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Yontem

Kiibra DEMIR """ Orhan YAMAN?
1-2Adli Bilisim Miihendisligi, Teknoloji Fakiiltesi, Firat Universitesi, Elaz1g, Tiirkiye.
11202141107 @firat.edu.tr, >orhanyaman@firat.edu.tr

Gelis Tarihi: 26.05.2023 ) - doi: 10.62520/fujece. 1443818
Kabul Tarihi: 13.11.2023 Diizeltme Tarihi: 06.06.2023 Aragtirma Makalesi

Alinti: K. Demir ve O. Yaman, “Su alt1 goriintii siniflandirma i¢in HOG 6zellik ¢ikarict ve KNN tabanli bir ydontem”, Firat
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Oz

Su altindaki ¢opler deniz canlilarinin yasami ve tiim ekosistemi etkilemektedir. Su altindaki ¢oplerin tespit
edilmesi 6nemli bir aragtirma alanidir. Bu ¢aligmada su altindaki ¢oplerin tespit edilebilmesi i¢in bir yontem
onerilmistir. Onerilen ydntemin uygulanmasi icin erisime agik Trash-ICRA19 veri seti kullamlmistir. Veri seti
kirpma islemi uygulanmis ve toplamda 11060 goriintiiden olusan bir veri seti elde edilmistir. Bu goriintiiler 6n
isleme kullanilarak 200x%200 piksele doniistiirilmiistiir. Yonlii Gradyan Histogrami (HOG) algoritmast
uygulanilarak, 11060x900 6znitelik vektorleri elde edilmistir. Elde edilen 6znitelik vektorleri daha sonra KNN
(K En Yakin Komsu Algoritmasi), DT (Karar Agaci), LD (Linear Discriminant), NB (Naive Bayes) ve SVM
(Destek Vektor Makinesi) siniflandiricilart kullanilarak sonuglar hesaplanmigtir. Elde edilen sonuglar KNN
siniflandiricimin bu ydntemde kullanilmas1 durumunda %97.78 dogruluk elde edilmistir. Onerilen yontemde
sadece 6zellik ¢ikarici ve siniflandirict kullanilmasi, yontemin hafifsiklet oldugunu gostermektedir. Literatiirdeki
mevcut ¢aligmalara kiyasla diigiik hesapsal karmasikliga sahiptir. Ayrica performans sonuglarina gore literatiirdeki
yontemlerden basarilidir.

Anahtar kelimeler: Su alt1 gériintiileri, HOG algoritmasi, KNN siniflandirma, Cop tespiti
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Abstract

Underwater garbage affects the life of marine creatures and the entire ecosystem. Detecting underwater garbage is
an important research area. In this study, a method is proposed to detect underwater garbage. The open-access
Trash-ICRA19 dataset was used to implement the proposed method. The data set cropping process was applied
and a data set consisting of 11060 images in total was obtained. These images were converted to 200200 pixels
using preprocessing. By applying the Directed Gradient Histogram (HOG) algorithm, 11060x900 feature vectors
were obtained. The resulting feature vectors were then calculated using KNN (K Nearest Neighbor Algorithm),
DT (Decision Tree), LD (Linear Discriminant), NB (Naive Bayes), and SVM (Support Vector Machine)
classifiers. The results obtained showed that 97.78% accuracy was obtained when the KNN classifier was used in
this method. The use of only feature extractors and classifiers in the proposed method shows that the method is
lightweight. It has low computational complexity compared to existing studies in the literature. Moreover,
according to its performance results, it is more successful than the methods in the literature.

Keywords: Underwater images, Hog algorithm, KNN classification, Garbage detection
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1. Introduction

The developments in the exploration process of the underwater world; underwater objects, underwater object
detection, and classification have become important. There is hardly any place on earth that is not polluted
by marine debris. The main source of plastic waste is land, the second source is the seas and oceans. Marine
plastics pose a major threat due to their adverse effects on the marine ecosystem and human health. There
are many types of garbage found in the seas. However, plastics, one of the most common and harmful marine
garbage in every aspect of our lives, are our focus. Disposable plastics (plastic bottles, plastic cups, bags,
etc.) are used vulgarly because they are convenient and cost-effective. 1 plastic bag disappears in nature after
approximately 1000 years. Despite this, it is estimated that 1-5 trillion plastic bags are used in the world every
year. As plastic wastes stay on the seabed, they turn into very small pieces, namely micro-plastics, after
passing through various factors. These microplastics cause the death and extinction of living creatures living
underwater. This situation not only affects underwater creatures but also affects people quite a lot.
Underwater images contain more difficult problems than the land environment. Underwater objects make
images blurry and distorted due to problems such as distortion of their shape, color loss, light weakening,
and background noise due to prolonged exposure to water. Therefore, these images are more difficult to
detect, classify, and obtain a success rate. These difficulties negatively affect the number of scientific studies
in these areas due to the high cost of expenses and the wide variety of objects considered sea wrecks.
However, recently, developing technology and increasing underwater pollution have increased such studies.
Current studies on garbage and sea creatures in the literature are summarized in Table 1.

Table 1. Summary of studies in the literature

Author Year Class ?rlrlllanézsr of Method (A(;/c(:);uracy
Fﬁ“"n 2l 2019 Tash, bio, and Rov 5720 e s
Hanetal.[2] 2020 Sea cucumber, sea urchin, and scallop 30000 Ezgt\%r\l 94,90
Lietal. [3] 2020 Bottle, bag, and Styrofoam 1505 YoloV3 %91.43
Tataetal. [4] 2021 Plastic 3200 YoloV5 %85
Roslietal. [5] 2021 if;%g;h big fish, small fish, crab, shrimp, and 5, ¢ YoloV4  %97.96
Wuetal. [6] 2022 Garbage, living, and underwater robot 7.684 YoloV5 %97.5
Lietal.[7] 2022 if;%g‘f}h big fish, small fish, crab, shrimp, and ¢, YoloV4 %75
Moo S gy Ml B s Sl o
Demir et al. 2022 Small size plastic bottle?s, large plastic bottles, 720 YoloV4 0,88.7
[9] glass bottles, and packaging

When current studies are examined, artificial intelligence-based methods have been developed for
underwater images and classification has been made. Generally, Yolo [3] and CNN [2] based methods are
preferred. Underwater robot [5] technology is used for underwater imaging. Detection of sea creatures and
garbage detection were made by using an underwater robot. As sea creatures; Vivid images of sea cucumbers,
sea urchins, scallops, jellyfish, big fish, small fish, crabs, shrimp, and starfish were used. In the garbage
category, images consisting of metal, plastic, cardboard, and glass objects were used. When the studies in the
literature are examined, studies have generally been carried out for the detection of sea creatures [8] or
garbage objects [9]. Han et al. [2] proposed a CNN-based method for detecting sea creatures (sea cucumber,
sea urchin, and scallop) in underwater images. In the proposed method, only sea creature images were taken
into account. No results were obtained for garbage images. Tata et al. [4] presented a method based on
YoloV5 by obtaining plastic images with an underwater robot. 3200 images were used and plastic images
were examined. Rosli et al. [5] proposed a yoloV4-based method for detecting jellyfish, big fish, small fish,
crabs, shrimp, and starfish using an underwater robot. Rosli et al. [5] In the data set they used, many classes
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of sea creatures can be detected, but there is no garbage object in the data set. There are only images of sea
creatures.

In this study, a Trash-ICRA19 hybrid (garbage, sea creature, and rov) dataset is used, which is designed to
find all plastic debris with a large dataset of underwater images and to separate the remains from biological
assets and intentionally placed man-made objects [1].

In the literature, the most commonly used image enhancement techniques are histogram equalization [10]
and contrast spreading [11]. In addition, the improvement algorithm based on Empirical Mode
Decomposition (AKA) and wavelet noise removal method [12], adaptive smoothing techniques, and some
filtering methods such as anisotropic filtering and homomorphic filtering [13] are also suggested. In this
study, the histogram equalization method was used. 11060x900 feature vectors were obtained. These features
are classified by the KNN algorithm. Our motivation is to propose a new inference model to achieve a high
rate of classification and detection.

2. Materials and Methods

This application is developed on the MATLAB 2020a programming language platform. The steps of the
application developed in this section are given below step by step. The general steps of the proposed model
are:

Step 0: Crop the Trash-ICRA19 images.

Step 1: Preprocess the cropped images.

Step 2: Obtain feature vectors with the Hog Algorithm.

Step 3: Classify features using a decision tree, support vector machine, linear discriminant, naive Bayes, and
k nearest neighbor algorithms.

The flow diagram of the model is shown in Figure 1.

TRASH ICRA 19

B oS
]

| HOG AGORITEIM |

l Classification

EININ

Figure 1. Graphical summary of the proposed method
2.1.Dataset preparation

The trash-ICRA19 dataset was used in this study. This data set; includes three parts: training (75%), testing
(15%), and validation (10%). The Trash-ICRA19 dataset has a resolution of 480 x 360 pixels. This dataset
has 7684 images; It consists of 3 different classes: bio (all natural biological materials including fish), plastic
(marine waste, all plastic materials), and rov (remote-controlled underwater vehicle). An object in each image
was obtained by extracting the coordinates of the objects from the XML files of the Trash-ICRA19 dataset
and cropping it. Thus, a new data set with different dimensions, with the number of images increased to
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11060, was created. The class names of the Trash-ICRA19 data set and the number of objects belonging to
each class are shown in Table 2.

Table 2. Class names and number of objects belonging to each class

Class Name Number of Objects
Bio 2417

Plastic 6339

Rov 2274

Aggregate 11060

2.2.Preprocessing

The second stage of the proposed model is preprocessing. Image enhancement should be done to improve
image quality, compensate for attenuation effects, adjust color, reduce noise and blur, and high accuracy.
Using the image histogram, the histogram equalization method, which is an image enhancement method, has
been applied to the images whose color values are not uniformly distributed. The image needs resizing to
avoid any later problems. The image can be any size. The image needs to be set to a constant width and
height ratio. Images with different sizes were resized to 200 x 200. Example image enhancement images are
shown in Figure 2.

TEWA 1A

(d) (© ®

Figure 2. Image preprocessing of sample underwater images. (a,b,c) Sample images from Trashlcra dataset, (d,e,f)
Images obtained using image preprocessing
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Average pooling is one of the pooling techniques generally used in CNN models. The pooling layer is mostly
applied to feature matrices. In Figure 3, if a 4x4 feature matrix is applied and a 2x2 average pooling is applied,
the 2x2 matrix on the right is formed. For this reason, it includes the calculation of the average for each
section with the Average pooling method. The purpose of the pooling method is to reduce dimensionality.
Thus, both the required processing power is reduced and the unnecessary features are ignored and the most
important features are focused on. In this study, images are reduced to 200x200 pixels and 50x50 pixels with
the average polling process.

15(9 | 7| 3

Average
11| 5 8 6 Pooling 10| 6
8 7 3 |17 5 8

Figure 3. Average pooling process

2.3.HOG feature extractor

The use of HOG was first suggested by Shashua [14] and Dalal [15]. The main goal of the HOG method is
to define the image as a group of local histograms. These groups are histograms in which the magnitudes of
the gradients are summed. To extract the HOG values of an image, firstly, the horizontal and vertical Sobel
filters of the image are applied, and the edges, Ix and ly, are determined. It then calculates the gradient and
their orientation angles using Ix and Iy with the Sobel filter applied. The block diagram of the HOG algorithm
is shown in Figure 4.

Start Image

\ 4

Applying vertical and horizontal sobel to the image

A 4
Separating the image into regions

I
\/ v

Sobelx Sobely

I I
Gradient Angle

A\ 4

Combine gradient and angle histograms

Figure 4. HOG algorithm flowchart
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11060x900 feature vectors were obtained by applying the Directional Gradient Histogram (HOG) algorithm,
which is one of the methods sensitive to image texture.

2.4. Classification

The features obtained as a result of feature selection algorithms are classified by Decision Tree, Linear
Discriminant, Naive Bayes, Support Vector Machine, and KNN algorithms. KNN is one of the simplest
Machine Learning algorithms based on the Supervised Learning technique. It is used to solve classification
and regression problems. In the KNN algorithm, the training set is first created. Then the K value and a
distance function are selected. When new data is encountered, the distance of this data to the data in the
training set is calculated one by one using the selected distance algorithm [16] KNN runs the distance
formulas to calculate the distance between each data point and the test data. The parameters of the KNN
algorithm used in the proposed method are shown in Table 3.

Table 3. Parameters of the KNN algorithm used in the proposed method

Parameters Values
Number of neighbors 1
Distance metric City block

3. Experimental Results

The experiments presented in this section were conducted on a computer equipped with a 64-bit Windows®
10 operating system, a 16-core Intel 17-7200U processor with 64 GB of RAM, and a clock speed of 2.8 GHz.
Accuracy, precision, and recall were selected to comprehensively calculate performance. These performance
metrics were calculated using the number of true positives (TP), false positives (FP), true negatives (TN),
and false negatives (FN). The mathematical expressions of the performance measures used are shown in
equations 1-3. [17]18].

TP+TN

Accuracy = ————— (1)
TP+TN+FP+FN

- TP

Precision = 2)

TP+FP
TP
Recall = 3)
TP+FN

DT, KNN, SVM, NB, and LD classification algorithms were used to classify the selected features.
Classification results were obtained using the MATLAB Classification Learner Toolbox. 10-fold cross-
validation was chosen as a validation technique to obtain the best results. A comparison of accuracy results
with other classifiers (DT: Decision Tree, LD: Linear Discriminant, NB: Naive Bayes, SVM: Support Vector
Machine, KNN: K Nearest Neighbor Algorithm) is shown in Figure 5.

100

Accuracy (%)

60

50 | 1 1
DT LD NB SVM KNN

Figure 5. Comparison of accuracy results with other classifiers (DT: Decision Tree, LD: Linear Discriminant, NB:
Naive Bayes, SVM: Support Vector Machine, KNN: K Nearest Neighbor Algorithm)
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In the proposed method, the confusion matrix values are calculated by running 100 iterations for the KNN
classifier. The confusion matrix results are shown in Figure 6.

Predicted Oass

Bio Plastic ROV

Bio 60 8
2
(3]
O | Plastic 42 49
2
[

ROV 31 55

Figure 6. The result of the confusion matrix calculated with 100 iterations of the proposed method

The accuracy, precision, and recall results of the KNN classifier used for 100 iterations are tabulated in Table
4.

Table 4. Performance results of the proposed KNN classifier

Accuracy (%) Precision (%) Recall (%)
Maximum 97.78 97.54 97.34
Minimum 97.56 97.23 97.06
Average 97.67 97.40 97.22
Standard Deviation 0.049 0.062 0.065

The class-based accuracy results of the proposed method are shown in Figure 7.

Accuracy (%)

Bio Plastic ROV

Figure 7. Class-based accuracy results of the proposed method

When the studies are examined, there are very few studies in the literature with a mixed (sea creature and
garbage) data set. Moorton et al. [11]tested only sea creatures (sea cucumber, sea urchin, and scallop)
considering the dataset. Iron et al. [9] examined only garbage (plastic bottles, glass bottles, and packaging)
images in the data set they used. In this section, a comparison is made with our study based on ICRA19-
Trash datasets. The proposed method was applied to the ICRA19-Trash dataset and obtained high
classification accuracy. To demonstrate our high classification ability, our results were compared with other
methods, and the results are listed in Table 5. The results of the existing literature studies can be summarized
in Table 5.
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Table 5. Summary of comparison with other state-of-the-art methods using the Trash-ICRA19 dataset.

Number Accuracy  Precision o/ QGeometric  F-
Dataset 6 ages %) %) Recall%0)  \rean (%) Score(%)
Fulton et al. [1] ITé;sg'w 5720 810 - - - - -
Wu et al. [6] ITé;sg'w 7684 975 - ; ; . ;
Our method Trash- 11060 ) 97.78 97.54 97.34 97.34 97.44

Fulton et al. [1] used the Trash-ICRA19 dataset, which consists of garbage, sea creatures, and rov objects.
They achieved an 81% success rate with the Faster RCNN method of 5720 images. Wu et al. [6] used 7684
images for the Trash-ICRA19 dataset. For suggested methods, see Fulton et al. [1] 81.0% Wu et al. [6]
calculated an accuracy of 97.5%. In the literature, the classification success for Trash-ICRA19 datasets has
been calculated as over 80%. Our proposed method KNN model has 97.78% higher accuracy.

4. Conclusions

In this study, the KNN algorithm was applied to classify underwater objects, their analyses were made and
the results were recorded. In our study, training was carried out using the Trash-ICRA19 dataset, which is a
publicly available dataset. Our study has shown good results using classification algorithms. When we
compare the accuracy results with other classifiers, it is seen that the KNN classifier gives the best results for
this study. Our recommendation calculated 97.78% classification accuracy. These results and comparisons
show that it is successful in classifying underwater image types. The classification of our study with high
accuracy constitutes the main motivation. The reason why the Trash-ICRA19 dataset is used instead of other
datasets in the literature is that the dataset consists of a large dataset consisting of 11060 images. Another
reason is that it consists of two classes that are very important for marine ecosystems, namely sea creatures
and garbage images. While the size of the data set makes it easier for us to detect and classify objects, the
fact that the number of classes is more than one makes our work more difficult. Despite this disadvantage, a
high success rate has been achieved with KNN classification. In future studies, it is envisaged to detect real-
time garbage and living things using underwater robots. Also, our method can be tested on larger datasets
with more classes.
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Oz

Temassiz kazikli radye temellerde geohiicre ile giiclendirilmis yastiklarin yik dagilimma ve oturmalarin
azaltilmasina etkisi arastirilmistir. Abaqus yazilimi kullanilarak g¢esitli durumlarin modellemesi ve analizi
gerceklestirilmistir. Bu ¢alismada bir temasli, {i¢ temassiz ve takviyesiz, bes temassiz ve geohiicre ile
giiclendirilmis durumlar olmak iizere toplamda dokuz model incelenmistir. Kalinliklart temel kalinliginin yarisi,
esit ve temel kalinliginin iki kati kadar olan yastik modelleri kullanilmistir. Sonuglar, yiik dagitim verimliligi ve
modellerde elde edildigini gostermistir. Elde edilen sonuglar, temassiz kazikli radye temellerin performansini
arttirma noktasinda geohiicre takviyesinin olumlu etkisini gostermektedir. Geohiicrenin modellere eklenmesi
zeminin rijitligini ve kazik yilik oraninin artmasini saglamakta ve dolayisiyla gii¢lendirilmemis modellere kiyasla
kazikli radye temelin yiik tagima kapasitesini arttirmaktadir. Caligmanin bulgulari, geohiicrelerin ingaat
miihendisligi uygulamalarinda 6zellikle yiiksek yiik tasima kapasitesi ve minimum temel oturmasini gerektiren
durumlarda daha etkin bir sekilde kullanilmast i¢in uygun zemini hazirlamaktadir.
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Abstract

The effect of geocell-reinforced cushion on load distribution and settlement reduction in unconnected piled
raft foundations was investigated. Modeling and analysis of various scenarios were carried out using Abaqus
software. In this research, a total of nine models, including one connected, three unconnected and
unreinforced, and five unconnected and reinforced with geocell, were analyzed. Cushions with thicknesses
half of, equal to, and twice that of the foundation were used. The results have shown that optimal outcomes
in terms of load distribution efficiency and settlement reduction are achieved when the cushion's stiffness is
set at half that of the foundation. The obtained results demonstrate the positive effect of geocell reinforcement
in enhancing the performance of unconnected piled raft foundations. The introduction of geocells into the
models increases soil stiffness and pile load ratio, consequently enhancing the load-bearing capacity of the
piled raft foundation compared to the unreinforced models. The study's findings pave the way for a more
effective use of geocells in civil engineering applications, particularly in scenarios demanding high load-
bearing capacity and minimal foundation settlement.
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1. Introduction

In the realm of civil engineering, enhancing soil-bearing capacity and mitigating settlement issues are pivotal
challenges that have long captivated the attention of researchers and practitioners alike. The quest for
effective foundation solutions has led to the exploration of diverse techniques, among which piled raft
foundations have stood out for their exceptional ability to efficiently distribute loads across a spectrum of
challenging soil conditions. Historically, these foundations have been a cornerstone in the development of
strategies aimed at overcoming geotechnical obstacles, earning a revered place within the engineering
community for their versatility and effectiveness [1].

Recently, the engineering discourse has shifted towards an innovative iteration of these systems: unconnected
piled raft foundations (UCPR). This evolution represents a significant departure from traditional methods,
emphasizing a novel approach to soil reinforcement. Unlike their predecessors, UCPR systems strategically
forego the direct connection between piles and rafts, instead utilizing a cushion layer of compacted sand and
gravel mixtures [2]. This adaptation not only enhances the load capacity of the subsoil but also intricately
modifies the interaction dynamics between the piles and the imposed loads [3-6], marking a pivotal
advancement in foundation engineering practices.

The introduction of a cushion layer has been identified as a critical innovation in this context, serving a dual
function: it amplifies the subsoil's load-bearing capabilities and fundamentally alters the load transfer
mechanisms from the superstructure to the foundation [7]. The efficacy of this layer, particularly under
seismic loads, has been a focal point of rigorous investigation. Studies have delved into its role in absorbing
seismic waves and its influence on the resistance moments and pile displacement under dynamic loading
conditions [8-13]. This body of research has underscored the robust response of UCPR systems to
earthquake-induced loads, highlighting their potential to significantly improve the resilience of infrastructure
against seismic activities.

Parallel to the advancements in piled raft foundations, geocell reinforcement (GR) has emerged as a
groundbreaking solution to the perennial challenges of soil instability [14-15]. Characterized by their
distinctive three-dimensional honeycomb structure, geocells have demonstrated a remarkable capacity to
enhance the strength and modulus of non-cohesive soils, such as sand and gravel. This method of
confinement leads to pronounced improvements in soil strength, presenting a compelling case for its
integration into foundation designs. Despite the clear benefits of GR, including its contribution to increased
stability and reduced soil deformation under varying conditions, the adoption of this technology has been
tempered by the absence of comprehensive design methodologies [16-17].

Addressing this gap, the present study embarks on a thorough investigation into the impacts of integrating
geocell reinforcement within the cushion layer of unconnected piled raft foundations [18]. It aims to unravel
the effects of geocells on subsidence, load distribution to piles and foundations, and to assess the performance
of various configurations of piled raft foundations—both connected and unconnected when enhanced with
geocell technology [19-22]. Through this exploration, the study seeks to not only contribute to the body of
knowledge on foundation engineering but also to pave the way for the development of robust design
methodologies that can fully leverage the potential of geocell reinforcement in improving foundation
performance.

2. Numerical Modelling

Three-dimensional numerical models were constructed using commercially available finite element software
[23]. The parametric model represents a 10x10 m pile raft foundation under two conditions: connected and
unconnected to the piles. In the unconnected condition, a reinforced cushion with GEOCELL was
considered, along with a version without GEOCELL. The cushion, in this context, refers to the layer beneath
the raft, designed to enhance load-bearing capacity and mitigate settlement. Concrete piles, measuring 60 cm
in diameter and 12 m in length, were positioned beneath both cushion types. These elements were situated
within a soil region measuring 60x60 m with a height of 35 m.
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The GEOCELL, a geosynthetic material resembling a three-dimensional honeycomb structure, had
dimensions of 287 mm in width and 320 mm in length, with a pocket depth of 150 mm. It was placed within
the cushion layer. A vertical pressure of 600 kPa was applied uniformly to the raft as a distributed load.

For a visual representation of this configuration, please refer to Fig. 1 below:

Raft
Cushion
Geocell

Piles

Figure 1. Schematic of unconnected reinforced piled-raft foundation

This numerical model allows us to simulate and analyze the behavior of the foundation system under
different conditions, including the presence or absence of GEOCELL reinforcement. Subsequent
sections of this paper will discuss the results and implications of these simulations.

2.1. Materials

The soil used in the model represents medium sand, characterized by an elastic ideal plastic constitutive
model. The raft is defined as a linear elastic material, consistent with typical foundation materials.
Concrete piles are modeled similarly. The cushion layer, crucial for load distribution, follows the Mohr-

Coulomb yield criterion. The geocell material, essential for this study, is represented as an elastic
material to simplify computational processes.

2.1.1. Soil

The soil in the model represents medium sand and is characterized using the elastic ideal plastic
constitutive model based on the Mohr—Coulomb yield criterion. To ensure numerical stability and
mitigate modeling challenges, a small cohesion value of 1 Pa was assigned to the sand.

2.1.2. Raft

The raft, which serves as the foundation of the system, is defined as a linear elastic material [19].

2.1.3. Piles

The concrete piles supporting the foundation are also modeled as linear elastic materials.
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2.1.4. Cushion

The cushion layer beneath the raft plays a significant role in load distribution and subsoil interaction. It
is characterized using the Mohr—Coulomb yield criterion.

2.1.5. Geocell

The geocell material properties, sourced from [14], are represented as elastic materials in the model.
This simplification is made to reduce computational costs and alleviate numerical complexities.

Table 1. Material properties used in Modeling

Material Sand Raft Pile Cushion Geocell
model Mohr-col. Elastic Elastic Mohr-col. Elastic
Poisson Ratio 0.30 0.20 0.20 0.25 0.35
Year (KN/M?) 17.00 25 25 20 9.61
E (KN/m?) 40,000 3.4 x 107 2.1 x 107 40,000 380,000
C (kPa) 0 _ _ 0 _
2 35 30

These material properties are fundamental to the accurate representation of the foundation system in the
numerical model, enabling the simulation of its response under various conditions.

2.2.Mesh and boundary

For computational efficiency, a quarter model with symmetric boundary conditions was used. Piles, the
foundation, the cushion, and the soil were meshed using C3D8R elements, suitable for solid structures.
The GEOCELL, a critical element in our study, was modeled using M3D4R elements to reflect its
unique honeycomb structure.

2.2.1. Mesh
Piles, the foundation, the cushion, and the soil will be meshed using C3D8R elements, chosen for their
suitability in capturing the behavior of solid structures. GEOCELL will be modeled using shell elements

with membrane conditions and meshed using M3D4R elements, aligning with the nature of its geometry
and behavior.

2.2.2. Boundary conditions

To minimize the influence of boundaries on stress distribution, we will define boundaries in the
following manner:

1. The boundary for the y-z plane will be designated as XSIMM, indicating symmetry about the
x-plane.
2. The x-z plane will be designated as YSIMM, signifying symmetry about the y-plane.
The horizontal boundary will extend to six times the width of the raft (6BR), and the vertical boundary
will span three times the width of the raft (3BR) in addition to one-third of the pile's length (L/3) [24].
These dimensions are selected to minimize boundary effects while ensuring computational efficiency.
2.2.3. Mesh sizes

For a visual representation of the finite element mesh sizes and boundary designations, please refer to
Fig. 2.

15



Firat Univ Jour. of Exp. and Comp. Eng., 3(1), 11-27, 2024
M. Pourgholamali, F. Asghapour

2.2.4. Contact modeling

Interfaces between piles-soil and geocell-cushion will be represented using the penalty friction

algorithm. This algorithm incorporates hard normal contact and utilizes a friction coefficient of 2/3tan
[25-26].

2.3.Modeling verification

Verification of a numerical model is a crucial step to ensure its accuracy and reliability. In this section,
we present our approach to model validation and verification, which involves comparing our numerical
simulations with established laboratory and numerical models.

2.3.1. Validation models
To validate our numerical models, we selected two reference models from prior research:

1. Piled Foundation Model by Elwakil et al. [26]: This model represents a piled foundation with
dimensions of 15x15 cm, featuring steel piles measuring 40 cm in height. The entire
configuration is placed within a soil box measuring 75x75 ¢m and with a height of 60 cm.

2. Numerical Model by Alaa et al. (Pokharel et al. [19]: This humerical model replicates a scenario
with unconnected piles and a cushion, closely resembling the configuration under investigation
in our study.

2.3.2. Validation criteria

Our primary focus during the validation process was on settlement, a critical parameter for our study.
We meticulously compared the settlement values obtained from our numerical simulations with those
observed in laboratory tests.

2.3.3. Comparison methodology

To ensure a robust validation process, we conducted thorough analyses and employed specific
methodologies. These methodologies included a systematic examination of settlement data, alongside
other relevant factors, to facilitate a comprehensive comparison between our numerical models and the
reference models.

2.3.4. Validation findings and correlation

Our validation efforts produced highly satisfactory results. Notably, the settlement values obtained from
our numerical simulations closely mirrored those observed in the laboratory experiments conducted by
Elwakil et al. [8]. This remarkable correlation validates the precision and reliability of our numerical
models, particularly under similar loading conditions.

2.3.5. Relevance to our study

The successful validation of our numerical models against established laboratory and numerical models
significantly enhances our confidence in the accuracy of our simulations. This assurance underpins the
robustness of our study, enabling us to draw dependable conclusions and insights from our numerical
analyses.

2.4 .Parametric models

In pursuit of this objective, a series of parametric models were developed to explore different scenarios
and conditions. These models are summarized in Table 2 and visually represented in Fig. 3.

16



Firat Univ Jour. of Exp. and Comp. Eng., 3(1), 11-27, 2024
M. Pourgholamali, F. Asghapour

Table 2. Parametric models

Parametric Study Raft 1;:;;:kness CUShIOﬂ(:'—;] ickness Reinforcement Conditions
connected 0.3 0 non
C-0.5h 0.3 0.5h non
C-h 0.3 1h non
C-2h 0.3 2h non
GRC-0.5h 0.3 0.5 Reinforced with 1 layer of geocell
Reinforced with 1
GRC-hb 0.3 1h layers of geocell below the cushion
GRC-ha 03 1h Reinforced with 1 _
layers of geocell above the cushion
Reinforced with 1
GRC-2hb 0.3 2h layers of geocell below the cushion
GRC-2ha 03 oh Reinforced with 1

layers of geocell above the cushion

These parametric models have been meticulously designed to encompass a range of variables, including
raft thickness, cushion thickness, and specific reinforcement conditions. They form the basis for our
comprehensive analysis of the impact of these parameters on the behavior of the piled-raft foundation
system.

3. Results and Discussion

This section presents the key findings of our research, focusing on critical outcomes such as the
maximum settlement of the unconnected piled raft foundation, differential settlement within the raft
foundation, axial load distribution along the pile length, and the pivotal parameter known as the pile
load ratio apr. We give particular emphasis to the investigation of the pile load ratio and its implications.
The pile load ratio, denoted as apg, holds a central role in the design of piled raft foundations. It is
defined by the following equation:

)

In this equation, ). Py;. represents the sum of loads at the pile head, while P_total signifies the total

applied loads. Together, these parameters determine the equitable distribution of loads between the piles
and the raft.

3.1. Impact of cushion thickness

The effect of cushion thickness on the behavior of the piled raft foundation is a critical aspect of our study.
In this section, we discuss our findings in relation to the variation in cushion thickness and its impact on the
pile load ratio and settlement patterns.

As depicted in Fig. 4, the graph illustrates the variation in the pile load ratio. It becomes evident that an
increase in cushion thickness corresponds to a proportional reduction in the bearing capacity of the piles.
This observation holds significant implications for the load distribution within the foundation system.

Fig. 5 provides insights into the settlement patterns across the raft, extending from its center to its periphery.
Notably, it is evident that an increase in cushion thickness is accompanied by a notable increase in the
maximum settlement of the unconnected piled raft. This increase in settlement is particularly concentrated in
the central region of the foundation. Understanding these settlement patterns is crucial for assessing the
structural performance and stability of piled raft foundations with varying cushion thicknesses.
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35m

Figure 2. Parametric models meshing

3.2. Effect of reinforcement of the cushion with Geocell

The integration of geocells for soil improvement plays a pivotal role in enhancing soil stiffness and overall
bearing capacity. In this section, we delve into the impact of incorporating geocells within the cushion and
examine the resulting changes in the pile load ratio.

As illustrated in Fig. 4, the introduction of geocells into the cushion amplifies the pile load ratio, leading to a
more substantial load transmission to the piles across all scenarios. This enhancement in load-bearing
capacity surpasses the conditions without reinforcement, emphasizing the beneficial effects of geocell
incorporation.

Fig. 6 offers a comparative analysis of the pile load ratio among three key models: the c-2h model
(unreinforced), the GRC-2ha model, and the GRC-2hb madel. This comparison highlights that when the
cushion’s thickness is twice that of the foundation and the geocell is positioned beneath the upper cushion
region (GRC-2ha model), the pile load ratio exhibits a notable increase. Conversely, placing the geocell at
the top of the cushion (GRC-2hb model) yields lower pile load ratios, indicating that the piles can effectively
withstand greater loads. Similarly, for a cushion thickness equivalent to that of the foundation, optimal load
transfer occurs when the geocell is located at the bottom of the cushion (Fig. 7).

As demonstrated in Fig. 4, the highest pile load ratio is achieved when the cushion’s thickness matches half
that of the foundation, augmented by geocell reinforcement (GRC-0.5h model). Correspondingly, as depicted
inFig. 5, this model exhibits the lowest degree of settlement, emphasizing its structural stability. Fig. 8 further
illustrates the distribution of axial load on the middle pile, highlighting that when connected to the foundation,
the pile can endure higher axial loads on its cap. However, as the depth increases, the axial load distribution
becomes more uniform between the scenarios. These findings collectively underscore the significance of
geocell integration for augmenting load-bearing capacity and optimizing the overall performance of the
foundation system.
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Figure 8. Axial forces acting on the central pile

In the figure below, Figure 9 represents the model with clear indications of the boundary conditions.
Based on these, the details are presented as follows:

ol < 250m -
: === \Vertical Boundary (3BR + L/3)
. B B B B R ETITE XSIMM Boundary
----- YSIMM Boundary
57 1 Raft (10 m x 10 m)
: I Piles (60 cm @, 12 m length)
-10}
600N
g —-15F
< {
=3 i
o =20}
& 20
_25Fi
_30}
L O
Horizontal Boundary (6BR)

-30 =20 -10 0 10 20 30
Horizontal Distance (m)

Figure 9. Boundary conditions

The figure presents a comprehensive view of a 10x10 m raft foundation situated at the top, supported
by evenly spaced concrete piles that are 60 cm in diameter and 12 m in length. Directly beneath the raft
lies a cushion layer, which is distinctly marked to emphasize the inclusion of GEOCELL, indicating its
crucial role in the foundation's structural integrity. Surrounding the foundation, the soil is extended
outwards, with its dimensions meticulously specified to illustrate the overall simulation boundary. This
detailed representation is complemented by clearly labeled boundary conditions along the figure's
periphery. These labels include symmetry conditions (XSIMM/YZIMM) and provide a detailed account
of the horizontal and vertical boundaries' extents relative to the size of the raft and the length of the piles.
This arrangement not only aids in understanding the structural dynamics of the foundation system but
also underscores the importance of precise boundary conditions in the simulation's accuracy.
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—== Front Boundary (3BR + L/3)
—== Back Boundary (3BR + L/3)

Figure 10. 3D Boundary conditions representation

According to Figure 10, a 3D-like representation offers a detailed view of the boundary conditions for
a piled-raft foundation model. At the heart of the model, a 10x10 m raft is positioned at the origin,
clearly depicted by a brown line at the top. Extending downward from each corner of the raft are concrete
piles, illustrated as grey lines, each 60 cm in diameter and 12 m in length, anchoring the structure firmly
into the ground. The model further delineates the front and back vertical boundaries with dashed lines,
these extend horizontally to six times the raft's width (6BR) and vertically to three times the raft's width
plus one-third of the pile's length (3BR + L/3), providing a comprehensive understanding of the spatial
limitations and interactions at play. Additionally, the z-axis indicates the soil depth, reaching down to
35 m, which further contributes to a full appreciation of the model's subsurface context and the
engineering challenges addressed

This schematic provides a clear view of the physical dimensions and symmetry conditions
(XSIMM/YZIMM) applied to the model. This visualization aids in understanding how the boundary
conditions are defined around the piled-raft foundation to minimize external influences on the stress
distribution within the model.

Mesh Sensitivity Analysis
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Figure 11. Mesh sensitivity analysis
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Figure 12. Mesh sensitivity analysis: settlement and axial forces

Figures 11 and 12 present a mesh sensitivity analysis crucial for assessing the numerical model's
robustness and reliability. This analysis is instrumental in determining the optimal mesh size that
balances computational efficiency and the accuracy of settlement predictions.

The bar chart in Figure 1, illustrates a comparative analysis of settlement values, a critical parameter in
geotechnical engineering that reflects the vertical displacement experienced by a structure under load.
The settlement is measured in millimeters (mm), providing a direct indication of the foundation's
performance under stress.

The data showcased in the figure are drawn from both historical and current research, with the blue bar
representing findings from Elwakil et al. [8], the green bar drawing from Alaa et al. [19], and the red
bar depicting results from the current numerical model discussed in the manuscript. The proximity of
settlement values across the different models—with Elwakil et al. at [8] 10 mm, Alaa et al. [19] at 12
mm, and the current numerical model at 11 mm—demonstrates a high degree of consistency. Such minor
variations in the data suggest that the current numerical model exhibits behavior similar to that of the
reference models. This consistency indicates the model's capability to forecast settlement with accuracy
comparable to that of established models, reinforcing the validity of the current simulations.

The mesh sensitivity analysis thus not only informs the choice of mesh size for the current study but
also substantiates the model's predictive power in simulating real-world scenarios, lending confidence
to its application in practical geotechnical engineering problems.

Stress-Strain Distribution in Center Pile
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Figure 13. Stress-strain distribution in the center pile
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Figure 13 illustrates the relationship between stress and strain along the length of a center pile used in a
piled-raft foundation. This type of distribution is pivotal for understanding the behavior of the pile under
axial loads and for assessing the pile's performance in terms of its elasticity and strength characteristics.

In the figure, the vertical axis represents both stress (in kilopascals, kPa) and strain (as a percentage),
while the horizontal axis signifies the depth (in meters) from the top of the pile. The solid black line
denotes the variation of stress with depth, indicating an increase in stress as the pile penetrates deeper
into the soil. This trend is consistent with the expectation that stress within a pile will increase due to
the accumulation of soil pressure and the effect of overburden as depth increases.

Conversely, the dashed black line represents the strain experienced by the pile. The strain also increases
with depth, reflecting the deformation of the pile material under the growing stress. The relationship
between stress and strain showcased here is essential for determining the point at which the pile material
will yield or fail, which is crucial for the safe design of pile foundations.

Comparison of Settlement VYalues for Validation Analysis
121 11

Settlement Values (mm)

Figure 14. Comparison of settlement values

Figure 14 provides a comparative analysis of settlement values from different models, including two
reference models and the current numerical model being presented in the manuscript. Settlement, often
measured in millimeters (mm), is a critical parameter in geotechnical engineering, indicating the amount
of vertical displacement or sinking that a structure undergoes when subjected to loading.

In the bar chart, each bar represents the settlement value associated with a particular model. The blue
bar corresponds to the data from Elwakil et al., the green bar represents Alaa et al. and the red bar
corresponds to the current numerical model that the manuscript focuses on.

The figure shows that the settlement values for the models are relatively close, with the Elwakil et al.
model showing a settlement of 10 mm, Alaa et al. (Pokharel et al. [19]) showing a slightly higher value
of 12 mm, and the current numerical model showing a settlement of 11 mm. The minor differences
between these values may suggest that the current numerical model behaves similarly to the reference
models, indicating that the model can potentially be used to predict settlement with a comparable level
of accuracy as the established reference models.

This type of validation is essential to ensure that the new or current numerical model is reliable. It
provides confidence to both the modelers and the readers that the numerical predictions are grounded in
previously verified results. The closeness in settlement values also serves as a quality check against the
model's ability to simulate real-world behavior, which is particularly important for any engineering
application that relies on precise numerical modeling to predict structural behavior under various loading
conditions.
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4. Conclusion

This investigation delved into the potential enhancements of unconnected piled raft foundations through
geocell reinforcement, spurred by the noticeable lack of comprehensive design strategies despite their
established advantages. Employing sophisticated numerical modeling and examining diverse setups under
varying conditions, our study has shed light on the considerable benefits of geocell reinforcement for
improving load distribution and reducing settlement in these foundations.

Our research consistently found that adjusting the cushion's stiffness to half that of the foundation maximizes
load distribution and minimizes settlement, a key factor in preserving structural integrity across various
loading scenarios. These insights offer a ground-breaking approach to tackling the longstanding issues of soil
instability and enhancing load-bearing capacities in unconnected piled raft foundation systems.

The evidence from this study strongly supports the integration of geocell reinforcement into piled raft
foundation systems, underlining its role in fortifying soil strength, stability, and load distribution. Based on
our findings, we advocate for the creation and implementation of comprehensive design methodologies that:

1. Tailor cushion stiffhess to foundation characteristics, specifically recommending cushions with half the
stiffness of the foundation for superior performance.

2. Standardize the use of geocell reinforcement in unconnected piled raft foundations to markedly bolster soil
mechanics and overall foundation efficacy.

3. Strategically position geocells within the cushion layer to capitalize on their benefits in load capacity
enhancement and settlement reduction, guided by our research insights.

The implications of our work suggest a significant leap forward in civil engineering, particularly for projects
requiring enhanced load support and minimal foundation settlement. Incorporating our recommendations
into practice could revolutionize foundation engineering, steering it towards more robust, efficient, and eco-
friendly methods.

To sum up, the adoption of geocell technology in unconnected piled raft foundations offers a viable solution
to the intricate demands of contemporary foundation engineering. We are optimistic that our study will not
only enrich the academic discourse but also encourage the broader application and development of geocell
reinforcement in foundation engineering, leading to the emergence of more sophisticated, dependable, and
innovative foundation systems.
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Oz

Diinya genelinde artan ticari hareketlilik yollara olan ihtiyact artirmig ve bunun sonucunda yeni yol aglari ortaya
cikmugtir. Ulkemizde insa edilen karayollarmin {istyapr tipi 5Snemli 6lgiide esnek kaplamalardan olusmaktadir. Agir
tasit sayisi, tekrarlanan yiikler, ¢cevre ve iklim kosullar1 gibi parametreler esnek kaplamalar iizerinde farklh
deformasyonlara neden olmaktadir. Bu deformasyonlardan biri de su kaynakli hasarlardir. Ozellikle degisen iklim
kosullar1 bazi bolgelerin yil boyunca almasi gereken yagislart ¢cok kisa siirelerde yogun olarak almasina neden
olmaktadir. Bunun sonucunda esnek kaplamalar hasar gérmekte ve hizmet Omiirleri beklenenden daha kisa
olmaktadir. Artan ¢evre bilinciyle birlikte, bazi atik malzemelerin bitiimlii karisimlarda kullanilmasi son derece
onemli bir konu haline gelmistir. Bu ¢alismada, farkli Polivinil Kloriir (PVC) igerikleri ile modifiye edilmis
bitimlii malzemeler uygun gradasyonlu agregalar ile karistirilmis ve su kaynakli hasarlara karsi direngleri
degerlendirilmistir. Ayrica, sonmiis kireg ilavesinin numunelerin su kaynakli hasara karsi direnci tizerindeki
etkisini degerlendirmek i¢in ¢esitli performans testleri gergeklestirilmistir. Bu kapsamda, modifiye edilmis bitim
ve agregalarin Ozellikleri, geleneksel bitiim ve agrega testleri yapilarak belirlenmistir. Caligmanin son hedefi
olarak, bitimlii malzemelere PVC ilavesinin su kaynakli hasara karsi dirence etkisini belirlemek amaciyla
karisimlara Modifiye Lottman (AASHTO T 283) Deneyi uygulanmistir.

Anahtar kelimeler: PVC atigi, Bitimli karisimlar, Bitim modifikasyonu, Suya bagli bozulmalar, Modifiye
Lottman deneyi
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Abstract

Increasing commercial mobility throughout the world has increased the need for roads and as a result, new road networks
have emerged. The pavement type of the highways constructed in our country consists of flexible pavements to a
significant extent. Parameters such as the number of heavy vehicles, repeated loads as well as environmental and climatic
conditions cause different deformations on flexible pavements. One of these deformations is water-induced damage. In
particular, changing climatic conditions cause some regions to experience intense precipitation in a very short period of
time, which they should receive throughout the year. As a result, flexible pavements are damaged and their service life
becomes shorter than expected. With increasing environmental awareness, the use of some waste materials in bituminous
mixtures has become an extremely important issue. In this study, bituminous materials modified with different Polyvinyl
Chloride (PVC) contents were mixed with properly graded aggregates and their resistance to water-induced damage has
been evaluated. In addition, several performance tests were carried out to evaluate the effect of hydrated lime addition
on the resistance of the samples to water-induced damage. In this context, the properties of the modified bitumen and
aggregates were determined by performing conventional bitumen and aggregate tests. As the final objective of the study,
Modified Lottman Test (AASHTO T 283) was performed on the mixtures to determine the effect of PVC addition to
bituminous materials on resistance to water-induced damage.

Keywords: PVC waste, Bituminous mixtures, Bitumen modification, Water induced damage, Modified Lottman
test
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1. Introduction

The durability of bituminous mixtures is greatly affected by environmental factors such as temperature, air
and water. The use of good quality bituminous materials and aggregates during the construction of flexible
pavements at mild climatic conditions generally results in deformations such as fatigue cracking and rutting
caused by stresses due to traffic loads [1]. When tough climatic conditions are taken into consideration,
stresses due to traffic loads increase as a result of inadequate material quality and the service life of flexible
pavements decreases. Because water or moisture in the environment is relatively neutral in the acid-basic
balance, it interferes with the ability of the bituminous material to bond to the aggregate. This causes a type
of deformation known as “stripping” in flexible pavements [2]. Because the mixture no longer acts as a
coherent structural unit and strength is compromised. The cohesive resistance of the interstitial bitumen body
is rendered useless by the loss of adhesion. Water can penetrate the interface by diffusion through the
bituminous films and can enter directly into the particulate-coated aggregate [3]. There are five different
mechanisms by which water can cause stripping, including detachment, displacement, spontaneous
emulsification, pore pressure, and hydraulic scour [1].

Bituminous materials and crushed stone aggregates are the main constituents used in flexible pavements.
Due to the limited availability of these materials in nature, the use of recycled materials has become a
necessary issue to consider [4]. Therefore, many countries are actively researching and developing methods
to minimize their impact on the environment by reusing waste materials [5]. This increasing trend towards
the use of waste materials in flexible pavements aims to (I) reduce the use of limited natural resources, (11)
minimize environmental degradation and problems caused by waste disposal, (I1l) increase production
efficiency, and (V) reduce material costs [4, 6]. The waste materials that can be incorporated into bituminous
mixtures can be classified into three main categories: (1) industrial waste, which includes cellulose waste,
wood lignins, slags, bottom ash, and fly ash; (1) municipal/domestic waste, which encompasses incinerator
residue, scrap rubber, waste glass, and roofing shingles; and (111) mining waste, specifically coal mine refuse

[71.

Polymer Modified Bitumens (PMB), one of the new asphalt materials developed in recent years to improve
the mechanical properties of pavements, make the pavement more resistant to fatigue cracking, rutting and
thermal effects [8]. However, despite these advantages, the average market price of PMB material is high,
resulting in a 30-40% cost increase in asphalt mixtures [8, 9]. Therefore, the use of recovered/waste polymers
as an alternative to reduce the cost of PMB material to be used in pavements has become an approach of
interest [9]. In this context, in this study, waste Polyvinyl Chloride (PVC), a polymer from the thermoplastic
elastomer class, will be used as a binder modifier. By adding thermoplastics to bitumen, bituminous materials
are made harder and bituminous mixtures can withstand heavy loads without flexing too much. Some
thermoplastics used in bitumen modification are polyethylene (PE), polypropylene (PP), polyvinyl chloride
(PVC), polystyrene (PS) and ethylene vinyl acetate (EVA). When mixed with bituminous materials, they
increase the viscosity and stiffness of bitumen at service temperatures [10]. PVC accounts for 10.1% of
European plastic production and is used in the manufacture of window frames, profiles, cable insulation and
garden hoses [9]. Waste PVC material to be used as bitumen modifying agent can be pipes [11, 12], window
frames or cables [13]. The usability of PVVC waste in bituminous materials has been demonstrated in many
studies. The use of PVC particles in the paving industry has been shown to protect the environment, reduce
pavement production and maintenance costs, and improve the mechanical properties of asphalt mixtures [14].
The addition of PVC waste to bituminous materials results in an improvement in phase angle and complex
modulus values and an increase in indirect tensile strength (ITS) values. However, the rutting values were
significantly reduced by the use of waste PVC in the asphalt mix [15]. It was studied the effects of different
PVC wastes including blinds, window wastes and cable wastes, PVVC based on bitumen. The results showed
that the addition of PVC blinds and window waste in the range of 1-3% improved the performance of the
bitumen modified at high temperatures. Also, 5% of cable waste causes bitumen to perform better at low
temperatures [14]. The ductility, penetration and solubility values of bituminous mixtures decrease with
increasing addition of PVVC waste to bituminous mixtures [16]. Salman et al. studied the physical properties
of bitumen mixed with PVC waste at different percentages ranging from 2.5% to 15% by weight of the
bituminous material. According to the results obtained, the penetration decreased significantly with the
addition of PVC waste additive, the ductility also reduced and the softening point increased as the PVC
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percentage increased [17]. Ezzat et al. evaluated the aging values of bituminous materials by FTIR test. The
addition of PVC waste to bitumen has a positive effect on the aging resistance of bituminous materials,
according to the results obtained [18].

Durability of bituminous mixtures can be significantly affected by environmental factors such as temperature,
weather and water [19]. Especially in regions exposed to heavy rainfall and high groundwater levels,
bituminous mixtures often suffer early water-related damage and their performance under load is reduced
[20]. The presence of water on the asphalt surface, combined with other environmental factors such as freeze-
thaw cycles, can have negative consequences [21]. Moisture-induced damage is a complex form of
deterioration that results in a reduction in the stiffness and strength of bituminous mixtures, ultimately leading
to costly maintenance of the entire pavement structure [22]. Moisture-induced damage can be managed or
reduced through a variety of methods, such as selecting appropriate materials, designing appropriate
mixtures, increasing asphalt film thickness, using additives, implementing an effective surface design,
ensuring proper compaction, and developing drainage systems [23]. Among these, the use of anti-stripping
additives to improve the adhesion between bitumen and aggregate has become attractive over the years to
limit or control moisture-related damage on bituminous mixtures [26]. Although a wide variety of anti-
stripping additives have been used recently, hydrated lime is reported to be the most commonly used [19, 22,
25].

In light of the literature review, one of the most economical methods of reducing moisture sensitivity in
bituminous mixtures is the addition of hydrated lime. The relatively high silica content in limestone aggregate
makes it difficult for the aggregate to bond with bitumen in highly moisturized environmental conditions.
When added to the bituminous mixture, hydrated lime reacts with the aggregate, strengthening the
bitumen/aggregate interphase. When dry hydrated lime is added to a wet aggregate, the additive completely
covers the aggregate and reduces the silica content of the aggregate. Thus, by strengthening the bond between
the bituminous material and the aggregate, it reduces the moisture sensitivity of flexible pavements and
reduces water-induced damages [19, 26]. Considering these advantages, hydrated lime was used in the
experiments to evaluate the effect of different contents of PVC waste on the resistance to moisture-induced
deterioration of bituminous mixtures conditioned and unconditioned with this anti-stripping agent.

When hydrated lime is added to the bituminous mixture, it reacts with the aggregate and increases the bond
between the bitumen and aggregate phase. Lime reacts with highly polar molecules to inhibit the formation
of soluble soaps that promote stripping. When these molecules react with lime, they form salts that are not
affected by water. The ability of hydrated lime to make an asphalt mixture harder, more durable and resistant
to rutting is a reflection of its superior performance as an active mineral filler [27].

There are five methods for introducing hydrated lime into bituminous mixtures. These are: (1) lime slurry to
dry or wet aggregate, (1) dry lime to wet aggregate, (111) dry lime to dry aggregate (IV) dry lime to bitumen,
and (V) quicklime slurry to dry or wet aggregate [28, 29].

The addition of hydrated lime to wet aggregate is generally a better method and provides good mixing,
coating and processing, especially with weak materials. It is also best suited for application under laboratory
conditions [28-29].

Furthermore, recent research has shown that hydrated lime has additional effects on bituminous mixtures that
can act as active fillers, an antioxidant and an additive that interacts with fine clay grains in bituminous
mixtures [30]. Several studies have highlighted the use of hydrated lime as a means of increasing resistance
to moisture damage in bituminous mixtures, as well as providing other advantages such as increased stiffness
and better resistance to rutting [31].
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2. Materials and Methods
2.1. Aggregate

The aggregate materials used in the study were obtained from 2™ Region and 26" Branch of General
Directorate of Highways. Aggregate properties were determined by standard aggregate tests, where specified
in the General Directorate of Highways, Highways Technical Specification (KTS), such as specific gravity,
Los Angeles abrasion, flatness index, and Sodium soundness test. The results are given in Table 1. After the
tests on the utilization of aggregate properties in bituminous mixtures were performed, Sieve Analysis Test
was applied according to the Type-1 gradation limits specified in the Highways Technical Specifications for
wearing courses.

Table 1. Properties of limestone aggregate

Test Specification Results Spec. Limit

Sieve No ASTM C 136

Y4 100 100

28 92 88-100

% 80 72-90

No 4 473 42-52

No 10 33 25-35

No 40 13 10-20

No 80 9 7-14

No 200 5.3 3-8

Specific Gravity (Coarse Agg.) ASTM C 127

Bulk 2.645 -

SSD 2.666 -

Apparent 2.713 -

Specific Gravity (Fine Agg.) ASTM C 128

Bulk 2.643 -

SSD 2.672 -

Apparent 2.722 -

Specific Gravity (Filler) 2.686 -

Los Angeles Abrasion (%) TS EN 1097-2 274 Max. 27

Flatness Index (%) BS 812 5 Max. 10

Freeze-thaw resistance (MgSOa) (%) TSEN 1367-2 4.154 Max. 6
2.2. Bitumen

50/70 penetration grade bitumen obtained from Izmir Refinery of Turkish Petroleum Refineries Inc.
(TUPRAS) was used as bituminous material. Penetration, softening point, viscosity and etc. tests were
performed on base bitumen to determine the properties of the binder. The test results are given in Table 2.

Table 2. Properties of base bitumen

Test Specification Results Spec. Limits
. o ASTM D5

Penetration (25 °C;0,1 mm) TSEN 1426 55 50-70

. A ASTM D36
Softening Point (°C ) TSEN 1427 49 46-54
Viscosity at (135°C)-Pa.s ASTM D4402 4125 -
Thin Film Oven Test (TFOT) (163°C, 5 hr.) Loss on TSEN12607-1 0.04 0.5 (Max.)
Mass (%)
Thin Film Oven Test (TFOT) (163°C, 5 hr.) ASTM D5 75 50 (Min.)
Penetration after TFOT (%) TS EN 1426 '

. . o ASTM D36
Softening Point after TFOT (°C) TSEN 1427 6 9 (Max.)
Ductility (25°C), cm ASTM D113 100 -
Specific Gravity ASTM D92 1.03 -
Flash Point (°C) EN 22592 260 230 (Min.)
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2.2. Hydrated lime

The hydrated lime admixture used in the experimental studies, which contains a high percentage of calcium
hydroxide (Ca(OH).), was obtained locally in Mugla, Tiirkiye. The properties of the hydrated lime admixture
used are given in Table 3. The usage characteristics of hydrated lime are described in the previous section.

Since the main focus of the study was on the proportions of PVC content, hydrated lime was used at 1.5% as
recommended in previous studies [19].

Table 3. Properties of hydrated lime layer

Components after analysis Components after calculation

Name Formula % Name Formula %
Silicon dioxide SiO, 0.40 Calcium carbonate CaCOs 3.95
Ferrous oxide+ Fe,Os+ 0.12 Calcium hydroxide Ca(OH), 95.03
Aluminum oxide Al,O; 0.10 Magnesium carbonate MgCOs -
Calcium oxide CaO - Magnesium hydroxide ~ Mg(OH),—
Magnesium oxide MgO - Calcium sulfate CaSOs -
Sulphur trioxide SO3 - Sulphur S -
Loss on heating CO; -

Surface moisture H.O 0.40 Sieve number

Relative humidity H>O - Sieve size: 25 p

Insoluble materials - % Passing: 99.74

2.4. Test applied on aggregates

The limestone aggregate used in the study was subjected to standard aggregate testing. Sieve analysis (ASTM
C 136), specific gravity determination for coarse/fineffiller materials (ASTM C 127, ASTM C 128), Los

Angeles abrasion (TS EN 1097-2), flatness index (TS EN 933-3) and soundness test (TS EN 1367-2) were
performed on aggregate samples.

2.4.1. Sieve analysis test (ASTM C 136)

This test method involves determining the grain size distribution of coarse and fine aggregates by sieving.
To determine the particle size distribution, the aggregate sample of known dry weight is sieved through
progressively smaller apertures. This method is especially used to determine the gradation of the materials to
be used as aggregate. The results provide the necessary data for verifying the conformity of the particle size

distribution to the specifications and the aggregates or aggregate mixtures produced. Figure 1 shows the set
used in the sieve analysis.
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Figure 1. Set used in sieve analysis
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2.4.2. Specific gravity determination for coarse/fine/filler materials (ASTM C 127, ASTM C 128)

The specific gravity of an aggregate is the ratio of the weight per unit volume of that aggregate to the weight
of water in the same volume and at 25°C. There are different specific gravity types of particles, depending
on the volume definition.

Apparent Specific Gravity is the ratio of the weight in air of the unit volume containing the impermeable
voids of the aggregate at a given temperature to the weight of distilled water at the same temperature and in
the same volume.

Bulk Specific Gravity is the ratio of the weight in air of the unit volume of the aggregate containing the
permeable and non-permeable voids of the aggregate at a given temperature to the weight in air of the same
temperature and volume of the same volume of distilled water at the same temperature and volume.

2.4.3. Los Angeles abrasion test (ASTM C131, AASHTO T96, TS EN 1097-2)

The Los Angeles Abrasion Test determines the wear of aggregate particles due to impact and abrasion. With
this test, the abrasion resistance of coarse aggregates with a grain size of less than 75 mm is determined by
Los Angeles Abrasion Machine. In the experiment, metal abrasive spheres are placed in the machine, which
is in the form of a two-ended closed cylinder, together with the aggregate, and the machine is operated at a
certain speed and rotation. As a result, the percentage by weight of the material abraded by the metal spheres
falling on it compared to the material taken at the beginning of the experiment is given as abrasion loss. The
test apparatus for the Los Angeles abrasion test is given in Figure 2.

Figure 2. Device used for the Los Angeles Abrasion Test
2.4.4. Flatness index test (TS EN 933-3)
It is a method based on the identification of aggregate particles with a thickness less than 0.6 of their nominal
size as flat. The flatness index of aggregate samples is expressed as a percentage of the ratio of the weight of

flat particles separated using a template with specific openings to the total sample weight. The template for
flatness index determination is shown in Figure 3.
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Figure 3. Flatness Index Determination
2.4.5. Soundness test (TS EN 1367-2)

This test is a rapid test used to measure the resistance to freezing and thawing of aggregates that have been
exposed to weathering for a long time. Na>SO4 and MgSO; solutions can be used in the test. The test is
applied to the aggregate above 4.75 mm for 5 freeze-thaw periods and the percentage loss at the end of these
processes is calculated. The effect on the aggregate is equivalent to about 500 freezing and thawing events
in nature. The meshed aggregate bucket and the Na2SO4 and MgSOs solutions used in the experiment are
shown in Figure 4.

Figure 4. The meshed aggregate bucket and the Na,SO. and MgSO, solutions
2.5. Test applied on bitumen
As part of the study, conventional bitumen tests were performed on the bituminous materials used. Summary
information on the tests is provided below as well as bituminous materials containing PVVC waste as an
additive.

2.5.1. Preparation of bituminous materials containing PVC waste additives

The PVC waste used in the study was obtained from the chips generated during window production. PVC
wastes were added to bituminous materials in powder form (Figure 5).
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Figure 5. PVC waste additive

The additive rates were 0%, 0.5%, 1% and 1.5% by weight of the bituminous material. P\VC waste was
slowly added to the bituminous material heated to 150°C in an air circulation oven and mixed at 1500 rpm
for 60 minutes while keeping the temperature constant (Figure 6). The PVC-modified bitumen produced was
used immediately after production.

Figure 6. Production of PVC Waste-Modified Bituminous Material

2.5.2. Penetration test (TS EN 1426)

This method covers the determination of hardness and viscosity of bitumen and bituminous binders. This
method is applied for samples with penetration values up to 330*0.1 mm, while a different method is applied
for samples with penetration values between 330*0.1 mm and 500*0.1 mm. It is the depth of penetration of
a standard needle into a conditioned specimen. The test conditions are 25 °C, 100 grams application load and
5 seconds loading time for penetrations up to 330 x 0.1 mm. For penetrations exceeding 330 x 0.1 mm, the
test temperature is reduced to 15 °C but the application load and time remain the same. The needle is slowly
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lowered downwards to the zero position on the sample surface. The needle holder is released to allow the
needle to penetrate the sample. The first reading is recorded. A clean needle is used for each reading. At least
three valid readings are taken at points on the surface of the test sample with three separate needles. The
distance from the remaining edges of the measured points and the distance of each point from each other
should not be less than 10 mm. Figure 7 shows the setup of the penetration test.

Figure 7. Penetration test machine

2.5.3. Softening point test (TS EN 1427)

This method covers the determination of the softening point of bitumen and bituminous binders between 28
°C and 150 °C. The method is also referred to as the Ring & Ball Method. Two horizontally positioned disk-
shaped bituminous binder samples, each with a ball on top, cast in brass rings are heated in a controlled
manner in a test bath. The softening point is given as the average of the temperatures read from the
thermometer when each ball embedded in the disc-shaped bitumen samples falls (25.0+0.4) mm into the test
bench.

To obtain the initial temperature, the bath is placed in ice water or a thermostatic device and the water is
cooled to (5+1) °C. This temperature should be maintained for 15 minutes but should not exceed 20 minutes.
Using a pair of pliers, one ball is inserted into each ball center guide. The bath liquid is stirred to distribute
the temperature evenly and the temperature is increased by 5°C per minute. The thermometer reading is
recorded as soon as the bituminous binder on both balls touches the baseplate when using a non-automatic
tester, or cuts the light beam when using a semi-automatic or automatic tester.

For modified bitumen, the test is repeated if the measured temperature difference of the two samples exceeds

2 °C either if the ball breaks the thin layer without touching the bottom plate or if partial separation between
the ball and bitumen is observed. The apparatus for the softening point experiment is given in Figure 8.
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Figure 8. Ring and ball test apparatus
2.5.4. Rolling thin film oven test (TS EN 12607-1)

This method is used to measure the combined effects of air and temperature on a thin film of bitumen or
bituminous binder. The method is not applicable to some modified binders or binders with very high viscosity
values. The method is also referred to as rolling thin film oven test (RTFOT). A moving film of bituminous
binder is heated in an oven at a specified temperature. The effects of air and temperature are determined by
changes in mass or changes in properties of the bituminous binder such as penetration, softening point or
dynamic viscosity.

Make sure that the oven is in equilibrium. Preheat the oven to the experimental temperature. Weigh at least
two empty glass containers separately and pour (35 + 0.5) grams of sample into each container. To determine
the percentage change in mass, two containers (designated A and B) containing bituminous binder (empty
weights Mg and M’¢) are taken and cooled to room temperature in a desiccator for 1 hour.

The empty containers are filled into the cavities in the carrier system and the lid is closed. The oven is rotated
at a speed of (15.0 = 0.2) r/min. The specimens are exposed to air flow at (4.0 = 0.2) I/min. The specimens
are kept in the oven and air is blown for (75 + 1) minutes and until the temperature is 1 °C below the test
temperature. If the experimental temperature of (163 + 1) °C is not reached in the first 15 minutes, the
experiment is terminated. At the end of the experiment, the containers are removed from the oven. The two
containers (A and B) are allowed to cool down to room temperature in a desiccator for 1 hour. The relative
masses, M2 and M, are found to a precision of 1 mg. For the other containers, the binders are poured into
the same collection vessel before it cools and hardens and before the containers are heated. The container is
shaken to ensure homogeneity and no air bubbles are formed. Within 72 hours, P, penetration at 25 °C (TS
EN 1426); T, Softening Point (TS EN 1427) and Ho, viscosity at 60 °C (TS EN 12596) of the hardened
binder are measured. The RTFOT device is shown in Figure 9.

Figure 9. RTFOT Device

2.5.5 Ductility test (ASTM D113)
This method covers the procedure for measuring the tensile properties and determining the ductility of a

bituminous material. Unless otherwise specified, the test is performed at a temperature of (25 = 0.5) °C and
a speed of 5 cm/min (+ 5.0%).
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The mold is mounted on a brass plate. The surface of the plate and the surfaces a and a' of the mold are
covered with a mold release agent. The plate on which the mold is placed must be flat and stable. The sample
is heated until it is sufficiently liquid. After complete mixing, the sample is poured into the mold. While
filling the mold, care should be taken to ensure that the mold parts do not move so that the sample does not
deteriorate. The mold is filled with a little more material than the full level. The filled mold is kept at room
temperature for 35 + 5 minutes. Then it is placed in a water bath at the experimental temperature and kept
for 35 + 5 minutes. The sample is removed from the water bath and the excess material is shaved off with a
spatula. The shaved specimen and mold are placed in the water bath for 90+5 minutes. The specimen and the
plate are separated with a shearing motion, avoiding to bend of the specimen. The side parts (a and a") are
removed without damaging the specimen. The rings at the end of the clamps are attached to the pins or hooks
on the ductility device. The two clamps are pulled at the specified constant speed until the specimen breaks
or reaches its length limits. When breakage occurs or the final length is reached, the length obtained is
measured in centimeters. Figure 10 shows the ductility test device.

Figure 10. Ductility Test Device

2.5.6. Flash point determination test with Cleveland open cup method (TS EN 1SO 2592)

This method covers the determination of flash and fire points of bitumen and bituminous binders using the
Cleveland Open Cup. The open cup method can be used for bituminous materials with flash points between
79 °C - 400 °C.

It is the value of the lowest temperature at which a flame source ignites the vapor of the test sample under
the specified test conditions, corrected for 101.3 kPa pressure. Knowing the Flash Point of a material is very
important to prevent any ignition and fire hazard that may occur when that material is heated during
application. The test vessel is filled to a certain level with the test specimen. The temperature of the test
specimen is increased at a constant rate, first rapidly and then slowly. At certain temperatures, a small flame
is passed over the test vessel. Under the specified test conditions, the lowest temperature at which the vapor
of the test sample ignites is taken as the flash temperature. The vapor is allowed to burn for at least 5 seconds
to determine the fire temperature. The values obtained are calculated using an equation. Flash And Fire Point
Test apparatus is shown in Figure 11.

Figure 11. Cleveland Open Cup Flash and Fire Point Test Apparatus
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2.6. Performance determination test on bituminous mixtures
2.6.1. Marshall stability and flow test (AASHTO T 245)

In this study, the use of waste PVC in bitumen modification at 0.5%, 1% and 1.5% by weight and its effects
on pavement performance were investigated. Mixture performance was investigated according to American
Association of State Highway and Transportation Officials (AASHTO) T245 standard, also known as
Marshall Stability and Flow Test. The aggregate mixture is obtained by the method given in AASHTO. The
weight of aggregates contained in the samples was determined as 1150 gr. The aggregates were kept in an
oven at 160°C for 24 hours before mixing and the bitumen was kept for 3 hours to minimize loss on heating.
Control sample sets were prepared with B50-70 bitumen with 0.5% intermediate values between 3% and
7%, three for each ratio, and the optimum bitumen percentage was determined. After determining of the
optimum bitumen content, a sufficient amount of bitumen was modified with 0.5%, 1% and 1.5% PVC and
viscosity values were determined in accordance with AASHTO T316 standard to obtain the appropriate
mixing temperature. The bituminous mixture samples were prepared according to the mixing procedure and
compacted to a void percentage in the range of 3%-5% with Marshall Compactor. After resting for 24 hours,
the specimens were tested in Marshall Testing Machine and the stability and flow values of the specimens
were obtained.

The aggregate sample weighing 1150 g with predetermined gradation is kept for one day (24 hours) and the
bitumen is kept for 2-3 hours in an oven set at 160°C. Materials such as molds and aggregate containers to
be used during the experiment should be kept in an oven at 160°C to avoid any heat loss during the
experiment. The aggregate mixture is removed from the oven. It is placed in the mixer container and a well
is made in the center to add the bitumen. A certain amount of bitumen (with respect to optimum bitumen
content-OBC) weighed on a scale is poured onto the aggregate. Aggregate and bitumen are mixed in the
mixer for 1.5-2 minutes. Meanwhile, the mixer container is placed in the mixer heating device to prevent the
temperature of the mixture from dropping. When the mixing of the sample is about to end, the molds are
removed from the oven and lubricated to prevent sticking. Place a sheet of greaseproof or impermeable paper
cut to the appropriate size on the bottom of the mold. Take the mixture from the mixer and place it into the
mold by pre-compressing. Measure the temperature of the mixture at this stage and place greaseproof or
impermeable paper on it again. The temperature of the mixture should not fall below 140°C. The sample
mold is placed in the Marshall compactor and 75 strokes are applied on each side. The molds are allowed to
cool for about 3 hours. The specimens are removed from the cooling mold with the help of a jack, named
and marked. The samples are kept at room temperature for one day. Height measurements are taken from the
specimens with the help of calipers. For this, a measurement should be taken from 3 different parts of the
sample at approximately 120°. The weights of the samples in air and water are measured. The samples are
kept in a water bath at 60°C for 30-40 minutes. The samples removed from the water bath are placed in the
Marshall device. The device is started and the jaws of the device apply a load to the sample at a speed of 51
mm/min. As a result, the flow and strength values of the specimen are obtained. The results are recorded in
terms of height, weight in air and water, Marshall stability and flow values

Determination of aggregate mixing ratios and gradation

The aggregate to be used in the construction of bituminous hot mix layers should consist of a mixture of at
least three different grain groups (coarse, medium, fine). In the crusher, the crushing of aggregate groups
should be done in such a way as to ensure the gradation of the layer in which the aggregate will be used. In
order to determine whether the appropriate mixture gradation will be obtained with the aggregates produced,
it is necessary to calculate the aggregate mixture ratios from the day production starts. The proportions
required to mix three or more aggregate groups to give the desired specification gradation can be determined
by different methods.

Determination of optimum bitumen content (OBC)

Optimum bitumen content (OBC) is used to determine the optimum amount of bitumen to be used in a
bituminous mixture in order to mix bituminous material with graded aggregates. OBC is directly dependent
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on the type and capillary structure of aggregate. When determining the OBC, aggregates with a certain
gradation are mixed with bituminous material at a rate of 0.5% incrementation between 3.0% and 7.0%.
Three samples of each percentage of bituminous material should be prepared.

Samples of all contents should be at the appropriate mixing and compaction temperature. The mixed samples
are homogeneously placed in the Marshall mold and compressed by 75 strokes on both sides. The compacted
bituminous mixtures are removed from the molds after reaching ambient temperature. With the results
obtained according to the Marshall Table, "Bitumen ratio-Practical specific gravity”, "Bitumen ratio-
Marshall strength”, "Bitumen ratio-air void ratio" and "Bitumen ratio - VVoids filled with asphalt ratio™ graphs
are drawn. According to these graphs; the bitumen ratio corresponding to the maximum practical specific
gravity value, the maximum Marshall strength value, 4% air void ratio value and 70% voids filled with
asphalt ratio are determined. The optimum bitumen ratio for the mixture is found by averaging these four
bitumen ratios. In order to determine whether the optimum bitumen content found is within the specification
limits, the "Bitumen ratio - Flow" graph is drawn. If the optimum bitumen ratio meets the flow limits, it is
accepted.

2.7. Modified Lottman test (AASHTO T 283)

Flexible pavement practitioners have been aware since the 1920s that the adhesion between asphalt and
aggregate weakens (stripping occurs) when water is present. In addition, the deterioration of cohesion in the
asphalt binder with the presence of water has also been observed since that time. Therefore, attempts have
been made to develop a reliable laboratory test method that can simulate the sensitivity of asphalt pavement
to moisture in the field [32]. Lottman (1978) introduced to the industry a well-established laboratory test
method for predicting moisture-induced damage of asphalt concrete [33]. This procedure developed by
Lottman was later modified and standardized by AASHTO as Test Procedure T283 [32].

In this study, Modified Lottman (AASHTO T283) tests have been applied to determine the moisture
susceptibility of bituminous mixtures. This test (AASHTO T283, TS EN 12697-12), which is applied to
determine the resistance of mixtures to water-induced damage, includes the measurement of the indirect
tensile strength (ITS) in the diameter plane due to accelerated water effects of compacted bituminous
mixtures prepared in the laboratory. The bituminous mixtures prepared using PVC modified and base
bitumen with the addition of hydrated lime were placed in an aluminum container and cooled at room
temperature for 2 hours (Figure 12).

Figure 12. Loose Mixture During The Cooling Process for 2Hours

Then the mixtures were kept in an oven at 60°C for 16 hours for curing. After curing, the mixtures were kept
in an oven at 135°C for 2 hours, then kept in an oven at 165°C for another 20 minutes and compressed using
a Marshall Compactor at an air void of 7 & 1.0%. Three specimens are designated as dry (i.e. unconditioned)
and tested without moisture exposure. In addition to the unconditioned specimens, three additional specimens
are selected and subjected to conditioning (moisture conditioning). These samples are placed in a cylindrical
metal pycnometer and then water absorption was applied to the sample by adding pure water at 25°C. The

41



Firat Univ Jour. of Exp. and Comp. Eng., 3(1), 28-51, 2024
LC Gérkem, S.S. Artagan, B.T. Kayaalp, C. Saykan, I A. Ozdemir

plastic bag containing the sample was placed in a freezer cabinet at -18 °C for 16 hours and then cured in a
60 °C water bath for 24 hours. After this treatment, the samples were placed in a water bath set at 25 °C for
2 hours. The ITS values in the diameter plane of the dry specimens and the conditioned specimens as above
were determined. The water-induced damage is determined by the ratio of ITS values of dry to conditioned
specimens. This ratio should be minimum 80 % according to the General Directorate of Highways Technical
Specifications. The flowchart of this experiment is given in Figure 13.

Preparation of the HMA m ixtures with all combinations of materials used

Keeping the loose mixtures at room temperature for 2 hours

Place loose mixtures into oven at 60 °C for 16 hours (Curing)

Short-term aging of loose mixture at 135 °C for 2 hours

Heating the loose mixture to reach compaction temperature at 165 °C for 15-20 minutes

Compaction of the specimens with Marshall Com pactor

Keeping the com pacted specimens in room tem perature for 72 hours

Vacuum application for moisture conditioning

Freezing procedure of compacted specimens
at -18 ° for 16 hours

ITS tests on unconditioned specimens (S1)

Thawing procedure of compacted specimens
at 60 °C for 24 hours

ITS tests on conditioned specimens (S2)

Tensile Strength Ratio (TSR)=S2/S1

Figure 13. Modified Lottman (AASHTO T283, TS EN 12697-12) Test Flow Chart
3. Results and Discussion

With environmental factors, oxidation occurs in bituminous mixtures over time. This oxidation causes aging
of bituminous materials, leading to a stiffer and more brittle structure of flexible pavements. Polar molecules
in construction materials used in road building react with environmental factors to break down and cause
deformation in flexible pavements. Adding hydrated lime to bituminous materials reduces the oxidation and
aging rate of the flexible pavement. Since a chemical reaction occurs between the calcium hydroxide and the
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highly polar molecules in the bituminous material, the pavement is not affected by environmental conditions.
As a result, the bituminous material remains flexible and protected from crack occurrence for many years.

Stripping is caused by the presence of moisture in the bond between the bituminous material and the
aggregate. In regions where the moisture in the air or ambient water is high, water entering between the
bituminous material and the aggregate causes the binder to separate from the aggregate. Certain types of
material, such as aggregates obtained from igneous rocks, are particularly susceptible to stripping. Severe
environmental conditions such as heat, heavy rains, freeze/thaw cycles and traffic loads are significant
contributors to peeling. Hydrated lime is one of the most effective and economical anti-peel admixtures
available.

Hydrated lime reacts with highly polar molecules that can form water-soluble soaps that cause stripping in
bituminous mixtures. As a result, they form hydrophobic insoluble salts. Furthermore, the homogeneous
distribution of hydrated lime throughout the mix makes the mixture stiffer and more durable, reducing the
likelihood of mechanical breakage of the bond between the bituminous material and the aggregate.

In many studies, it has been observed that the addition of 1-1.5% hydrated lime to bituminous mixtures
increases the crushing strength by 77%. At low temperatures, the solidification effect of hydrated lime in
bituminous mixtures is not significantly higher than that of other additives. The reason for this is that hydrated
lime is more effective due to the strong interactions of the components that make up the bituminous mixtures
[34].

Within the scope of the study, the reusability of waste Polyvinyl Chloride (PVVC) materials as asphalt binder
was investigated and it was aimed to improve the mechanical properties of the road pavement material as
well as positive results in terms of environmental and economic aspects. In other words, it was aimed to
reduce bitumen consumption and recycle waste PVC by mixing PVC waste into bitumen used as a binder in
flexible pavements. In this context, the properties of modified bitumen with waste PVVC powder were
investigated and Marshall specimens were prepared with PVC-modified bitumen. Prepared specimens were
subjected to Marshall Stability and Flow tests and stability flow and values were determined.

The performance of PVVC addition to bituminous material in heavy rainfall areas was also evaluated. For this
purpose, hydrated lime was added directly to aggregates as specified in the Turkish General Directorate of
Highways, Highways Technical Specification Type-1 gradation for wearing course at the rate recommended
in previous studies and its resistance to water-induced deterioration was determined. At this point, the use of
hydrated lime was evaluated on a single-ingredient basis, as the focus was primarily on the performance of
PVC in bituminous mixtures.

3.1. Test results of bituminous material prepared with PVVC wastes with different contents

Bitumen modification has been made by mixing 0.5%, 1% and 1.5% of waste PVC powder into bitumen.
Firstly, the viscosity of pure and modified bitumen was measured with a rotational viscometer to determine
the mixing and compaction temperatures. A set of specimens were prepared using asphalt cement at 4.0%,
4.5%, 5.0% and 5.5% then Marshall stability and flow tests were performed on these specimens to determine
the optimum bitumen percentage. Using the optimum bitumen percentage of 4.22%, Marshall stability and
flow tests were performed on the specimens prepared by using waste PVC powder at varying rates of 0.5%,
1% and 1.5% by weight of bitumen.

The Rotational Viscometer (RV) test is applied to determine the flow properties of bituminous materials at

high temperatures. Viscosity values are obtained by the resistance to rotation of a shaft rotating at 20 rpm in
the binder (Figure 14).
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Figure 14. Brookfield Viscosity Test Device

For the experiment, a sample of about 30 grams of binder is taken and heated in an oven with a temperature
of less than 150°C. About 11 grams is filled into the sample chamber and placed in a temperature-controlled
container kept at a constant temperature. The sample is kept at a constant temperature for 15 minutes and
then the experiment is performed. Viscosity readings are taken for temperatures of 135°C and 165°C. In this
study, the viscosity of unmodified and modified bitumen was measured using a rotational viscometer.
Measured viscosity results are given in Table 4 and the graphs for the determination of mixing and
compression temperatures are shown in Figure 15.

Table 4. Viscosity values

Viscosity value (cP)
PVC additive (%) 135°C 165 °C

0.0 562.5 87.5
0.5 572.5 150
10 550 87.5
15 612.5 162.5
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Figure 15. Mixing and compaction temperatures

Mixing and compaction temperature ranges determined according to viscosity values are given in Table 5.
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Table 5. Mixing and compaction temperatures

PVC additive (%) Mixing temp. (°C) Compaction temp. (°C)

0 152-156 144-148
0.5 159-165 147-153
1.0 152-156 144-148
15 161-167 150-156

3.2. Results of the Marshall stability and flow test of bituminous mixtures containing hydrated lime,
prepared with different contents of PVC waste

Marshall stability and flow tests were performed on these samples and the optimum bitumen percentage was
found to be 4.22%. According to the optimum bitumen percentage, 48.5 grams of bitumen was used for each
Marshall sample. The bitumen to be used for the samples was then modified. For each percentage (for 0.5%,
1% and 1.5%), the relevant amount was added to the bitumen and mixed at 1500 rpm at 150°C for 1 hour.
The specimens were placed in Marshall molds and compacted by applying 75 strokes on both surfaces of the
specimens as specified in the Directorate of Highways Technical Specifications. Marshall samples were then
prepared according to the relevant procedure. The prepared samples were allowed to cool and the physical
properties of the samples were measured after 24 hours.

The specimens were cured in a water bath at 60°C for 30-40 minutes before conducting the Marshall strength
and flow test. Following this curing period, the specimens were placed in Marshall test apparatus. At the end
of the test, the stability, ITS and TSR values given in Figure 16 and Figure 17 respectively were obtained.
Marshall mix design was performed on bituminous mixtures containing hydrated lime. The reason for this is
to evaluate the effect of moisture sensitivity on the mixture in bituminous materials prepared with different
contents of waste PVVC additives.

According to the Turkish General Directorate of Highways, Highways Technical Specification, the minimum
stability value (TS EN 12697-34) for wearing course Type-1 is 900kgf and the flow (TS EN 12697-34) is
between 2-4 mm.
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Figure 16. Marshall Stability and Flow test results

When Figure 16 is evaluated in terms of stability values, all of the bituminous mixture samples containing
hydrated lime and prepared with different contents of PVVC waste are well above the minimum value. It is
seen that as the content of waste PVC additive to the bituminous mixture samples increases, the stability
values of the specimens also increase.

During the production phase of the bituminous mixture, short-term aging occurs in asphalt plants due to

bitumen oxidation and loss of the evaporated component. Long-term aging of bituminous materials is caused
by the evaporation of the bituminous material in the asphalt mixture during mixing and paving [35].
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The main factors in the aging of bituminous materials are parameters such as oxidation, evaporation, aging
within the structure (thixotropy), which depend on environmental conditions such as time, temperature and
oxygen [36]. It is thought that the bituminous material used in the study may have aged to some extent due
to the distance of the source from which the material was brought and the fact that it was repeatedly heated
and exposed to excessive temperatures during use. Indeed, when Figure 16 is examined, the flow values
obtained from the bituminous mixtures are above the 2-4 mm values specified in the Technical Specifications
of Highways. However, the evaluations made in the light of the obtained results were made by taking this
situation into consideration and considered proportionally in order to eliminate the error situation.

In this study, Marshall mix designs for the experiments on bituminous mixtures were made with samples
containing 1.5% hydrated lime. The results shown in Figure 16 were obtained by mixing dry hydrated lime
with wet aggregate gradation and adding different proportions of PVC containing bituminous materials to
the aggregate mixtures. At this stage, the proportions of PVC added to the bituminous material were varied
from 0% to 1.5%, while the hydrated lime containing 1.5% mixed with the aggregate was kept constant.

When the figure mentioned above is examined, it is understood that the flow values increase up to the samples
prepared with 1.5% PVC waste and decrease from this content onwards. The reason for this decrease in the
samples containing 1.5% PVC waste is thought to be that the additive used during mixing could not be
distributed homogeneously in the bituminous material.

The classification of the samples used in the experimental studies is given in Table 6.

Table 6. Contents of the samples in accordance with the specimen nomenclature

LFOS | LPOS | LPLHL LPLHL  LPLS | LPLS
0 15  HO  HLIS 0 1.5 HLO  HLLS
@ITS (wet) 932,00 11750 10800 1.2250 1.092,0 126000 1.292,0 1.397,0
BITS (dry) 12650 13150 13450 1.359,0 13550 13670 1.462,0 14770
ET5R 074 0,89 080 09  0F 092 085 095

Name of Specimen  Type of Aggregate  Type of Additive Additive Content (%)
LPOHLO Limestone Unconditioned 0% for both
LPOHL1.5 Limestone Hydrated lime 1.5% Hydrated lime
LPO.5HLO Limestone PVC 0.5% PVC
LPO.5HL1.5 Limestone PVC and Hydrated lime 0.5% PVC, 1.5%hydrated lime
LP1HLO Limestone PVC 1.0% PVC
LP1HL1.5 Limestone PVC and Hydrated lime 1.0% PVC, 1.5%hydrated lime
LP1.5HLO Limestone PVC 1.5% PVC
LP1.5HL1.5 Limestone PVC and Hydrated lime 1.5% PVC, 1.5%hydrated lime
£ 1o Minimurn Lirmnit
& 1200 of TSR values
£ 1om on Specification
in =]
= — &00
2 8400
& 200
5
=
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Figure 17. Indirect tensile strength (ITS) and tensile strength ratio (TSR) results
PVC waste is a synthetic material made from petroleum and salt that is used industrially to make doors and

windows. The PVC used in the study is the material that accumulates as waste around the looms during
production.
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According to Figure 17, when the hydrated lime additive ratios were kept constant, a slight increase in TSR
values was observed with increasing PVC waste content. It can be concluded that the addition of PVC waste
to the bituminous material slightly increases the adhesion between bitumen and aggregate. The main increase
was observed when 1.5% PVC waste was added to the specimens.

On the other hand, Figure 17 shows that the addition of hydrated lime to the bituminous mixture samples has
higher TSR values than the samples prepared with PVC wastes. It can be concluded that the addition of
hydrated lime to bituminous mixtures is significantly more effective than the addition of PVVC waste in
reducing the sensitivity of the mixtures to moisture. The reason why PVC wastes did not have as much effect
on the stripping strength as hydrated lime is that PVC did not show sufficient binding properties at the current
mixing temperature [37].

In the corresponding figure, the TSR values of bituminous mixtures without any additives were below the
minimum value specified in the Highways Technical Specifications. The reason for this may be that the
bituminous material used in the study may have aged due to uncontrollable environmental factors during the
experimental studies. However, ignoring this possible factor, the use of both PVC waste and hydrated lime
admixture in bituminous mixtures reduced the moisture sensitivity of the test specimens.

4. Conclusion
In the light of the data obtained within the scope of the study, the following conclusions were reached:

The stability of the mixture increased with the increase in the proportion of waste PVC added to the
bituminous material. This can be attributed to the homogeneous distribution of polyvinyl chloride (PVC) in
the bitumen without melting. In particular, the addition of 1.5% PVC to the bitumen significantly improved
the stability values. Additionally, it is considered that the direct addition of PVC waste to bituminous
materials with higher contents would have positive results in terms of increasing the strength of bituminous
mixtures.

According to the Marshall Stability and Flow Test results, a significant increase in the flow rate was observed
in bituminous mixtures with 1% additive content when PVC waste was added directly to the bituminous
materials. On the other hand, the flow ratios of the samples prepared with higher additive content showed a
tendency to decrease. The reason for this, especially for the flow values, can be attributed to the rigid nature
of the PVVC waste and its homogeneous distribution within the bituminous material without melting, thereby
reducing the lateral flexibility. Although the flow values measured for all ingredients exceeded the upper
limit of 4 mm, they are not far beyond the limit values and are at acceptable levels.

When the bituminous mixture samples prepared with all PVC contents were evaluated among themselves,
the most significant increase in flow ratio was observed in the samples prepared with 1% PVC content, which
showed the best resistance to lateral deflection without deformation. Accordingly, it is thought that the best
resistance to lateral deflection without permanent deformation may also contribute positively to the
workability of the flexible pavement during paving in the construction area.

Again, according to the results of Marshall stability and flow test, increasing the waste PVC content added
to the bituminous materials increased the stability values, while decreasing the flow rates after 1% PVC
content. This indicates that bituminous mixtures prepared with higher PVVC contents will have limited lateral
deflection on roads with high levels of heavy tonnage vehicle traffic, and thus their durability values will be
better. According to this, the service life of the flexible pavement will be extended, and the service life will
increase.

The effective recycling of PVC waste by using it as a binder modifier in asphalt pavements makes a very
positive environmental contribution. In addition, by reducing the amount of bitumen used in asphalt
pavements, almost all of which is imported, by approximately 16%, waste PVC will be transformed into an
economic value. Thus, while decreasing environmental pollution, it will provide an economic contribution
by reducing the amount of used bitumen that is imported.
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When the bituminous mixture samples prepared with all P\VC additive contents were analyzed, it was found
that the addition of hydrated lime significantly reduced the sensitivity to moisture.

As the PVC content increased, it was seen more clearly that hydrated lime reduced the sensitivity to moisture,
thus it was determined that the use of hydrated lime improved the water-induced damage of bituminous
mixture samples prepared with waste PVC.

The study was conducted to evaluate the moisture sensitivity of adding PVC waste at different percentages
to bituminous mixtures containing hydrated lime. The type of aggregate used in the experiments is limestone.
Limestone is known to have a low silica content compared to other igneous rocks used in highway
construction. The study can be extended to different igneous rocks with particularly high stability values and
high moisture susceptibility. In addition, the interactions of different anti-stripping additives with P\VC waste
should also be evaluated.
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Oz

Bu calismada dikey eksenli riizgér tiirbinlerinden ii¢ kanatli ¢ift kademeli helisel Savonius riizgar tiirbinlerinin
(HSRT) kademeler arasindaki yar1 dairesel kanatlarin birbirlerine olan faz agisinin aerodinamik performansina
olan etkisi hesaplamali akigkanlar dinamigi (HAD) yontemiyle incelenmistir. Savonius riizgar tiirbini sisteminde
aerodinamik performansa en ciddi katkiy1 siiriiklenme kuvveti etkisi saglar. Siiriiklenme kuvvetine etki edebilecek
performans iyilestirmeleri 6nemli avantajlar saglayabilir. Bu amag igin merkezden kagikligi L/H=1/2 olan ve
kademeler arasindaki yari dairesel kanatlarin faz agilart ©=0°, 45° ve 90° olan ii¢ kanatli ¢ift kademeli helisel
Savonius rotorlar1 tasarlanmistir. Tasarimlar igin Solidworks R2018, analizler igin ANSYS-Fluent 18.1
programlari kullanilmistir. L/H=1/2 ve ©=90° olan tiirbin 3B yazicida iiretilmis ve deneysel olarak test edilmistir.
Deneyler T-490 hava tiinelinde gergeklestirilmistir. Elde edilen sonuglar sayisal analizlere referans olarak
kullanilmis ve en ideal tiirbin modeli belirlenmeye ¢alisilmistir. Sayisal analizde 3,83-20,35 m/s arasinda degisen
10 farkli hava hiz1 kullanilmistir. Sonug olarak HSRT 1/2’lerde; faz agisimnin 0°°den, 45°°ye degistirilmesi ile
siriiklenme kuvvetinde %11,64 oraninda artig goriilmiistir. HSRT 1/2’lerde; faz acisimin 0°°den, 45°°ye
degistirilmesi ile siiriikklenme katsayisinda %10,77 oraninda diisiis oldugu goriilmiistiir. Stiriklenme kuvvetinde
meydana gelen iyilesme ile HSRT veriminde gelisme olacagi degerlendirilmistir.

Anahtar kelimeler: Aerodinamik o6zellikler, Faz agisi, Riizgar tiirbini, Hesaplamali akigkanlar dinamigi,
Siiriiklenme kuvveti

*Yazisilan Yazar

Intihal Kontrol: Evet — Turnitin

Sikayet: fujece@firat.edu.tr

Telif Hakki ve Lisans: Dergide yayin yapan yazarlar, CC BY-NC 4.0
kapsaminda lisanslanan ¢alismalarinin telif hakkini sakli tutar

52


mailto:fujece@firat.edu.tr
https://orcid.org/0000-0002-0659-7464
https://orcid.org/0000-0003-3852-1031
https://orcid.org/0000-0002-2852-0353

Firat Univ Jour. of Exp. and Comp. Eng., 3(1), 52-64, 2024

v
LT Ee

nﬁ.l 2 Firat University Journal of Experimental @FU ECE

and Computational Engineering e

=

Q\RA 7

TR

Investigation of The Effect of Phase Angle on The Aerodynamic Performance of
Three-Bladed Helical Savonius Wind Turbines Using Computational Fluid
Dynamics Method

Mernus GUL Y%, Muhammed Safa KAMER?"*"| Erdem ALIC®"

1Turkish Aerospace Industries, Ankara, Turkey.
2Department of Mechanical Engineering, Faculty of Engineering and Architecture, Kahramanmaras Sutcu Imam
University, Kahramanmaras, Turkey.
3Andirm Vocational High School Department, Kahramanmaras Sutcu Imam University, Kahramanmaras, Turkey.
! mernusdertlii@gmail.com, “msafakamer@ksu.edu.tr, %ealic@ksu.edu.tr

Received: 03.01.2024 L doi: 10.62520/fujece.1414345
Accepted: 12.02.2024 Revision: 09.02.2024 Research Article

Citation: M. Giil, M. S. Kamer and E. Alig, “Investigation of the effect of phase angle on the aerodynamic performance of
three-bladed helical savonius wind turbines using computational fluid dynamics method”, Firat Univ. Jour.of Exper. and
Comp. Eng., vol. 3, no 1, pp. 53-64, February 2024.

Abstract

In this study, the effect of the phase angle of the semicircular blades between the stages on the aerodynamic performance
of the three-blade, double-stage helical Savonius wind turbines (HSWT), which are vertical axis wind turbines, was
examined by the computational fluid dynamics (CFD) method. In the Savonius wind turbine system, the drag force
effect provides the most significant contribution to aerodynamic performance. Performance improvements that can
affect drag force can provide significant advantages. For this purpose, three-bladed double-stage helical Savonius rotors
with eccentricity L/H=1/2 and phase angles of the semicircular blades between the stages ©=0°, 45° and 90° were
designed. Solidworks R2018 is used for designs and ANSYS-Fluent 18.1 programs are used for analysis. The turbine
with L/H=1/2 and ©=90° was produced on a 3D printer and tested experimentally. Experiments were carried out in the
T-490 air tunnel. The results obtained were used as a reference for numerical analysis and the ideal turbine model was
tried to be determined. 10 different air velocities ranging between 3.83-20.35 m/s were used in the numerical analysis.
As aresult, an 11.64% increase in the drag force was observed by changing the phase angle from 0° to 45° in HSWT
1/2s. By changing the phase angle from 0° to 45° in HSWT 1/2s, a 10.77% rise in the drag coefficient was observed. It
has been evaluated that the HSWT efficiency improved with the increment in drag force.

Keywords: Aerodynamic properties, Computational fluids Dynamics, Drag force, Numerical analysis, Phase
angle, Wind turbine
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1. Introduction

Nowadays, interest in sustainable and renewable energy sources has increased with the awareness of the
decrease and limitation of underground resources that cause global warming and environmental pollution
[1]. Savonius wind turbines are machines that use the kinetic energy of the wind to produce electricity and
obtain mechanical power. Horizontal-axis wind turbines, which have a wide usage rate in the wind turbine
group, are becoming increasingly common. There are many types of wind turbines. In the classification made
according to rotor axes, they are classified as horizontal axis wind turbines and vertical axis wind turbines

12].

Vertical axis SWTs were first invented by Sigurd Savonius in 1924 and were patented in 1929 [3]. It is very
easy to construct due to its simple structure. SWTSs consist of two half-cylindrical blades placed between two
horizontal disks and their centers shifted symmetrically to each other. Winds coming at a certain velocity
create a positive moment on the inside of the cylinder and a negative moment on the outside of the cylinder.
The magnitudes of these moments differ from each other. Since the moment of the inner part is greater than
the moment of the outer part, rotational movement is achieved [4]. Reupke and Probert [5], to increase the
operating efficiency of the SWT, replaced the curved parts of the turbine blades with a row of hinged blades.
They obtained less flow resistance in the vanes that opened automatically under the influence of wind
pressure. They determined that the blades automatically closed again when coming to the initial position and
that at very low tip velocity rates, higher moments were obtained from the corrected segmented blade
impellers compared to the classical SWTs.

Wenehenubun et al. [28] conducted an experimental study on the performance of SWTs regarding the
number of blades. They compared the power coefficients, blade tip velocity ratios, and torques of one, two,
three, four, and five-bladed Savonius rotors at certain wind speeds. Sahin [6] placed 6 and 8 guide plates
around the classical SWT to improve wind turbine performance. The performance and velocity ratio of the
SWT by changing the number, length, and position of the guide plate, were examined by taking into account
the torgue and momentum coefficients. An average of 30% increase in the power coefficient of the newly
designed SWT was determined compared to the classical turbine. Liang et al. [7] systematically examined
the radius ratio and coupling angle of a Combined Type (Savonius + Darrieus) rotor with low initial
conditions but aiming for high aerodynamic performance. They investigated the effects of these two
parameters on startup performance and efficiency with a computational fluid dynamics approach. They have
conducted many numerical studies using the Reynolds-averaged Navier-Stokes equations and the k-
turbulence model to obtain the static torque. Kothe et al. [8] numerically and experimentally examined the
aerodynamic performance of the helical Savonius rotor model consisting of a 180° bent blade and the two-
stage Savonius rotor model. As a result of the studies, static torque, dynamic torque, and power coefficients
were compared. Although the helical Savonius rotor has a more complex manufacturing process than the
two-stage SWT, it offers stable torque and a higher power coefficient. When A = 0.65, the maximum power
coefficient of the rotor was obtained in both cases. Saad et al. [9] investigated single, two, three-, and four-
stage Savonius rotors with helical blades to increase the performance of vertical axis wind turbines and
compared them with a single-stage Savonius rotor with aspect ratios ranging from 1 to 4. To determine
performance parameters such as torque, power, and thrust coefficients, they developed a three-dimensional
flow model using the Reynolds-averaged Navier-Stokes equations and the k- turbulence model. As a result
of this study, they showed that the new design of the multistage rotor with helical blades significantly
increased the output power. Evran and Yildir [10] evaluated the drag and lift coefficient performances of
NACA-4415 and NACA-0009 airfoils at constant wind velocity and various angles of attack. They
determined the drag and lift coefficients of the airfoils in the ANSYS-Fluent environment. They adopted
attack angles and airfoil types as control factors. In conclusion; By using the NACA4415 airfoil instead of
the NACAO0009 airfoil; They achieved a higher lift coefficient and lower drag coefficient. ANSYS program
is one of the computer-aided engineering programs where analysis and simulations are made in engineering
studies. Thanks to this program, effective studies such as mechanics, structural analysis, computational fluid
dynamics and heat transfer can be carried out. In this study, flow and aerodynamic performance analysis was
carried out by ANSY'S-Fluent 18.1.
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It has been observed in the literature that the effect of the position of the plate providing the stage to the
Savonius turbine to the origin and the phase angle of the semicircular blades between the stages in Savonius
turbines on the aerodynamic performance has not been investigated in helical Savonius turbines. In this study,
unlike the literature, the effect of the plate's position providing the stage and the phase angle of the
semicircular blades between the stages on the aerodynamic performance of the three-bladed, double-stage
helical Savonius turbine has been a numerical investigation. The novelty of this study is to investigate the
performance improvement of 3-blade HSWT by changing the phase angle. For this purpose, the aerodynamic
analysis (lift and drag forces and lift and drag coefficients) of the HSWT were examined numerically.

2. Material and Method

In this study, a research CFD investigation was conducted on the three-bladed double-stage HSWT, which
is a vertical axis wind turbine model. In particular, the effect of the phase angle of the semicircular blades
between the stages on the aerodynamic performance was examined. The eccentricity of the model examined
is L/H=1/2 and the phase angle is © =0°, 45°, and 90°, respectively. The rotor length of HSWT is (H) =110
mm, rotor diameter (D) = 46 mm, and shaft diameter (d) = 5 mm. The designs for the effect of the phase
angle on the turbine in geometries with eccentricity L/H=1/2 are given in Figure 1.

A

Figure 1. Design of the different phase angle HSWTs a) © =0, b) 6=45, ¢c) 6=90

The production of the HSWT, which was designed in the Solidworks environment, with an eccentricity of
L/H = 1/2, was carried out with an Ultimaker Extended 2 3D printer. PLA filament is used in the solid model
produced for experimental studies. Considering the surface roughness and manufacturing time of the wind
turbine produced; A layer thickness of 0.1 mm was determined and a 0.40 mm nozzle tip was used.

In this study, experimental studies were carried out on a wind turbine with L/H = 1/2 to determine the initial
and boundary conditions in numerical studies. Fifty experiments were carried out with this experimental
turbine at ten different air velocities, and these processes were repeated three times. Then, air velocity (Vs),
number of revolutions (n), and drag force (Fd) were measured by taking average values. Reynolds number
(Re), drag coefficient (Cd), and blade tip velocity ratio (A) were calculated. The air tunnel used in the
experiment is an open-air tunnel. The T-490 air tunnel is designed to conduct experiments in the fields of
aerodynamics and fluid mechanics. The Savonius rotor produced by the 3D printer was placed in the test
area of the experimental setup. Experiments were carried out for the turbine with L/H = 1/2 at 10 different
air velocities in the air tunnel, and the air tunnel test area during the experiment is shown in Figure 2.
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L &

Figure 2. Air tunnel test area during the experiment

Savonius rotors work with the effect of drag force. The drag force Fd is given in Eq. 1 and the drag coefficient
Cd is given in Eqg. 2 In these equations, Vs is the wind velocity, Ap is the projection area, p is the density of
the air and C is the aerodynamic coefficient [11,12].

1
Fy = 5. Ap-Cap. V2 €Y
F
Ca=7——— ©)
iApstZ

The Reynolds number is used to determine the characteristics of different flow regimes, such as laminar flow
or turbulent flow. The flow regime depends on the ratio of inertial forces to viscous forces in the fluid[13].
Reynolds number (Re) given in Eq. 3 [14].
p.-Ve.d
u

Re =

(3)

After carrying out many experiments, one of the methods developed to determine the error rates of the
experiments is the "Uncertainty Analysis" method [15,16]. The uncertainty of the drag coefficient Cd in this
study was calculated using Eq. 4 and Eq. 5.

Cqa = f(Fa, Vs, Ap, p) %)
1
C[8Ca L, 9Ca o, Cq o Ca ]
ch - (aFdWFd) +(an WVS) +(aApWAp) +(ap VVp) (5)

When the studies investigating the aerodynamic performance of SWTs examined; In many studies, it has
been determined that only the test area of the air tunnel is modeled. Similarly, in this study; Considering the
analysis times and the working capacity of the workstation, the flow volume created when the wind turbine
model was placed in the test chamber was modeled and the airflow was defined as linear. When the wind
turbine model was placed in the 200mm x 200mm x 500mm test chamber of the air tunnel, the resulting flow
volume obtained as CAD data through the SOLIDWORKS program, and a network structure defined for this
geometry in the ANSYS-Fluent program. By comparing the experiments and analysis results, problems that
may arise from the experimental setup or analysis investigated and the most suitable mesh for the analysis
obtained. The CAD drawing and mesh of the air tunnel (test zone) are depicted in Figure 3.
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B
Figure 3. Air tunnel test domain a) Solid model b) Mesh model

The following values were chosen as initial and boundary conditions in the numerical analysis; Air was
chosen as the fluid in the analysis carried out in the ANSYS-Fluent program. 'Velocity-inlet' is defined as the
entrance section of the air to the test area (air tunnel). Air velocities are Vs=3.83 m/s, 6.83 m/s, 8.47 m/s,
10.15 m/s, 11.67 m/s, 13.26 m/s, 15.28 m/s, 16.76 m/s, 18.76 m/s and 20.35 m/s. In numerical studies, the k-
g realizable turbulence model is used as the turbulence model. Analysis was performed steady state. 'Pressure
outlet' is defined as the section where the air exits the test area. Except for the parts defined as velocity-inlet
and pressure-outlet, the outer regions of the test region are defined as 'wall'. For the continuity equation, a
convergence condition of up to 10—4 was used [17]. Some grid specifications are given in Table 1.

Table 1. Grid specifications

Body Face Face Body Face Skewness Growth
Sizing - Sizing - Sizing — Sizing - Sizing - (max.) Rate
Domain Wall Other Rotary Turbine

5mm 5mm 1mm 3mm 0.5mm 0.88 1.05

When the studies on improving the aerodynamic performance of SWT were examined in the literature, it
determined that the k-¢ realizable turbulence model was widely used and this turbulence model gave better
results. Due to the success of the k-¢ realizable turbulence model in HSWT flow analysis, k-¢ realizable was
chosen as the turbulence model in this study. The transport equations valid for turbulent Kinetic energy (k)
and loss rate (€) are written as given in Equation 6 and Equation 7, respectively.

Turbulence Kinetic Energy (k) equation in Eq.6 ;

a(k)+a(k)_ 0 (+Mt>ak +G+G Yy +S 6
atp ax,-p“f _ax]- H o) 0x; k b —PE— Iy k (6)

Loss Rate (g) equation in Eq.7 ;

a()+a( )—a(+”t>ag+cs 6— 5 e fc,+s 7
at ps ax] pgu] _ax] “ O-E ax] p 1ve p 2k+\/1% 1£k 3eYbp e ()

Turbulence viscosity equation in Eq.8;

n k f
C; = max [0,43;m] y L= SE' S = |25;5; ®)

The constant values used in the turbulence model of this study are as follows;
Cie =144, C,,=19, 0,=10 o0,=12
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3. Result and Discussion

In this study, the effect of the phase angle between the stages of the HSWT on the aerodynamic performance
was examined numerically. The drag force and drag coefficient of double-stage helical Savonius wind
turbines (HSWT 1/2) with eccentricity L/H=1/2 were investigated at different phase angles (6=0°,45°, and
90°), and ten different air velocities. First, the grid independence study of the 3D-designed digital model was
carried out. Second, experimental studies were carried out on HSWT (L/H=1/2) 90° to serve as a reference
for numerical analysis. Moreover, the last, the experimental results were compared with all other numerical
analysis results.

For mesh independence analysis, analysis was carried out with four different numbers of elements. In the
analysis, the number of personnel starts from approximately 13 million and goes up to 17.5 million. Figure
4 shows the mesh independence study. Since the analysis, results were very close to each other after the
number of elements was 14 million, the mesh model with the number of elements 14 million was chosen.
Another reason for choosing the model with 14 million elements is that it reduces the analysis time. The
results given hereafter are the same as the mesh model with 14097168 elements.

2 S

Drag force (N)

—t—12913 168

14 097 924
e 15 580 277
0 +—r—r———r——+r 17516 355
0 5 10 15 20 25
Air velocity inlet (m/s)

Figure 4. Domain mesh independency

ANSYS program is one of the computer-aided engineering programs where analysis and simulations are
made in engineering studies. Thanks to this program, effective studies such as mechanics, structural analysis,
computational fluid dynamics, and heat transfer were carried out. ANSYS is one of the most used CAE
(computer-aided engineering) programs in Turkey and uses the finite element method (FEA) [18]. In the
literature, the ANSYS-Fluent program is frequently used in the analysis of wind turbines [19, 20].

Experiments were carried out on HSWT1/2 90° to verify the numerical results in this study. The experimental
results and the numerical analysis results are shown in Figure 5. The effect of air velocity on the drag force
was examined for numerical analysis and comparison with experimental results. According to Figure 5, as
the air velocity increases, the error rate of the numerical analysis also increases. Here, at the highest velocity
of 20.35m/s, the maximum error rate does not exceed 15%. When 3D WT studies in the literature were
examined, this error rate was considered acceptable [21-23].
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(9]

Drag force (N)

—@-HSWT 1/2 (Experimental)
—e—HSWT 1/2 (CED Study)

0 5 10 15 20 25
Air velocity inlet (m/s)

Figure 5. Domain mesh independency

In Savonius wind turbines, drag force directly affects aerodynamic performance. Many researchers have
stated that as the drag force increases, the torque or power generation also increases[24-26]. Utomo et al. In
their experimental studies, they stated that by adding a fin to the SWT, they obtained a drag force that
increased the efficiency [27]. The effect of the phase angle between the stages of three different wind turbines
on the aerodynamic performance was examined numerically. The effect of air velocity on the drag force (N)
at different phase angles (©) of double-stage helical Savonius wind turbines (HSWT 1/2) with eccentricity
L/H=1/2 is given in Figure 6.

2 -
& ]
[ ]
g
&
o0
g == HSWT 1/2, 6=0°
—te—  TISWT 1/2, 0= 45°
] —l—= HSWT 1/2, 6=90°
3 T S S S S
0 5 10 15 20 25
Air velocity inlet (m/s)

Figure 6. Effect of air velocity on drag force in HSWT 1/2s

According to Fig. 6, the drag force increased as the air velocity increased for all three geometries. When
compared according to phase angles, the drag force of HSWT 1/2, ©= 45° was higher than the others. As a
result, for the highest air velocity (20.35 m/s) in HSWT 1/2s, An increase of 11.64% in the drag force was
observed by increasing the phase angle from 0° to 45°. In HSWT 1/2s, by increasing the phase angle from
45°t0 90°, a 7.24% decrease in the drag force was observed. The effect of the Reynolds number on the drag
coefficient in double-stage helical Savonius wind turbines (HSWT 1/2) with eccentricity L/H=1/2 is given
in Figure 7.
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Figure 7. Effect of Reynolds number on drag coefficient in HSWT 1/2s

Wenehenubu et al. [28] studied the SWT performance related to the number of blades. They stated that the
drag force of the four-bladed SWT was higher than that of the two- and three-bladed SWTSs. For this reason,
they stated that the four-blade SWT has produced more torgue. In this study, it was tried to determine the
HSWT model with the highest drag force at three different phase angles. When compared according to phase
angles; It was observed that the drag coefficient of HSWT 1/2, ©=45° was higher than the others. As a result,
for the highest air velocity (20.35 m/s); In HSWT1/2s, by increasing the phase angle from 0° to 45°,a 10.77%
increase in the drag coefficient was observed. In HSWT 1/2s, by increasing the phase angle from 45° to 90°,
a 4.29% decrease in the drag coefficient was observed. At maximum air velocity (20.35 m/s), according to
numerical results, HSWT 1/2 gives the best result, ©= 45°; the velocity distribution in the origin section of
the test area of the air tunnel is depicted in Figure 8.

Figure 8. Velocity contour distribution created by HSWT 1/2 ©=45° in the test region (origin section)

According to Figure 8, it observed that the air velocity decreased slightly in front of the turbine, and behind
the turbine, the air velocity decreased considerably and almost stopped. At maximum air velocity (20.35
m/s), HSWT 1/2 ©=45°, the pressure distribution in the origin section of the test area of the air tunnel is
shown in Figure 9.
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Figure 9. Pressure distribution created by HSWT 1/2 6=45° in the test area (origin section)

Figure 10 shows that the velocity vectors progress linearly from the inlet part. The velocity vectors increase
immediately around the turbine. Especially, high-velocity distribution arrows are seen in the flow region
breaking away from HSWT 1/2, f = 45°. Low-velocity distribution arrows are seen just behind the turbine.
High-velocity distribution arrows are seen in the area breaking away from the lower and upper plates. The
arrows scattered on the edges and behind the turbine become linear again towards the outlet section.
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Figure 10. Velocity distribution created by HSWT 1/2 ©=45° in the test area

The optimum wind turbine geometry was tried to be obtained by examining the drag and lift forces, drag and
lift coefficients, as well as the effects on the power coefficient and speed of the 3-blade HSWT at different
air velocities. With this, the HSWT model with high energy efficiency has been introduced. As a result,
electrical energy will be produced with less loss. It is evaluated that electrical energy produced more and at
a cheaper cost will minimize the use of fossil fuels.

4. Conclusion
In this study, the aerodynamic performance of the phase angle of the semicircular blades between the stages
of a three-bladed double-stage HSWT was investigated by the CFD method. The power obtained from wind

turbines is determined by the lift and drag forces they have at certain wind velocities. For HSWTSs to be more
efficient, a good drag force must obtained from the existing drag force.
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- In HSWT 1/2s, it was observed that there was an increase of 11.64% in the drag force by changing the
phase angle from 0° to 45°.

- In HSWT 1/2s, it was observed that there was a 10.77% increase in the drag coefficient by changing the
phase angle from 0° to 45°.

- In HSWT 1/2s, it was observed that there was a 7.24% decrease in the drag force by changing the phase
angle from 45° to 90°.

In this study, the good performance model among the HSWTs examined was determined as HSWT 1/2 ©
=45°, The drag force and drag coefficient of this model are raiser than other models. In the future, new
generation wind turbines will develop by combining different types of wind turbines into the ideal model
determined in this study.
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8. List of Abbreviations

A: Area, m?

Cd: Drag coefficient,-

CFD: Computational fluids Dynamics
Fd: Drag force, N

HSWT: Helical Savonius wind turbine
k: Turbulent kinetic energy, J/kg

Re: Reynolds number

SWT: Savonius wind turbine

Vs: airflow velocity, m/s

WT: Wind turbine

O: Phase angle

p: Air density, kg/m®

3D: Three dimension
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Oz

Yillik ortalama akim verilerinin trend analizi, daha iyi su kaynaklar1 yonetimi, planlanmasi ve isletilmesi i¢in gok
onemlidir. Bu ¢aligmada, Susurluk Havzasi tizerinde bulunan M. Kemal Pasa, Orhaneli ve Simav akim gozlem
istasyonlarindan alinan yillik ortalama akim verileri Mann-Kendall, Spearman Rho ve Sen'in Yenilik¢i trend
yontemleri ile test edilmis ve istasyonlara ait egilimler belirlenmeye ¢alisiimistir ve bu yontemlerin performanslari
degerlendirilmistir. Ayrica yillik ortalama akim verileri regresyon analizine tabi tutulmus ve denklem takimlar
elde edilmistir. Her istasyon igin azalig-artis miktarlar1 yillik ve 100 yillik degisimleri m3/s cinsinden tespit
edilmistir. Sonuglar irdelendiginde sadece Sen'in Yenilik¢i trend yontemi analizlerinde 3 istasyon i¢in de genel
anlamda azalan bir trend tespit edilmistir. Mann-Kendall ve Spearman Rho ydntemleri analizlerinde ise 3
istasyonda da herhangi bir trend tespit edilememistir. Ayrica 3 istasyona ait verilerin 100 yillik degisim yiizdesi
degerleri belirlenmistir. Bu degerlere gore istasyonlarin akim degerlerinde gelecekte ciddi bir diisiis olacag:
sonucuna vartlmastir.
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Abstract

Trend analysis of annual average flow data is very important for better water resources management, planning and
operation. In this study, annual average flow data from M. Kemal Pasa, Orhaneli and Simav flow observation
stations located in Susurluk Basin were tested with Mann-Kendall, Spearman Rho and Sen's Innovative trend
methods and the trends of the stations were tried to be determined and the performances of these methods were
evaluated. In addition, annual average flow data were submitted to regression analysis, yielding equation sets. For
each station, the annual and 100-year changes in m%s were determined. Analyzing the results, only Sen's
Innovative Trend Method analysis found a general decreasing trend for all 3 stations. In the analyses of Mann-
Kendall and Spearman’s Rho methods, no trend was detected in all 3 stations. In addition, 100-year percentage
change values of the data of 3 stations were determined. According to these values, it is concluded that there will
be a significant decrease in the flow values of the stations in the future.
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1. Introduction

Climate dynamics have a substantial impact on hydrological regimes in river basins around the world. Supply
in the watersheds have substantial consequences on ecosystems, agriculture, forestry, fisheries, industry, and
risk management [1]. With global warming and extreme weather events becoming more frequent, water
resources are facing serious challenges. Global climate change is reducing water resources in many regions,
and water scarcity is becoming more serious over time, especially in regions that are both arid and
ecologically sensitive. It is of great importance to constantly monitor the water flow and take the necessary
precautions to prevent these situations from occurring and to prevent water resources from decreasing [2].

Observational and historical hydroclimatological data are commonly utilized to plan and develop water
resource projects [3]. As a result, identifying trends in streamflow in a watershed can help us understand the
influence of climatic variability and change in the region. Trend analysis can also suggest future research
requirements and directions, as well as assist decision makers in future planning [4].

Many approaches and studies have been devised and conducted in the literature to determine trends in
hydrometeorological data (flow, precipitation, temperature, relative humidity, and so on). Examples of trend
analysis methods often used in the literature include the Mann-Kendall (MK) test [5-6], Spearman Rho (SR)
test [7], Sen Innovative Trend Analysis (ITA) [8-9], and Innovative Polygon Trend Analysis (IPTA) [10].

Gumiis and Yenigiin made trend analyses of the annual average flows of 4 stations they selected from the
Lower Euphrates Basin. They used the non-parametric MK test, one of the trend analysis methods. In
addition, they used the non-parametric MK Order Correlation test to determine the starting year of the trend
at the stations where trend detection was made. In conclusion; they detected a decreasing trend in half of the
preferred stations. They determined the starting years of the decreasing trend as 1973-1985 [11]. In their
study, Gumus and his colleagues determined the trends of monthly average and annual flow values of 16
stream measurement stations in the Tigris Basin. They used the Mann-Kendall test, Sen's Slope Method and
Innovative Trend Analysis (ITA) method to determine trends. As a result, they stated that the trend directions
of MK and ITA methods are generally similar [12]. Wang and his colleagues examined the flow processes
of seven major rivers in terms of trend and stability at 7 stations in Western Europe. In the results of their
analysis with the MK test, they found that there was no trend in the annual average flow values [13]. Ali and
Abubaker used the MK test, Sen's Slope Estimator, and the Innovative Trend Method to analyze Yangtze
River flow trends throughout seasonal and annual time periods. As a result, they detected a significant
increasing trend only in the source region of the Yangtze River and a statistically non-significant decreasing
trend in all study areas [14]. Summary information about the studies mentioned above and the current study
are presented in Table 1.
Table 1. Summary of past studies

Data
Study Examined Stations Method Data Used Examination
Interval
Gilimiis and Non-parametric MK test, Non-
P Lower Euphrates .
Yenigiin Basin (Turkey) parametric MK Order Flow Annual
(2006) Y Correlation test
Gumus et al.  Tigris Basin MK, Sen’s Slope Estimator, Flow Annual-
(2022) (Turkey) Innovative trend analysis Monthly
Wang et al.
(2005) Western Europe MK, Seasonal Kendall test Flow Annual
Ali and Yangtze River MK, Sen’s Slope Estimator, Seasonal-
Abubaker . . ) Flow
(2019) (Western China) Innovative trend analysis Annual
This Study Susurluk Basin MK, SR, Innovative trend Flow Annual
(Turkey) analysis

In this study, Mann-Kendall (MK), Spearman Rho (SR) and Sen's Innovative Trend Analysis (ITA) methods,
which are nonparametric statistical trend analysis methods, were used to investigate the future trends of
annual average flow data obtained from the General Directorate of State Hydraulic Works (DSI) of Susurluk
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Basin. One program (software) was created in Matlab program in order to obtain the results of trend analysis
of annual average flow data more quickly using MK test and SR test methods. The 3 methods used in trend
analysis were compared with each other in terms of performance. In addition, annual average flow data were
applied to the regression method separately for all 3 stations and equation sets were obtained. According to
the slope value of these equation sets, the annual and 100-year decrease or increase amounts were determined
in m¥/s.

2. Material and Method
2.1. Study area and data used

Susurluk Basin was chosen as the study area. It is located in the west of Turkey and between the
coordinates 39°- 40°N and 27°- 30°E. It covers approximately 3.11% of Turkey's surface area and has
an area of approximately 24349.09 km? [15]. M. Kemal Pasa numbered 302, Orhaneli numbered 311
and Simav current observation stations numbered 316, located within the basin borders, were selected
to be used in the study (Figure 1). Annual average flow data for these 3 stations were obtained from the
General Directorate of State Hydraulic Works. Statistical analysis values of these data were given in
Table 2.

Bandirma
Erdek

'V

7

P

Figure 1. Susurluk Basin Location Map [16]

Table 2. Statistical analysis results of annual average flow data of stations

Station Year Coordinates Number Minimum Maximum  Average Star)de_trd
of Data Deviation

Simav 1980-2011 ;z 51?) ;ZI; 32 9.23 76.57 37.36 17.59

Orhaneli 19802005 007NN 36 2.04 13.69 5.34 2.96

M Kemal Pasa 19802015 >0 304N 36 10.16 84.78 43.25 18,51
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2.2. Methods used in the study

2.2.1. Mann-Kendall trend test

The MK test [5-6] is a rank-based nonparametric test that is insensitive to outliers. This test does not
require that the data adhere to normal distribution assumptions [17-18]. Here's how the MK test statistic
is calculated:

+1 (X] - Xi) >0
s=yrt ;-l=i+1sign(xj —x;),sign(xj —x;) =4 0 (xj —x)=0 @
-1 (X] - Xl') <0

A positive S value indicates an uptrend, whilst a negative S value indicates a downtrend. The variance
value is calculated to get the Z value. The variance (S) is calculated as follows:

Var(S) = n(n_l)(2"+5)—21i;1 ti(ti—1)(2t;+5) o

Equation 3 calculates the normal Z test statistic for a connected group (m) with a sample size of n>10.

S+1
~ var(s)1/2 (3)

In this equation, if S>0, S-1 is used, if S<0, S+1 is used, and if S=0, Z = 0. The positive value of Z
indicates an increasing trend. Otherwise, it shows a downward trend [19].

2.2.2. Spearman’s Rho trend test

The SR test [7-20] is another method of finding linear and nonlinear trends. It is a popular way to
determine if there are patterns [21]. It is a quick and simple test for detecting whether a linear trend
exists. As a result, it has become one of the most widely used trend analysis approaches for spotting
current trends [22]. The null hypothesis (Ho) for this test asserts that all data in the time series are
independent and uniformly distributed. The alternative hypothesis (H1) holds that trends are either
increasing or declining [23]. Equations 4 and 5 describe the test statistic Rs, and the standardized test
statistic Zsp, respectively.

_ 6Xir1(Di=0)?
Rsp =1- W (4)

_ (n-2)
Zsgr = Rgp /m ®)

Here, Di is the observation order, and i is the chronological sequence number. N denotes the total length of
the time series. Positive Z values indicate a growing trend across the hydrological time series, whilst negative
Z values indicate diminishing trends. In normal distributions, if the Z value is above the significance level
for Zy» (0= 0.05), the null hypothesis (Ho) is rejected and the trend is accepted [24].

2.2.3. Sen trend test

The ITA approach was initially proposed by Sen [8]. The ITA's primary advantage over the MK test and
other procedures is that it makes no assumptions (serial correlation, non-normality, sample size). First, the
time series is divided into two equal parts and sorted in ascending order. The first and second sections of the
time series are then plotted using the X and Y axes, respectively. Figure 2 illustrates the innovative method
in Cartesian coordinates. When data is collected along the 1:1 ideal straight line (45° line), it is discovered
that the time series has an increasing trend. If the data falls within the bottom triangular area of the ideal
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straight line, the time series shows a downward trend. As a result, the ITA method can identify low, medium,
and high value trends in any hydro-meteorological or hydroclimatic time series [25-26-27].

12000
511500 A @ No trend regio(‘r,l.r""""
o
-2 11000 - @
]
“n Increasing trend zone @ @
2 10500 - . g
£ @
= 1:1 (45°) straightline -~ @
@ 10000 A @ ® o @ 07y
.S 9500 - .. Data points
= @ @ - @
S 9000 - ® @
= @ @
S 8500 - e
2 @
8000 7 ) Decreasing trend zone
7500 T T —:’/—[’ T T T T T T T T T T T T T T T T T T T
7500 8500 9500 10500 11500

First half of the time series, X;
Figure 2. ITA method scatter result graph [28]

2.2.4. Regression analysis method

This method is based on the solution of the graph created by writing two different variables (dependent
variable and independent variable) on separate axes. A line that best expresses the created graph should be
selected. Then, the slope of the line needs to be determined [29]. This approach can be utilized for both linear
and non-linear situations. There must be one dependent variable and at least one independent variable in this
procedure (Equation 6) [30].

Y=00+p1+X (6)

Here Bo represents a constant value. 1 represents the slope of the line. If this equation is used for trend
analysis, 1 represents the increase or decrease values [31-32].

3. Findings and Discussions

In the study, the annual average flow values of M. Kemal Pasa, number 302, Orhaneli, number 311, and
Simav stations, number 311, of the Susurluk Basin located in the west of Turkey, were analyzed by ITA,
SR test and MK between the years 1980-2015, 1980-2015 and 1980-2011, respectively. Test methods
were applied and trends were determined. A software was created using MATLAB program for SR and
MK methods analyses. Additionally, flow data was applied to the regression method. Furthermore, the
slope and first-order equations of the trend changes were found, as well as the changes in the flow data
throughout the required years. The study's findings were summarized using tables and graphs.

Table 3 shows the annual average flow data trend analysis results for stations 302, 311, and 316. As a
result, the statistical analyses of the MK test and the SR test are identical. Based on the results of the
two methods, the absolute value of Z for all three stations is less than the Zo/2 = 1.96 value of the
standard normal distribution, which corresponds to the selected o = 0.05 level, indicating that "HO = no
trend" and concluding that there is no trend in the time series examined.
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In the ITA method, it can be said that there was a trend of decreasing by 5% for low value flow data,
increasing by 5% for average value flow data and increasing by 10% for high value flow data at station
number 302. At station number 311, it was observed that there was no trend for low values, an increasing
trend of 5% for medium values, and a decreasing trend of 10% for high values. At station number 316,
a decreasing trend of 5% was observed at low and medium values, and a decreasing trend of over 10%
was observed at high values. The graphs drawn for the ITA method are shown in Figure 3. In addition,
annual average flow values for 3 stations were applied to regression analysis and first-order equation
sets were determined to determine the slopes of trend changes. Then, the changes in annual average flow
values for the given water year intervals at all 3 stations were calculated in terms of (m®/s) (Figure 4).

Table 3. Results of annual average flow data of stations

Mann-Kendall Spearman Rho
Annual
Station z Trend Z (0.95) Zz Trend Z (0.95) Change 100 Years
() Change (%)
Simav -0.8595 > -0.8889 - -0.3888 -40.39
Orhaneli -0.5857 > -0.6097 P -0.0348 -24.45
M. Kemal Paga -1.4847 > -1.7197 > -0.7099 -60.48
Indicators: («») no trend
100 20 20
_ Simav (316) _ Orhaneli (311) I |
S 80 3
o o 15 :
o o
& 60 >
(o)} (2]
o 2L 10
«7(” 40 wc)\n
€ ) . A S
= 1:1(45°) Straight Line z 5 1:1 (45°) Straight Line
2 20 ®5% 5 5%
= 10% - .
© 10% ®10%
0 0
0 20 40 60 80 100 0 5 10 15 20
Flow, m3/s (1980-1995) Flow, m3/s (1980-1997)
100 -0
. M Kemal Pasa (302) p z
' 80 ’
o
o
& 60
D
o
T 40
§ 1:1 (45°) Straight Line
o [
T 20 ®5%
® 10%
0
0 20 40 60 80 100

Flow, m3/s (1980-1997)

Figure 3. Trend graphs of annual average flow data of stations
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Figure 4. Annual average flow trend change of three stations
4. Results

In this study, the Susurluk Basin located in the west of Turkey was studied. Annual average flow data
of M. Kemal Pasha numbered 302, Orhaneli numbered 311 and Simav stations numbered 316 in this
basin were examined and trends were determined using MK, SR and ITA methods. Furthermore, annual
average flow data were subjected to regression testing, and annual variations were calculated.
Furthermore, the outcomes of the MK, SR, and ITA approaches, which differ from one another, were
compared.

5

As aresult of the analysis, a general decreasing trend was detected in all 3 stations for annual average
flow data using the ITA method.

The MK and SR test statistical methods revealed no trend for all 3 stations. Furthermore, it was
found that the MK and SR test statistical approaches produced equivalent results for all 3 stations.
The trend slope direction and annual change values of the stations in the trend change graphs given
in Figure 4 also confirm the results of the ITA method.

According to the 100-year change percentage values of the 3 stations, it was concluded that the
current values of the region where stations 302, 311 and 316 are located will also decrease
significantly, but this reliability rate is statistically outside the 95% confidence interval.

The results indicate that there may be a water shortage in this basin in the future. Therefore,
necessary precautions should be taken to use water resources consciously.
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