;;x) 'W> @
=(g(s,x),w)

After using a finite element approach to solve (1), we
finally arrive at an element matrix equation that can be
solved using both an implicit numerical method and a
finite difference. Let us now write (2) in variational form
first. To begin doing this, let’s first express the unknown
function u(s, x)as

M

u(s,x):= Z a; (s)g;(x)

i=1

where @;(x) is a coordinate function.

We write u(s, x) in the equation (2) using the variational
formulation technique. We then multiply each term in (2)
by ¢;(x), and integrate the resulting function on the
boundaries of x. Consequently, we get that

M

D) f 0 (g, (dx —ial( ) f P00 | oy -

=1 0 i=1

1

Zal (s)f(pl (x)(p](x)dx+f(pj (x)dB" (s, x)dx

i=1

f%[f<iai (S)(pi(x)>za (s) ‘Pz( )
0 n

0,(0)dx = f 9 (s, 00, (dx

€)

i=1 i=1

Our objective is to formulate the equation (3) using a
few matrices. To that end, allow us to define the following
matrices:

Define Ky with entries K;; as

1

K = f§0i () p;(x)dx.

0

Hence, the first integral in (3) can be written

KTd
where a is a M X 1 vector with entries a;, i = 1,2, ..., N
Using the boundary conditions and integration by parts
method, the second integral is written as

NTa

where Ny 1 @ matrix.
Now, let us write the last two terms in (3) as follows:
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M

%@U"< axﬂ%u»dﬂfmﬁf%u @)

i=1

= (g(s,x),w)

Concerning the unknown a;(s) in equation ([togethers]),
it is evident that we have a nonlinear system of equations.
Consequently, (4) can be expressed in terms of a few
matrices as

L(a)a=c
where Lysyp 1S @ matrix with:

d%(x) de;(x)

d
dx X

-2 Y a0 S)ou)
0

i=1

and ¢ is a M X1 matrix with entries ¢; =

1
Jo 9 (5, 0)9;(x)dx.

We express the fourth term, using the fBm notations that
were discussed in the preceding section. The equality

1

M 1
[ @B 00,0 = Y i as) [ e o dx,
0

0 k=1

can be written as a vector, say d, with the size of M X 1.
As a result, after correctly organizing these matrices in the
equation (4), we get the matrix equation:

KT —(NT+KTa—-L(a)a=c—d (35

Now, we may express the temporal derivative using the
finite difference approximation. Therefore, we write

A1 — 205 + Qg1

KT
At?

] - NTak - KTak - L(ak)ak= c—d

from which we obtain that

Arsr = [(KD)™Y(NTa, + KTay, + L(ay)a, + ¢
- d)]At2+2ak - ak_1

In the following section, we investigate numerical
solutions to fractional-stochastic differential equations
using the Riemann-Liouville interpretation of the
fractional derivative operator.

5 Fractional-Stochastic Equation

Consider
R u(x) — Uy () + dW (x) = g(x), x €[0,1] (6)

with u(0):=0, and u(l):=k€R-0, where
R1*%y(x) is the Riemann-Liouville type derivative of
u(x). Let’s use the above-described Galerkin technique
methodology to apply the Galerkin method to Eq. (6):

1 1
f R91c+a u(x)(ﬂj(X)dx _f Uxx (x)(pj(x)dx
1
+ [ aweg,adx @

- [ 9 @p;0dx
0

where ¢;(x) is nodal based function defined on 2.
Defining

M
u= Z Cr Pi(x)
k=0
Let
1
Ai=—
n

@;j(x) is an appropriate base function. Using integration
by part in the second term in (7), we get:

M 1
qu@wm%wm
k=0 0

1
d? d
N ckf dqok(x) <p,(x)
0

+

f%%@%mﬂ
0

g ()e;(x)dx

O%Hﬁ-MEg

This equation’s discretization is provided as follows:

X141

Z Ck f % Pr(x)dx — Z Ck f T @;(x)dx

X1-1

+

C

fdwdwd%@)
k dx?

Pr Sk (X) @ (x)dx

+

+
M= T M=
O%HOSH

Pr Ok (X) @i (x)dx

g (x)g;(x)dx

OSH

This equation can be expressed as a matrix equation or in
terms of matrices as follows:

(FT—LYc+M—-G=0,
in which,

M =§:fp 8 () @i (x)dx
0

=1
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Ly = fdz Pk do;(x)

dx? dx
0

- f 9 (09, (x)dx
0

The application of the Galerkin method to a system of
fractional-order differential equations will be examined in
the following section. Since we had investigated how
noise behaves in fractional-order differential equations in
the earlier instances, we do not add a noise term, therefore
these equations are somewhat deterministic fractional
differential equations.

6 A Fractional-Stochastic System of PDEs

Consider

D&u(s,x) = Puy(s,x)+v.(s,x)+ h(s,x)
3

D&v(s,x) = Vyr (S, X) + TU, (S, X)

where a, B, T are positive parameters, x € [0,A4], A > 0,
0 < t, with

u(0,x) = u(s,0) = v(s,0)
v(0,x) = u(s,A) = v(s,A) =0, x €[0,4]

ou(s, x) _ ov(s, x)

- ox =0, atx =0,

and x =a, t = 0.

These kinds of systems of partial differential
equations can simulate a variety of physics, chemical, and
engineering problems. We chose to explore this system of
equations since it is an original differential equation, and
systems of differential equations are used to model many
scientific phenomena.

The system is transformed into a linear system of
finite element matrix equations using the FEM, a kind of
weighted residual approach. The solutions to these matrix
equations are found by highly efficient computing
methods.

This system of fractional order differential equations
is solved using a Galerkin type me method as follows:

(s, x) = N(x)U¢(s)
D(s,x) = N(x)Ve(s)

Q

u(s, x)
v(s, x)

Q

where N(x) is a row vector made up of what are known
as basis functions on a L-length space element. Note that
in the weighted residual method, the basis functions we
use in this study serve as the weight functions. As a result,
we employ a finite element method—a kind of weighted
residual technique—in the following section.

Taking note of them, we can see that the approximate
system of equations (8) can be expressed as follows:

Dg(s, x) Bz (s, %) + Dr (s, %) + h(s, %)
©)
D s*D(s,x) = Dy (5, %) + T, (s, X)
We investigate the one-space element I, which is an
interval since we study on an interval, which is a one-
dimensional space. Considering this, the first equation in

the system (9) can be written as
Dia(s,x) = Plg(s,x) + Oe(s,x) + h(s,x)

Thus, we have

N(x)D&U®(s)
AN
e ( ) e ))
f NT (x) v dr, = {0},
AN
f + = 2ves)
+h(s,x)

Using the integration-by-parts method, we have

f [NT(N(x)DEUS(s)
Te
d dNT d
Z(x) NG e owmoo N( )Ve()
x dx
+ NT()h(s, 01T, — | BNT () ()ueo - (0},

or

by N(x) = 0 on dI', we get

NT(x)N(x)D&U®(s) 1
dN(x) dN"(x) .
f —F dx dx Ue(s) ar, = {0},

om0 BB e ) - N7 Gk )

(10)

We write the equation (10) via matrices as

eDU°(s) + ([B(IIDUE(s) + ([C(]IVE(s) = H(s,x)

an

where

[A(x)]e = J-NT (JC)N(JC)C“—;E

o
. dNT(x) dN(x)
[B(x)] _f’g axax e

o
d
o = [T ar
e

Hé(s,x) = NT(x)h(s,x)
Now, we express the second equation in the system (9)
DIv(s,x) = Vge(s,x) + 1, (s, x)

as:
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[ Nx)DSVe(s) 1
[N | ()
l clN(x) Ue( ) J

dr, = {0} (12)

The equation (12) can be restated as

f [NTG)NGODEVE(s) — dNT(x) dj;ix)v (s) +
v B pecsgar, - (v B yes| = o
o,
by the boundary conditions, we get
f [NTRNG)DEVE(s) - dNT(x) d'ﬁff) Vi) +
o7 ) o ye1r, = (o)

Likewise, we have:
“DSVE(s) + (; [BG)IVe(s) = [C(x)]eu%s)) (13)

Now, we can rewrite the equations (11) and (13) by
localizing the element matrices as:

*DU*(s) + ([BODIDU(s) + ([CIIHVA(s) = H®(s,x)

*DSVe(s) + (% [B(x)]?Ve(s) = [C(x)]eUe(S)>

In the following part, we apply the polynomial chaos
method to two nonlinear systems of stochastic ordinary
differential equations: the Lotka-Volterra system and the
Banney equation, a nonlinear stochastic differential
equation.

7  Polynomial Chaos Method

Because they can accurately simulate systems with
uncertainty, randomness, and noise, stochastic differential
equations are important in both engineering and
economics. This section examines the suitability of the
polynomial chaos (PC) approach for several partial
differential equations and stochastic nonlinear predator-
prey scenarios. Specifically, we are interested in the
approximate solutions of the Benney and stochastic
Lotka-Volterra equations. A particular instance of
indeterminate coefficients or the Galerkin method is the
polynomial chaos approach. We provide approximate
solutions for stochastic systems and show simulations to
illustrate the impact of uncertainties on the systems. This
is the first study in the history of research to demonstrate
how the polynomial chaos approach may be used to the
Lotka-Volterra system and the Benney equation.

The Lotka-Volterra (LV) equations are a couple of
first-order, non-linear differential equation systems that

are mostly used in mathematical biology, namely in the
modeling of predator-prey model dynamics (see, for
example, 6,7,8,9). The Lotka-Volterra equations are
regarded as random or stochastic processes. We present a
novel method for numerical solutions of Lotka-Volterra
(LV) equations with some uncertainty present in the
system, based on polynomial chaos (PC) expansions. One
of the most effective methods for perturbing a stochastic
differential equation into a deterministic system of
equations is the PC technique.

Numerous methods have been proposed in the
literature to solve stochastic linear partial differential
equations. As an example, consider the stochastic LV
model employing the semi-martingale technique at
Klebaner et al. They establish a huge deviation principle
and derive a bound for the asymptotic time to the prey
population’s extinction.

The polynomial chaos expansion approach is then
briefly reviewed, and stochastic Lotka-Volterra models
and Benney equations are introduced. We then address the
numerical solutions of these systems by using the PC
method on them.

8 Stochastic Galerkin Method

Given a probability space denoted by (2, A, P), we
can investigate the following general time-dependent
stochastic partial differential equation with random
coefficients:

ou

£+F(s,x,v;u) = f,(s;,x)€EDX [O,Tf]
C(s,x,v;u) = g,(s,x) €9D X [0, Tf]
KO,x,v;u) = h, x€D,

where the coordinates are v —random or uncertain,
s —time, and x —space. This system’s solution could be
expressed as

u(s,x,v):D x [O,Tf] x0N->R
DcRP, D=1,23.

We need to compute u(s, x, v) to solve this system. First,
let’s presume that:

a(x:Y) = a(x, }’1(1/), ---,J’d(V))-
Then,

d
u(s, x,y,(v), ...,yd(v)):D x [0,T] x HI}- - R

i=1
yirdd = I

Some common techniques in the literature to calculate
u(s, x,v) include the Galerkin, finite elements, wavelets,
collocation, and least-squares  approaches  for
indeterminate coefficients. We employ the stochastic
Galerkin approach, which is best explained as follows:
Given the random space

S=L,(L,P),
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i. Construct an approximate space.

Sy = Span{o ), 1 ), h, M} € §

ii. Show the ambiguities as

axy) = ) @ (W)

i

iii. Approximate the solution

2, 69) = ) w6 OB )

L
. Calculate the coefficients, u;(x, t), by Galerkin

projection.

It is possible to describe any random variable u(v) €
L,(2,P) as

uv) = ugH,
+ Z u; Hy (y;(v))
+ z Uy Hy (J’i(V)'Yk(V))
i=1 k=1
o i k
£ g Hy (10,30, 3, ) + -
i=1 k=1 j=1

The multi-dimensional Hermite polynomial is denoted by
H,,. Alternatively expressed as

u®) =u(y,(v), .., ya)),

the approximation can alternatively be expressed as finite-
dimensional uncertainty. In plainer language, we say that

(@) = D wpi(y®) = Y wip )

where ¥; () is a multi-dimensional Hermite polynomial.
The basis {;(¥)}{2, is a complete basis in L,(R%, B,),
ie.,

5 = Span{lpo(J’), 1!’1()’), } = LZ (Rd"{Py)

A finite order approximation

P

20 = ) whi)

i=0

corresponds to a p-th (total) order approximation of u(y)
in

Sy = Span{o), Y1), h,M} € §

where the generalized Fourier coefficients u; are obtained
by

w; = (u;)/(f)

The expansion converges in a mean-square sense
lim ((u — %)% =0
p—)OO

In terms of computation, the representation

1 oo 2
= — [ ree T,
(2m)3 9o

By illustrating the resolution u(s, x, w) as

P

w(sam) = ) s 0P

i=0
Extension of the solution

P

i(x,ty) = Z u (x, DY ()

j=0

Galerkin projection on §p:

il
<£+r(x't";ﬁ)_f'lpi) 0 i=0’1""’P

€ty —gP) = 0 i=01,..,P
(K (x,0,2) — h, ;) 0 i=01,..,P.

9 Solutions of stochastic Lotka-Volterra system
The Lotka-Volterra system:

w' V) = y(s, x,v) (a — bv(s,x, v))
= u(s,x,v)a — bu(s, x,v)v(s, x,v),

v'(s,x,v) = v(s,x,v)(—c + du(s, x, v)) =
—cv(s,x,v) + du(s,x,v)v(s,x,v), (14)
where a, b, ¢, d are constants.
We have that:

M

u(s,x,v) = Z u; (s, x)tpi(f(v)),v(s,x,v)

i=0

= z vj(S.X)IPj(f(V))
=0

M M
) = )" ali(§M), bE) = Y bap(M),
™ = Y api(§0), dw) = Y d(Ew)
i=0 i=0

Writing these in (14), we obtain the following system:
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u; (s, )P a1
M
k=

2.
=)
M M
ZZ ci v (s, X,
MM
+ZZZ dpiu;(s, x) ;v (s, x) Py

bjlpjui (s, )P vk (s, X))y

o

<Pz >

e < Yty >
_ZZZ %bjui(s'x)vk(s,x)

M M
S S
i=0

i
<Pz > 7

1 M M
= —< lp%l >zz civj(s,x)emij
1 M M M
+<lp%1 >ZZZ dju; (s, X)vi (S, X)emjik

where m = 0,1,2, ...,N, eml’j =< lpmlpllpj >, emﬁk =
<Y hihihy >

10 Numerical Solution of Stochastic Benney Equation

The Benney equation is defined as follows:

us(s'x) + (un)x(s’x) + uxx(sﬂx) + Iluxxx(s, x) +
uxxxx(sr x) =0, (15)

where u is a constant term. We will take n = 2 and
consider the stochastic Benney equation. Stochastic
Benney equation (15) can be expressed as:

ug(s, x,v) + 2u(s, x, V)u, (s, x,v) + uy (s, x,v) +

U, V) Uy (S, %, V) + Upnn (5, %,V) = 0,

with u(0,x,v) = u®(x,v). By writing

u(s,x,v) = i (s, i (§W)), 1)
= i b (W),

u(s,x,v) = i w (s, )i (E)),

u(x,v) = i ) (M)

Thus, we write the equation (15)

du; aul - 0%u;
Z ¢‘+ZZZ Wi Gx ax Z dx? Vi

i=0 j=0 =0
M M

+zz Hi 1,0} dx3 lpl
i=0 j=0
M 64

+Z a—zp =0
i=0

with the initial condition

M M

Z u; (0, )¢; = Z up ();.
i=0 i=0
Therefore,
ZZ < lpklpﬂpt >u aul +azuk
< 1/)2 T ox ' ox?
i=0 j=0
<YpPip; > Py
* <y2> HMoxs
i=0 j=0 k
0*uy, “o
dx*
ou, 2 O ou; 0%y,
s _gzz Wi gy Gt T gy
i=0 j=0
M M
1 d3u;
Tz >Z;Z) i gys Gt
i=0 j=
0*uy, “o
dx*
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11 Numerical Simulations

We have demonstrated the suitability of the
polynomial chaos approach for both Benney equations
and Lotka-Volterra systems.

Figures 1a-1b show numerical simulations for Eq. (14).
Figures 2a-2d show numerical simulations for Eq. (15).

Figure 1. Numerical simulation for Eq. (14).

(b)

o (i) with order =09

Figure 2. Numerical simulation for Eq. (15).

12 Conclusion and Outlook

The stochastic Galerkin and polynomial chaos
methods are the type of computational techniques that can
be considered as some of the types of undetermined
coefficients methods. The underlying and main idea of
these methods is to express the unknown function as a
series including some unknown coefficients format and
determine those coefficients eventually. In the stochastic
Galerkin methods, the resulting system is transformed into
a linear system of finite element matrix equations, a kind
of weighted residual approach. The solutions to these
matrix equations are found by highly efficient computing

methods. These matrix equations consist of a row vector
made up of what are known as basis functions on a $L$-
length space element (interval). Note that in the weighted
residual method, the basis functions we use in this study
serve as the weight functions. Polynomial chaos methods
work at some probability spaces and are quite like
Galerkin methods and can be considered as special cases
of Galerkin methods. Polynomial chaos expansions, the
series is written in terms of some special series such as the
Hermitian series as a different case from the Galerkin
method.
In this paper, we investigated if numerical solution

techniques of the Galerkin type could be used for the
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approximations of fractional-stochastic models. One of
the main advantages of the Galerkin-type undetermined
coefficients method is that this method is a highly
efficient numerical method besides its ease of use. The
downside of using these methods is that these methods
require working in probability space, and in high-
dimensional spaces, this can be a bit of a problem in
terms of CPU costs.

The effects of fractional-order operators, fractional
Brownian motion, and Gaussian white noise were studied.
We also investigated how well the Polynomial Chaos
approach worked for approximating solutions for the
Benney and stochastic LV systems. Based on
computational studies, it is possible to develop a strong
and highly efficient use of Galerkin-type approaches. We
will be dealing with fractional-stochastic equations
involving Levy and Poisson jumps uncertainty in the
future development of our study endeavor. We will look
into the use of numerical techniques based on random
walks in conjunction with Galerkin methods in future
studies as an extension of the present work.
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Abstract

Original scientific paper
In this study, beams with hat profiles were produced. For this purpose, carbon fiber woven fabrics were preferred as reinforcement elements.
Afterwards, bending test was applied to these composite beams. As a result of the experiments, displacement-force graphs were obtained
on the moving cylinder. In the numerical analysis section, Hashin damage criterion was preferred for damage initiation. "Continuous
Damage Mechanics (CDM)" and "Material Property Degradation (MPDG)" methods are defined in the program for damage progression.
In the bending test, crushing damage was observed as the dominant damage on the surface of the specimen in contact with the moving
cylinder under load. Fiber breakage along with fiber tensile damage was observed on the surfaces in contact with the fixed support rollers.

It was observed that the experimental results were closer to each other with the MPDG method. The convergence rate of experimental and

numerical data was determined as 89.55%.

Keywords: Carbon fiber, continuum damage mechanics, hat-shape profile, material property degradation.

1 Introduction

Composite structures; It has the advantages of high
specific strength, high specific stiffness and good
designability. Recently, they have been widely preferred
in the structural design of civil and military aircraft.
Composite beams with hat-shaped profiles are one of the
important structural elements that make up the main body
of aircraft in the aviation industry (Figure 1). These beams
have a significant impact on the strength and post-
buckling bearing capacity of the hull. During use, these
beams carry radial forces as well as lateral forces that
cause the wing or fuselage to bend. Conducting a sound
damage analysis of reinforced panels can help experts in
this field design wing and fuselage integrity.

When the tests and analyzes performed on composite
structures in general are examined: Li et al. (2022)
experimentally performed a four-point bending test on flat
profiles for numerical verification in Abaqus. Afterwards,
they developed a user-defined subroutine and proposed a
theoretical model. [1]. Bai et al. (2018) examined the
buckling behavior and damage situations of hardened
carbon fiber reinforced composite panels with I-profile
under compressive load [2]. Alkhatib et al. (2020)
experimentally and numerically examined the energy
absorption capacity and crushing behavior of composite
corrugated pipes under quasi-static axial shear crushing
loading. Corrugated pipes were manufactured by wet
filament winding process using Kevlar (KFRP) and
carbon (CFRP) fiber reinforced composites. They carried
out experimental and numerical crush tests on corrugated
pipes [3]. Cherniaev et al. (2018) used the LS-DYNA

*Corresponding author.
E-mail address: mustafaalbayrak@inonu.edu.tr (M. Albayrak)

program for crush simulations of CFRPs. They performed
comprehensive calibration of all material models for
correlation with experiments. Three material models for
this; They used MAT-54, MAT-58 and MAT-262. They
reported that MAT-54 provided reasonable agreement
with experimental data. They estimated the non-physical
damage modes and maximum force values of MAT-58
[4]. Candido et al. (2022) established a connection
between longitudinal T-profile reinforced composites and
flat panels using an adhesive film layer and performed an
experimental fracture analysis on the reinforced structure
they obtained [5]. Dogan and Arikan (2017) produced
sandwich composites by placing PVC foam between the
shell surfaces they produced from epoxy (thermosetting)
and polypropylene (thermoplastic) polymer composites
reinforced with E-glass. They examined the behavior of
the sandwich composite panels they obtained under
different impact energies [6]. Kosztowny et al. (2021)
produced one-piece textile composite panels using two-
dimensional and triaxial braided composites. Afterwards,
they examined the buckling behavior by applying axial
compression tests on the panels [7]. Kursun et al. (2016)
experimentally and numerically investigated the effect of
impactor geometry on impact performance by performing
low-speed impact tests on aluminum sandwich composite
plates, which they produced by using a low-density
polyethylene core between two aluminum plates [8].
Natarajan et al. (2023) investigated the suitability of S-
Glass/carbon fiber reinforced polymer composite for
submarine hull exposed to hydrostatic pressure. For this
purpose, they experimentally determined the mechanical
properties of S Glass/carbon fiber reinforced polymer
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composite and compared the composite with many
metallic materials used in submarine hulls [9]

Reinforced hat-shaped
panel

Figurel. Reinforced hat-shaped panel in aircraft structures (Fasulo vd.,
2022) [10].

When the studies in the literature are examined; When
mechanical tests performed on composites with curved or
flat surfaces are examined, it is seen that the focus is
generally on dynamic impact tests [6,8], static pressure [3]
and buckling [7] tests. A clear understanding of the
damage mechanisms of structures is important in the
design of flexural resistant structures.

In this study, unlike the literature, for the first time.
Hat profile beams were produced by applying resin to
layered carbon fiber woven fabrics under vacuum, and the
mechanical behavior of the obtained specimens under
bending load was examined experimentally and
numerically. In the numerical part, the problem was

2 A

> .
1y
?

4

< >
< >

<
<% >

(@)

solved according to MPDG and CDM methods and the
convergence to the experimental results was shown. As a
result, experimental and numerical maximum contact
forces are compared and presented along with force-
displacement graphs.

2 Material Method

To perform bending tests on carbon fiber composite
beams with a hat-shaped profile, carbon fiber composite
specimens consisting of 4 layers with a thickness of 1 mm
were manufactured. The profile beam dimensions are
given in Figure 2. Afterwards, the beams obtained were
cut in a 200 mm long wet marble cutting machine and
made ready for testing. Details of the design are given in
Figure 3. In this method, the mold release agent was first
applied to the molds and allowed to dry. Subsequently,
245 grams per square meter of twill 2x2 woven type
carbon fiber woven fabric were laid on the steel mold.
Peel-ply was laid on the fabrics and adhesion was
prevented with the infusion mesh that was added later.
Finally, vacuum nylon was laid and the necessary
tightness control was carried out. Subsequently, a mixture
of MGS L160 epoxy and H160 hardener, with a weight
ratio of 100:20, was impregnated on the fabrics via the
vacuum infusion method. Following a 24-hour curing
period, the test specimens were prepared by removing the
material from the mold and cutting it into 200 mm lengths.

(b)

Figure 2. Hat-shaped beam a) dimensions b) solid model.

204

80

1(x)

b)

Figure 3. a) geometry dimensions of the hate-shaped profile
beam. b) specimen obtained after production.

2.1 Three-Point Bending Test Method

Details of the ASTM D790 [11] standards test method
are given in Figure 4. Here the distance between fixed
supports is 180 mm

Moving cylinder
@ 10mm

Imm/min

Fixed roller support
O 4mm

Figure 4. Test dimensions.
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2.2 Numerical Analysis

In the numerical part, the analyzes were performed in
Ansys Workbench 2020R1. Composite beam, moving and
fixed cylinders were modeled in Solidworks program and
transferred to Workbench program. 8-node element type
was preferred and Multizone mesh type was used for finite
element separation. Figure 5 shows the number of
elements obtained after separation into finite elements of
different sizes and the change in the maximum contact
force accordingly. As seen in the graph, the maximum
contact force remained constant after the number of
elements reached 5820. Therefore, it was determined that
the optimum number of elements was 5820 and the
number of nodes was 33175.

810

820
800

N)

790

780

Maximum Contact Force (

] 2000 4000 6000 8000 10000 12000

Element size
Figure 5. Mesh optimization.

2.2.1 Damage Model

In progressive damage analysis, the linear elastic
orthotropic material properties of the material, the damage
initiation criterion, the damage progression method, and
the strength limits of the material must be defined in the
program, respectively. Orthotropic material properties of
carbon fiber are presented in Table 1.

Table 1. Mechanical properties of carbon fiber reinforced composite

[12].
Symbol Properties Value  Unit
p Density 1500  kg/m?®
EyE, Elasticitydrirrwodl_JIus xandy 437 GPa
ection

E, Elasticity modulus z direction 1457  GPa

v Poisson’s ratio 0.21 -
Gy Shear modulus in xy plane 1418 GPa
Gy, Shear modulus in yz plane 1465 GPa
Gy Shear modulus in zx plane 1465 GPa

In order to define the beginning of damage in
progressive damage analysis, Hashin damage initiation
criteria must be entered into the program. The hash
initiation criteria include the following four damage
initiation modes. Here the damage initiation indices are 1;
CIf 15, and IS, represent fiber tensile, fiber compression,
matrix tensile and matrix compression damage,
respectively. When any of these indices exceeds 1,
damage onset occurs. Four different damage cases
belonging to the Hashin criteria are evaluated according
to the following formulas in Equations (1)-(4).

Fiber failure for tension (o, = 0):

2 2
t — (%xx Oxy
Iy = (Fx) + a(F6 ) @)
Fiber failure for compression (o,, < 0):
2
I = (%) ¥
Matrix failure for tension (o, = 0):
= (22) (22 @
m Fye Fe
Matrix failure for compression (o), < 0):
1 = (22) [ (Be)” - ] 4 (22 ()
m 2F, 2F, Fyc Fg

Here g;; are the components of the stress tensor; F,;
and F, are the tensile and compressive strengths of a sheet
in the longitudinal (fiber) direction; F,, and F,. are the
tensile and compressive strengths in the transverse
direction; Fy and F, are in-plane and inter-layer shear
strengths. « is the contribution of the in-plane shear stress
according to this criterion and is taken as 0 in this study.In
order to evaluate the damage initiation criteria in the
composite structure, it is necessary to define the maximum
stresses or strains that the material can tolerate before
damage occurs. Stress limit values are presented in Table
2.

Table 2. Orthotropic stress limit values of carbon fiber composite [12].

Symbol Properties Value Unit
X; Tensilgi?(tercet?g;h inX 859 MPa
Y, Tensilgi?gi?c?;h inYy 859 MPa
z, Tensilgi?;::elr[?c?;h inZ 859 MPa
o ST me e
o ST s e
e TP s e
5., Shear str;ngtg inplane 0, MPa
5, Shear strﬁn_gtg in plane 105.5 MPa
5 Shear str;ngtg in plane 105.5 MPa

2.2.2 Damage Evolution

MPDG and CDM methods were used for damage
progression. In the MPDG method, when the breaking
stress and strain are reached for the fiber and matrix
components, the rate of decrease in hardness is determined
separately for both components. In the CDM method, the
material stiffness is gradually reduced. The stiffness
reductions used for the four damage cases in the study are
given in Table 3.
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Table 3. Stiffness reduction coefficients for the MPDG method.

Properties Value
Tensile fiber stiffness reduction 0.46
Compressive fiber stiffness reduction 0.46
Tensile Matrix Stiffness Reduction 0.4
Compressive Matrix Stiffness Reduction 0.4

3 Results and Discussion

Three-point bending tests were performed on
specimens with hat-shaped profiles made of carbon fiber
reinforced composites. In the numerical analysis section,
the problem was solved and evaluated according to both
Continuous Damage Mechanics (CDM) and Material
Property Degradation (MPDG) methods. In both methods,
the proximity of the composite structure to the damage
behavior and its effect on the damage load were
determined. Figure 6 shows the load-displacement curve
of the specimen. The test process consists of five stages:
In the first stage, the moving cylinder contacted the
specimen and accordingly the reaction force values
increased. At this point, elastic deformation occurred in
the specimen. It was observed that the load did not
increase linearly at this stage. This situation is caused by
production errors and geometric discontinuities on the
upper surface of the hat-shaped profile. 1I. With the small
deformation that occurred in the specimen at this stage,
the slope of the graph started to decrease further and
reached the maximum damage force. Afterwards, it was
observed that as the load was increased, matrix cracks
spread in the structure and as a result, delamination
damage occurred.

1

-

I I

0 5 10 15 20 25 30 35 40 45 50

Displacement (N)

Figure 6. Force-displacement graph.

The reflection of this situation on the graph is that
there are sudden and gradual decreases in load after the
maximum load. I1l. At this stage, it was observed that the
connection plates of the specimen started to open by
moving in the "y" direction. Therefore, the angles made
with the top surface of the connection plates that will resist
the load have increased and their resistance has decreased.
As a result, the load continued to decrease in an inclined
manner. 1V. In this stage, the moving cylinder is
surrounded by the top surface of the beam with partially
collapsed connecting plates. By compressing these
surfaces with the cylinder that continued to move, the
load-displacement curve increased slightly and then made
it move horizontally. In the last stage, the moving cylinder
reached its maximum displacement value. Large tensile
damages were observed on the surface of the specimen
below the top area, and with the progression of the
damage, they turned into permanent fiber breaks. Figure 7
shows the force-displacement graph of the specimen.
When the experimental graph is examined, it is evaluated
that the carbon fiber beam exhibits non-linear material

behavior. However, it was observed that the slope of the
force-displacement  curve  decreased after  the
experimental yield point. In the analysis section, MPDG
and CDM methods were preferred for Hashin damage
initiation criterion and subsequent damage progression.
Obtained experimental results were compared with
analysis solutions.

1000

4 MPDG

Force (N)

Experimental

! CDM

Displacement (N)
Figure 7. Experimental and numerical comparison of load-
displacement graph.
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0
Figure 8. Experimental and numerical comparison of maximum load
values.

According to the CDM method, material stiffness is
gradually reduced and progress ends when catastrophic
damage is reached [13]. According to the graph, it can be
seen that the numerical data and experimental results are
close in the elastic region. According to the CDM method,
the sample suffered ultimate damage at a load of 790 N
and was displaced by approximately 3.55 mm in case of
ultimate damage. When the solution made with the MPDG
method was examined, it was seen that the material
hardness was gradually reduced. It has been observed that
as the amount of displacement increases, especially in the
plastic region after the yield limit, the slope begins to
decrease and exhibits a behavior closer to the
experimental graph. Therefore, this method comes to the
fore in finite element analyzes. Zachariah.S.A., etal. They
carried out experimental testing and numerical
verification to investigate the in-plane tensile properties of
carbon/aramid hybrid polymer composite. In their
analysis with the MPDG method, they found that the
composite material showed binaristic behavior and
provided a slope closer to the experimental results [14].
Maximum contact forces are evaluated in Figure 8. The
maximum contact force value obtained experimentally
was determined as 670 N. In the MPDG and CDM
methods, these values are 740N and 794N, respectively.
When the convergence rates of experimental and
numerical data are compared, a convergence rate of
89.55% was obtained in the solution with the MPDG
method and approximately 81.49% in the solution with the
CDM method.
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4 Conclusion

Carbon fiber composite beams with hat-shaped
profiles were produced. Three-point bending was
performed on the obtained specimens. The results were
compared and summarized as follows.

e The convergence rate of the MPDG method selected
for damage progression to experimental results was
determined to be approximately 89.55%. In the CDM
method, this rate was determined as 81.49%.

e |t has been determined that the MPDG method is
much better than CDM. It was observed that the force-
displacement graphs exhibited close behavior,
especially when compared to the experimental results.

e Compression and crushing damage were seen more
clearly, especially on the crown surface of the
specimens. On the lower surface, mainly fiber
shrinkage and fiber breakage damages were observed.

e It has been concluded that numerical modeling of
composites with hat-shaped profiles, which are
relatively difficult to produce experimentally, without
the need for production, and solving them with the
MPDG method by selecting the Hashin initial damage
criterion, can give designers an idea about the
mechanical behavior of composites under bending
load.
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Abstract

Original scientific paper
Nickel (Ni) is a toxic heavy metal that inhibits plant growth, development, and reproduction. MicroRNAs (miRNAsS) travel from cell to
cell or organ to carry messages to regulate gene expression. This study aims to find mobile miRNAs that are Ni-responsive and are present
in pumpkin (Cucurbita maxima L.) phloem sap. For this purpose, pumpkin seedlings were exposed to Ni (100 pM, NiClz), and root, shoot,
and phloem-sap specimens were collected at 0 (control), 24, and 48 hours of the treatment. The stem-loop RT-gPCR and stem-loop semi-
quantitative RT-PCR methods were used to determine the abundance of 14 miRNAs in the phloem sap. Compared to the control, the
abundance of miR160, miR167, miR393, miR397, and miR398 was suppressed in Ni-treated seedlings. The reduction was verified by
grafting experiments, revealing that miR167 and miR393 are Ni-responsive and move/travel from the leaf-to-root direction. Those phloem-
residential miRNAs potentially play a role in the Ni-response mechanism. This study can help to understand the early response mechanism
of plants against excess Ni and lead to identifying miRNA-mediated long-distance communication of plants.

Keywords: miRNA, phloem, long-distance communication, nickel, pumpkin.

BALKABAGINDA (CUCURBITA MAXIMA L.) FAZLA NiKELE YANIT VEREN MOBIL
MIKRORNA'LAR (MIRNA'LAR)

Ozet
Orijinal bilimsel makale

Nikel (Ni) fazlalig1 durumunda, bitki biiylimesini, gelisimini ve {iremesini engelleyen toksik bir agir metaldir. MikroRNA'lar (miRNA),
gen ekspresyonunu diizenlemek i¢in mesajlar tagimak iizere hiicreden hiicreye veya organa seyahat eder. Bu ¢alisma balkabagi (Cucurbita
maxima L.) floem 6zsuyunda dolasan Ni'ye duyarli mobil miRNA'lar1 tanimlamay1 amaglamaktadir. Bu amagla, Ni (100 pM, NiCl»)
uygulanan balkabagi fidelerine ait kok, siirgiin ve floem 6zsuyu 6rnekleri toplanmistir. Floem dzsuyundaki 14 miRNA'nin ekspresyonunu
belirlemek i¢in gévde-ilmek RT-qPCR ve govde-ilmek yari-kantitatif RT-PCR yontemleri kullanildi. Kontrol ile karsilastirildiginda, Ni ile
muamele edilmis fidelerde miR160, miR167, miR393, miR397 ve miR398'in miktarinin azaldig: tespit edildi. Bu azalma, agilama
deneyleriyle de dogrulanarak, miR167 ve miR393"iin Ni'ye duyarli oldugu ve yapraktan koke dogru hareket ettigini ortaya ¢ikardi. Floemde
bulunan bu miRNA'lar, Ni-yanit mekanizmasinda potansiyel olarak rol oynamaktadir. Bu ¢aligma, bitkilerin fazla Ni'ye kars1 erken tepki
mekanizmasinin anlasilmasina yardimei olarak, bitkilerin miRNA aracili kdk-yaprak iletisiminin belirlenmesine yol gosterebilir.

Anahtar Kelimeler: miRNA, floem, uzak organ iletisimi, nikel, balkabag:.

1 Introduction of water [1-4, 9]. Some mobile RNAs are essential in

transcriptional response mechanisms such as nutrient

An RNA-based communication network through
phloem has been discovered between plants’ distant organs
(root-leaf). So far, different RNA types have been found as
mobile RNAs, such as viral RNAs, cellular mRNAs,
tRNAs, and microRNAs (miRNASs) [1-4]. The existence of
mobile miRNAs has been revealed in different plants, such
as gourd, lupine, beans, yucca [5], rapeseed [6], apple [3,
7], and pumpkin [8]. They can move along the phloem and
reach distant organs/tissues of plants through the mass flow

*Corresponding author.
E-mail address: guzinkekec@gmail.com (G. Tombuloglu)

(phosphate, sulfur, and copper) deficiencies. For instance,
miR399 was found to be translocated from leaf to root
through the phloem upon phosphate deficiency [10-12]. It
was also found that phosphate deficiency induces miR169,
miR827, and miR2111 in rapeseed (Brassica napus)
phloem sap [13]. In addition, miR399 has been proven to
be a signaling molecule that communicates between leaves
and roots via phloem in Arabidopsis, pumpkin (Cucurbita
maxima), and tobacco (Nicotiana tabacum) plants [6, 10,
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14-15]. miR395 and miR398 abundances in phloem sap
have increased due to sulfur and copper deficiency,
respectively [6, 12, 16-17]. Besides, the expressions of
miR397, miR408, and miR857 were found to be increased
against copper deficiency [18]. Moreover, grafting
experiments showed that miR172, abundantly found in the
phloem sap, is associated with plant growth and affects
tuber formation in potatoes [19-20].

Nickel (Ni) is the seventeenth essential element for the
development and growth of plants. It is involved in the
biosynthesis of some bacterial taxa' hydrogenase, carbon
monoxide dehydrogenase, and factor F 430 [21]. Another
Ni-containing protein is urease, found in jack beans and
several plant species. However, it is a potentially hazardous
metal, with an average concentration of 20 to 30 mg/kg in
soils and occasionally surpassing 10,000 mg/kg (e.g.,
ultramafic soils) [22-23]. The concentration of Ni in
agricultural soils is generally deficient. However, the
nickel content of soils composed of ultra-basic igneous
rocks such as serpentine varies between 100-5,000 mg
Ni/kg [24]. Excess Ni in the plant harms chlorophyll
synthesis and lipid metabolism, preventing plant roots
from taking other nutrients and causing nutrient
deficiencies [25].

This study aims to identify Ni-responsive mobile
miRNAs. For this purpose, 14 miRNAs detected in
pumpkin's phloem sap were chosen. Their expression at 12
and 24 hours was compared with those of untreated
(control) one using stem-loop RT-gPCR and semi-
quantitative RT-PCR assays. The mobility of selected
miRNAs was verified by grafting assay. This study reveals
Ni-responsive mobile miRNAs potentially involved in the
long-distance communication of tissues.

2 Material and Methods
2.1 Plant Growth and Nickel Treatment

The seeds of a pumpkin (Cucurbita maxima L., Dill's
Atlantic Giant) were surface sterilized by submerging them
in a 5% sodium hypochlorite (NaClO) solution for 10
minutes before being washed three times with distilled
water (dH-0). The filter paper was adjusted into a Petri
dish, adding 5 mL of dH2O. The seeds were placed between
sterile filter papers in the Petri dish (10 cm x 1.5 cm) and
kept at room temperature. After seven days, about 80% of
the seeds germinated, and root lengths were at least 15 mm
long. The seedlings were placed in a hydroponics medium
that contained macronutrient solution in mM: 1
NH4H2PO4, 4 Ca(N03)2; 2 MgSO4, 6 KNO3, and
micronutrient solution in pM: 0.8 ZnSO4, 9 MnCl,, 0.3
CuSO0q4, 50 H3BO3, 25 Fe-EDTA, and 0.02 g MoOs (85%)
[26]. The plants were grown in a temperature (20-24 °C),
humidity (40-60%), and light (6,000 Lux)-controlled
growth chamber (WiseCube, Korea). The nutrient solution
was kept at a constant pH (5.5) and renewed weekly.

Three-week-old pumpkin seedlings were exposed to
100 uM Nickel (NiCly) solution at two different time
intervals, 24 h and 48 h. Leaf, root, and phloem sap (PS)
samples were harvested from the seedlings (n = 3) exposed
to Ni (control (0), 24 h, and 48 h). The tissue samples (root
and leaf) were flash-frozen by liquid nitrogen and stored at

-80 °C. The PS samples collected from each plant were
kept in ice until RNA isolation.

2.2 RNA Lsolation from Phloem Sap (PS) and Tissues

The PS exudates were collected using Buhtz et al. [6]’s
outlined procedure. For this purpose, the stem of each
seedling (n = 3) was cut with a sterile razor blade. To avoid
tissue contamination, the first droplets of PS were removed
with sterile filter paper from the cut surface. The exudates
are then gathered in a pre-chilled tube with 10 pl pipette
tips every 10 minutes until the PS exudates reach about 25
ul.

The RNA was extracted according to Zhang et al. [30]
and Chomczynski and Sacchi [27]. Accordingly, the PS
and Trizol® LS reagent (Invitrogen) were mixed (1:3) and
vortexed thoroughly. The mixture was incubated for five
minutes at room temperature. After adding 25 pl of
chloroform (Merck, Germany), the mixture underwent a
15-sec handshake, incubated for 15 min at room
temperature, and cold centrifuged (4 °C) at 12,000 x g for
15 min. The supernatant was mixed with absolute ethanol
(Millipore) (1:2) and incubated at -20 °C overnight. After
30 min centrifugation (16,000 x g, 4 °C), the pellet was
rinsed with DEPC-treated 70% ethanol (Millipore), dried,
and re-suspended with ddH»O. The RNA samples were
quantified by NanoDrop 2000c UV-Vis spectrophotometer
(Thermo Scientific), and kept at -80 °C.

2.3 Stem-Loop 1st-Strand cDNA Synthesis

The stem-loop 1%-strand cDNA synthesis method was
conducted to determine the miRNAs in the PS. For this
purpose, 1 pl of RT primer (1 uM) (Table S1), 30 ng of
RNA, 0.5 ul of ANTP (10 mM) (Bio-Basic) and DEPC-
treated water was mixed to make a total volume of 14 pl.
The mixture was kept at 65 °C for 5 min and immediately
placed on ice. Afterward, 4 ul of Buffer (5x), 2 nl
RiboLock RNase Inhibitor (10 U/ul), 1 ul of RevertAid M-
MuLV Reverse Transcriptase (200 U/ul), and DEPC-
treated water (up to 20 pl) were added. The mixture was
kept at 16 °C for 30 minutes, and the following reaction
conditions were applied: 30 °C 30 sec, 42 °C 45 sec, and
48 °C 1 sec (60 cycles). The enzyme inactivation was
performed at 70 °C (5 min), and then the tubes were kept
at -20 °C.

2.4 Stem-loop Quantitative Reverse Transcription PCR

The stem-loop quantitative RT-PCR method was used
to determine the expression level of miRNAs under control
and Ni-treated specimens [28-29]. miRNA amplification
was performed using SYBR®Premix Ex Taq™ (2x) (Tli
RNaseH Plus) kit (Takara, Japan). Accordingly, 1 ul (10
uM) of miRNA-specific forward and universal primers
(Table S1), 2 pl of cDNA, 8 pl of sterile water, and 10 pl
of SYBR®Premix Ex Taq™ (2x) mixture were collected
in a 0.2 ml PCR tube. A real-time PCR device (Rotor-
Gene® PCR, Corbett Research-Qiagen) was used for the
reaction settled at 95 °C (2 min), 40 cycles of 95 °C (5 sec),
56 °C (15 sec), and 72 °C (20 sec). Subsequently, the
primer specificity was tested by performing a melting
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curve analysis (MCA) between 52 and 95 °C (0.5 °C
increments/sec).

2.5 Semi-quantitative RT-PCR

The expression levels of miRNAs in control and Ni-
applied specimens were determined using the semi-
guantitative RT-PCR technique. For this purpose, 2 ul
¢DNA, 2.5 ul 10X buffer, 0.5 ul 10mM dNTP, 1.5 pl 2 mM
MgCl,, 0.75 ul (10 uM) miRNA specific "forward" and
"universal" primers (Table S1), 0.25 pl Taq Polymerase
(Fermentas, Thermo Scientific), and 17.75 pl sterile water
were mixed. PCR conditions were adjusted as follows: 95
°C (2 min), 30 cycles of 95 °C (5 sec), 56 °C (15 sec), and
72 °C (20 sec). Finally, the polymerization temperature
was set at 72°C (7 min) (TECHNE, TC-512 thermal
cycler). After the reaction, the PCR products were loaded
in a 3% agarose gel using 1x TBE buffer. The gel was
visualized under ultraviolet light.

2.6 Contamination Analysis

To check for any contamination that might have
occurred during the isolation and/or exudation of phloem
sap, the existence of CmPP16 (AF079170) and RuBisCo
were tested. The CmPP16 gene, a phloem-specific
transcript found in the PS of Cucurbitaceae species [30-
31], is used as a positive control. In addition, RuBisCo, a
transcript exclusive to green tissues, was chosen as a
negative control to examine any contamination that might
have occurred during PS sampling. The leaf and PS RNAs
from all tested plants were used for the analyses. First-
strand cDNA synthesis was carried out according to
Tombuloglu et al. [26]. The transcripts were amplified in a
thermal cycler (Techne TC-512, UK) using standard
protocols detailed in the previous section. The PCR
products were loaded in 2% agarose gel by labeling
SafeView® stain and visualized under UV light.

2.7 Grafting Experiments

Grafting experiments were conducted to demonstrate
and verify the translocation of mobile miRNAs between
root and leaf in pumpkin seedlings. First, the unstressed
(control) root and the unstressed stem are grafted (self-
grafting) to detect possible miRNA differences that may
occur due to tissue injury. In another set, the unstressed
root (rootstock) was grafted with the stressed stem (scion)
treated with Ni for 48 h. After grafting, the seedlings were
placed in dark and humid conditions (>90%) for overnight.
The PS, root, and leaf tissues were collected for RNA
isolation. The protocols for RNA isolation, stem-loop
cDNA synthesis, and stem-loop RT-PCR were carried out
to determine the expression level of selected miRNAs.

3 Results
3.1 Contamination Test

RNA contamination from the neighboring tissues
during the collection of phloem sap (PS) is one of the

challenges. CmPP16, a transcript specific to PS, was used
as a positive control to elucidate possible RNA
contamination. In addition, RuBisCo, a tissue-specific
transcript that does not exist in the PS, was used as a
negative control to test any possible RNA contamination
during PS collection. Results showed that RuBisCo
transcript was absent in the PS of the control and Ni-treated
samples (24h and 48h) (Figure 1a). Conversely, the
CmPP16 transcript was evident in the PS specimens of the
same seedlings (Figure 1a). Moreover, RuBisCo transcripts
were detected in all tested leaves, including control, 24h,
and 48h specimens (Figure 1b). These results showed that
PS specimens collected from control and Ni-treated
seedlings are exempt from RNA contamination that may
be derived from neighboring tissues.

3.2 Stem-loop Quantitative RT-PCR Analysis of miRNAs

Expressions of 14 miRNAs in the PS of control, 24h,
and 48h Ni-applied seedlings were determined. Among
tested miRNAs, the abundance of five miRNAs (miR160,
miR167, miR393, miR397, and miR398) was found to be
altered at 24h and 48h of Ni treatment (Figure 2).
Compared to the control, those miRNAs were down-
regulated in Ni-treated seedlings.

3.3 Confirmation of Results with Semi-quantitative RT-PCR

To validate the RT-gPCR findings, a semi-quantitative
RT-PCR technique was used to determine the expression
level of five down-regulated miRNAs. As depicted in
Figure 3, the intensity of miR167 and miR393 bands
gradually decreased in 24h and 48h of Ni-treated samples
compared to that of the control. These results aligned with
the quantitative RT-qPCR results depicted in Figure 2.
However, no significant change in band intensities was
observed in miR160, miR397, and miR398 samples. These
results confirm the existence and down-regulation of
miR167 and miR393 in the phloem sap of pumpkin
seedlings as responsive to nickel application.

CmPP16 CmRuBisCo

24h 48h 24h 48h

CmRuBisCo
24h 48h

Figure 1.Agarose gel image showing contamination test results upon
nickel (Ni) application. M = Marker (100 bp). (a) CmPP16 transcripts
were determined in the phloem sap of control (C), and Ni-treated
seedlings (24h and 48h). However, CmRuBisCo transcripts were not
detected in the identical specimens (b) The tissue-specific transcript,
CmRuBisCo, was determined in the leaf tissues of control (C) and Ni-
treated seedlings (24h and 48h). NC = negative (no template) control.
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Figure 2. Stem-loop RT-gPCR analysis of miRNAs (miR160, miR167, miR393, miR397, and miR398) in the phloem sap (PS) of Ni-treated and un-
treated (control) seedlings. The color legend was shown on the right-hand side.
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Figure 3. Semi-quantitative RT-PCR analysis of Ni-responsive miRNAs in control (Cnt) and Ni-treated (24h and 48h) plants.

3.4 Expression of miR167 and miR393 in Grafted Seedlings

Grafting experiments were carried out to verify the
expression of Ni-responsive miRNAs found in the
quantitative RT-qPCR and semi-quantitative RT-PCR
analyses. For this purpose, the excess Ni-responsive
miRNAs were determined in the PS of control (untreated),
self-grafted (control rootstock + control scion), rootstock-
grafted (control rootstock + Ni-treated scion), and scion-
grafted (Ni-treated rootstock + control scion) seedlings
(Figure 4a, b). Self-grafting was applied to elucidate a
possible miRNA expression change that could be caused
by tissue injury during the grafting process. Besides, Ni-
treated scion was grafted on the control rootstock to
determine the direction of miRNA movement (i.e., from
scion to rootstock or vice versa). Self-grafting results
showed no difference in miR167 expression. However,
the self-grafting process increased miR393 expression,
which can be attributed to tissue injury/repair during the
grafting (Figure 4c). This result revealed that miR393
could be responsive to tissue injury as well. Once Ni-
treated scion is grafted on the control rootstock, the
expression of miR167 and miR393 were suppressed, as
expected. On the other hand, the grafting of Ni-treated
rootstock with control scion increased the abundance of
miR167 and miR393 compared to those of untreated
(control) and self-grafting seedlings. These results show
that miR167 and miR393 are Ni-responsive and
move/travel from leaves to the roots.

(b)

| (d) miR393 _—
el

EV I invonon 77

D w0
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Figure 4. Grafting experiments. (a) The control seedlings were self-
grafted. (b) The control scion has grafted on the Ni-treated (48h)
rootstock—the stem-loop quantitative RT-PCR analysis of (c) miR167
and (d) miR393.

4 Discussion

Nickel (Ni) is an essential micronutrient for the

growth and development of plants. It involves
biochemical reactions and takes place in integral
components of various biomolecules such as

metalloenzymes and enzymes [32]. Besides, it is a heavy
metal that limits crop growth and development and
eventually yields when its concentration in the soil
reaches an excess level [33]. Due to increasing
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anthropogenic, technogenic, and geogenic activities, Ni
pollution in agricultural soils has become widespread
worldwide [34]. Burning fossil fuels, industries using Ni,
and mining activities release it into the atmosphere. These
releasing substances readily dissolve in water and then
build up in the soil and sediments [35-38]. According to
the World Health Organization (WHO), Ni concentration
in soils is 15-30 mg/kg. Its concentration in most plant
parts is between 0.05-10 mg/kg dry weight and is
considered toxic above this amount [39]. Although plants'
resistance mechanism and homeostasis against Ni stress
have been studied [40-43], there is still a lack of
information about Ni-induced miRNA mobilization. The
information on this mechanism is crucial to understanding
tissue or organ-level communication of plants to improve
heavy metal resistance.

Small regulatory RNAs known as miRNAs are a
diverse class that controls post-transcriptional gene
expression. They also play a critical role in gene
regulatory networks [44]. "Mobile" RNAs have been
found in the phloem fluid/sap, which is functional in root-
to-leaf communication [6, 45]. Moreover, they are known
as naturally occurring species-to-species signaling
molecules, such as between the parasitic plant Cuscuta
and its hosts like Arabidopsis and tobacco [46]. Recent
studies documented the first case of plant-to-plant miRNA
communication. They provided experimental support for
the idea that plants might uptake miRNAs produced by
their neighbors, causing post-transcriptional gene
silencing (PTGS) in the cells receiving them [47-48].

In this study, pumpkin seedlings were exposed to
excess Ni, and stem-loop RT-PCR analysis was conducted
for 14 miRNAs (miR156, miR168, miR398, miR166,
miR397, miR167, miR164, miR169, miR390, miR172,
miR393, miR159, and miR162), which were verified as
PS residential. Among those miRNAs, miR160, miR167,
miR393, miR397, and miR398 were responsive to Ni
treatment, evidenced by stem-loop RT-gPCR (Figure 2).
Besides, semi-quantitative RT-PCR analyses confirmed
that those of two miRNAs (miR167 and miR393) are Ni-
responsive (Figure 3), which were further tested by
grafting experiments to find their transport direction
(Figure 4). The grafting experiments revealed that
miR167 and miR393 migrate from leaf to root. On the
other hand, the abundance of other miRNAs (miR156,
miR168, miR398, miR166, miR397, miR164, miR169,
miR390, miR172, miR159, and miR162) in phloem sap
did not change against Ni stress. Instead, they may play a
role in systemic long-distance signaling during
development or different types of stress.

miR398 is known to be a master regulator of plant
development and stress responses [49]. A recent study
found that miR398 is downregulated upon NiCl,
treatments (50, 100, and 200 pM) over control seedlings
of castor bean (R. communis L.) [50]. The same study
showed up-regulation of a miR398-target gene, cupper-
zinc/superoxide dismutase (Cu-Zn/SOD or CSD), in both
root and leaf tissues upon Ni treatments. Cu-Zn/SOD is an
antioxidant protein involved in scavenging superoxide
anions. Our findings indicate that miR398 is involved in
the long-distance communication of pumpkin seedlings
against Ni-stress. Reduced miR398 expression in the PS
could release Cu-Zn/SOD transcripts in the target tissue.

Thus, the antioxidant defense system is promoted as an
early stress response. In addition to miR398, miR171,
miR395, miR396, and miR838 have been determined as
Ni-responsive in the leaves of castor beans [50]. This
study focused on identifying miRNAs in the PS of
pumpkin. However, except for miR398, those miRNAs
were not determined to be Ni-responsive. This can be
attributed to the difference in plant type and the tissue
studied, which is the PS of pumpkin in this study.

miR167 and miR393 were other Ni-responsive
miRNAs found in the PS of pumpkin. Previous studies
revealed their functions in different plants under nutrient
deficiency. For instance, miR167 and miR160 were nitrate
(N)-starvation responsive in Arabidopsis [51]. The
potential functionality of miR160 in nitrogen (N)
deficiency has been demonstrated in Arabidopsis. Its
expression is upregulated in roots during transient low
nitrate treatment [51]. In addition, several studies have
revealed the functionality of miR167 in the developmental
stages of tissues/organs (i.e., root, leaf, flower, seed,
embryo) and biotic and abiotic stress adaptation (reviewed
by [52]). For instance, miR167 expression is induced in
Arabidopsis under salinity, drought, and cold stresses [53-
54]. Although miR167 is stress-responsive, its function
against Ni-stress is yet to be identified. This study, for the
first time, revealed its possible function during the
regulation of Ni stress. In addition, the grafting
experiments showed the direction of long-distance
movement, which was from the leaf to the root.

Additionally, miR393 was found to be phloem-
resided and responsive to Ni. The grafting studies revealed
its leaf-to-root movement. The roots are the primary tissue
exposed to Ni stress. In line with these findings, miR393
was found in the phloem sap of Brassica napus under
nutrient deficiency [12]. Transgenic rice and Arabidopsis
are more sensitive to salt stress when OsmiR393 is
overexpressed [55]. This study verified miR167 and
miR393 as responsive to excess Ni. Their leaf-to-root
movement in the plant body through the phloem may
regulate the Ni homeostasis in plants. The transcriptional
regulation of these mMiRNAs in the target tissues (i.e., roots
or leaves) upon the miRNA translocation should be
studied.

5 Conclusion

Several phloem-mobile miRNAs have been identified
as messenger molecules, which play a molecular switch in
target cells/organs and regulate early stress responses. For
the first time, this study showed the phloem sap resident
miRNAs in pumpkins and their response against excess
nickel. Grafting experiments also showed the direction of
miRNA movements. Among 14 selected miRNAs,
miR167 and miR393 were nickel-responsive, moving
from leaves to roots. Functional studies are necessary to
clarify their role in the transcriptional regulation of nickel
stress at their target tissue.
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