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Almti: Y.E. Istkdemir ve F. Akal, “Akilli sebeke ortamlarinda dikkat tabanli enerji talep tahmini”, Firat Uni. Deny. ve Hes.
Miih. Derg., vol. 3, no 3, pp. 227-240, Ekim 2024.

Oz

Akilli sebeke, modern enerji peyzajinin kritik bir unsuru olup, artan enerji taleplerini karsilamak i¢in giivenilir,
verimli ve siirdiiriilebilir bir yol saglamaktadir. Bununla birlikte, akilli sebeke teknolojisi tarafindan iiretilen biiyiik
miktardaki veri, gelismis veri isleme ve analiz tekniklerinin gelistirilmesini gerektirmektedir. Bu makalede, akilli
sebeke uygulamalarinda zaman serisi tahmininde kullanilmak {iizere, dilatasyonlu konvoliisyon ve dikkat
mekanizmalarin1 birlestiren bir dikkat tabanli zaman serisi is akist Oneriyoruz. Bu akis, dilatasyonlu
konvoliisyonlar1 kullanarak zaman serisi verilerinden zamansal 6zellikler ¢ikarir ve dikkat mekanizmalarini
kullanarak gizli durumlardaki 6nemli zaman noktalarin1 vurgular. Deneysel degerlendirmeler sonucunda, enefji
talebi tahmininde, yaygin olarak kullanilan derin 6grenme tabanli yontemlere gore %8'e kadar daha iyi bir
performans gosterdigi gézlemlendi. Bu kazanci diger modellerin aldigi egitim siiresinin yalnizca 1/3"i kadar bir
stirede elde edilmistir. Ayrica, tamamen farkli bir alanda %42'lik bir kazang elde edilmistir ve akigin diger alanlara
uyarlanabilecegi gosterilmistir. Bu ¢aligma, arastirmacilara akilli sebeke uygulamalari igin daha dogru ve verimli
tahmin modelleri gelistirmelerine yardimer olabilir, ayrica enerji sistemlerinin siirdiiriilebilir yonetimi ve akill
sebeke operasyonlarinin optimizasyonu i¢in yapay zeka ve dikkat tabanli tahmin tekniklerinin potansiyeli
hakkinda degerli bilgiler sunabilir.

Anahtar kelimeler: Akilli sebeke, Zaman serisi tahmini, Attention mekanizmasi, Doniistiiriiciiler, Enerji talebi
tahmini

“Yaziilan yazar

Intihal Kontrol: Evet — Turnitin

Sikayet: fujece@firat.edu.tr

Telif Hakk: ve Lisans: Dergide yayin yapan yazarlar, CC BY-NC 4.0
kapsaminda lisanslanan ¢aligmalarinin telif hakkini sakl tutar.

227


https://orcid.org/0000-0001-7022-2854
https://orcid.org/0000-0003-2582-4180

Firat Univ Jour. of Exp. and Comp. Eng., 3(3), 227-240, 2024

NI
V) V@

UE.I ’:g Firat University Journal of Experimental and @FU ECE
mid| - n;m

Computational Engineering

¢LRA,

" leys

Attention Based Energy Demand Forecasting in Smart Grid Environments

Yunus Emre ISIKDEMIR ¥ | Fuat AKAL 2

1Computer Engineering Department, Graduate School of Science & Engineering, Hacettepe University, Ankara, Tiirkiye.
2Computer Engineering Department, Hacettepe University, Ankara, Tiirkiye.
lyeisikdemir@gmail.com, %akal @hacettepe.edu.tr

Received: 21.01.2024 o doi: 10.62520/fujece.1423120
Accepted: 02.04.2024 Revision: 10.03.2024 Research Article

Citation: Y.E. Isikdemir and F. Akal, “Attention based energy demand forecasting in smart grid environments”, Firat Univ.
Jour.of Exper. and Comp. Eng., vol. 3, no 3, pp. 227-240, Octobor 2024.

Abstract

The smart grid is a crucial aspect of the modern energy landscape, providing a reliable, efficient, and sustainable
way of meeting the growing energy demands. However, the vast amounts of data generated by smart grid
technology necessitate the development of advanced data processing and analysis techniques. In this paper, we
propose an attention-based time series workflow that combines dilated convolution and attention mechanisms for
time series forecasting in smart grid applications. This workflow extracts temporal features from time series data
using dilated convolutions and emphasizes significant temporal points in the hidden states using attention
mechanisms. Experimental evaluations showed up to an 8% better performance for energy demand forecasting
compared to commonly used deep learning-based methods. Our workflow achieved this gain by requiring 1/3 of
the training time other models took. We also improved performance by 42% in various domains, demonstrating
the adaptability of our approach across different areas. This study may assist researchers in constructing accurate
forecasting models for smart grid environments. Furthermore, it highlights that the attention-based approach can
be employed to promote sustainable energy and optimize smart grid environments.

Keywords: Smart grid, Time series forecasting, Attention, Transformers, Energy demand forecasting
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1. Introduction

A smart grid is a modern electrical power grid that includes advanced technologies such as digital
communication, automation, and monitoring [1]. It is an effective and environmentally friendly power
distribution system created to address increasing energy needs while keeping the environmental impact to a
minimum level [2]. A smart grid can adaptively control the flow of electricity based on immediate shifts in
demand and supply. The use of smart grids helps humanity for energy management, reduced costs, increased
energy efficiency and more sustainable future. It helps incorporate renewable energy into the grid and allows
energy to flow both ways between consumers and the grid [3,4].

Time series based energy demand forecasting plays an important role in smart grids [5]. Since precise energy
demand forecasting may allow to optimize energy distribution, reduce energy waste and efficient energy
management. In this way, companies supply energy based on expected demand and help to avoid energy
shortages using the results of this forecasting. [6-8].

Deep learning is a type of machine learning that utilizes artificial neural networks to identify complex patterns
in large data sets. It mimics the activation of the human brain and neurons using multiple nodes. Each of
these nodes has weights to learn from the data and extract useful information [9]. With the use of Internet of
Things (10T) devices and sensors in the smart grid, large amounts of data are generated and necessitating the
use of deep learning algorithms. The use of these algorithms enables the analysis of large data sets, such as
energy consumption. This allows for the estimation of possible future consumption and optimization of the

energy supply.

An attention mechanism, that has become quite popular recently and achieved successful results, is a concept
of modeling the relationship between two sequences. It allows to focus specific part of the input sequence
and produce specific output. In this study, this mechanism is used to capture dependencies between different
time steps for accurately forecasting energy demand Moreover, this mechanism may also help to make the
model more interpretable by identifying the key factors that influence the output [10].

The Encoder Decoder Long Short Term Memory architecture, also known as Seq2Seq, is a commonly
employed framework for sequence modeling [11]. The model uses two neural networks which are the
encoder and decoder. The encoder learns to extract features and represent the data in a latent vector form.
The decoder learns to reconstruct the output sequence. However, the bottleneck issue limits efficient
transmission of information in this architecture because there is a single connection between the encoder and
the decoder [12]. This study used an attention mechanism to mitigate the bottleneck issue in this framework.
This was achieved by establishing multiple connections from the encoder to the decoder. The connections
prioritize the most important time steps. By doing so, the attention mechanism may facilitate the efficient
transmission of information and improve the overall performance of the model.

The subsequent sections of this paper are structured as follows: related works which focus on relevant
literature; methodology which provides a detailed research design, data collection and analysis procedures;
experimental results which include the findings of the statistical analyses; and conclusion which summarizes
the main findings of the study.

2. Related Works

With the use of smart grid technology becoming more and more common, there is a lot of data that needs
advanced analysis techniques. Making accurate predictions about the future based on time series data is really
important for smart grid operations. Since it helps us understand how people use energy and allows us to
manage energy systems more efficiently. Therefore, many researchers conduct experiments to create good
models for estimating the future trends in energy demand. In this section, we will provide an overview of the
current state of forecasting methods in smart grids.
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Chujai and colleagues [13] used the Autoregressive Moving Average (ARMA) and Autoregressive
Integrated Moving Average (ARIMA) models to predict how much power individual households would use
each day, week, and quarter. The study found that the ARIMA model worked best for forecasting power
usage on a monthly and quarterly basis. On the other hand, the ARMA model was found to be more effective
for shorter time periods, like predicting daily and weekly power consumption. These results are significant
for managing energy consumption because they offer guidance on the best methods for predicting power
usage based on different timeframes.

In their study, Cascone et al. [14] suggested a two step method for predicting household energy usage. They
used a mix of Convolutional Neural Network and Long Short-Term Memory (CNN-LSTM) architecture. In
the first step, they applied an LSTM model to estimate the total active power generated over a 500-hour
period. For the second step, they employed a combination of convolutional neural network features and
LSTM for a weekly energy consumption forecast. The outcomes of the study were positive, showing
potential benefits for predicting power consumption.

Seliverstova et al. [15] highlight that electricity consumption forecasting can be divided into four types based
on the timeframe, namely ultra-short-term, short-term, medium-term, and long-term. The study employed
various algorithms, including ARIMA, Group Method of Data Handling (GMDH), LSTM, and seg2seq.
After conducting experiments, it was found that GMDH performed the best among the tested methods.
Tae-Young Kim and Sung-Bae Cho [16] employed CNN-LSTM hybrid deep learning approach for
forecasting power consumption in their study. CNN layer was utilized to simplify the complexity of the
spatial information and extract the most important features for forecasting. LSTM layer was applied to model
the sequential relationship. Deep Neural Network was utilized to interpret the results and generate the
forecasted value. They achieved highly accurate power consumption forecasts.

Shi and Wang [17] proposed a combination of landmark based spectral clustering (LSC) and deep learning
techniques to cluster and forecast the power consumption dataset. The dataset was transformed into a matrix,
and missing values were imputed. The data samples were then divided into three distinct clusters based on
their periodicity and regularity using LSC.

Keskin et. al. [18] introduced an approach that utilizes a hierarchical architecture of LSTM (HLSTM). The
proposed method is tested on real life crime, electric power consumption, and financial data sets. Results
show that the HLSTM improves modeling of distant temporal interactions compared to traditional LSTM
architecture.

Oh and Lee [19] used dense sampling method to capture more information from the input data. The proposed
method samples data from both the time and window axes, resulting in a larger training dataset and other
benefits such as model-agnosticism and easier window selection.

3. Methodology

In this study, we propose a time series workflow that is capable of capturing both long range and short range
relationship of the data, shown in Figure 1. The workflow consists of data understanding and analysis, dilated
convolution operation for temporal feature extraction, LSTM with attention for learning sequential
correlation, and forecasting steps. The analysis step involves downsampling the dataset [20], into daily
intervals and imputing missing values using spline interpolation. Temporal features are then extracted using
dilated convolution and fed to LSTM layers. To prevent bottleneck, hidden states of all LSTM layers are
used instead of a single connection of LSTM layers. The attention layer is then used to focus on the most
important parts of the series to map output using an encoder-decoder LSTM architecture. The information is
concatenated and the final prediction is performed. This workflow offers a comprehensive approach to time
series forecasting that effectively incorporates multiple techniques and processes to improve the accuracy
and reliability of predictions.
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Figure 1. Workflow of the proposed methodology

The primary objective of this study is to determine the effectiveness of the proposed workflow for a
forecasting model, which can accurately predict future energy consumption patterns. This accuracy will
enable proper planning and management of electricity distribution, thereby contributing to the efficient and
sustainable use of energy resources. To further validate our approach we conducted our experiments on two
other time series datasets and one of them was from a different domain. The subsequent subsections will
provide comprehensive details on the aforementioned steps.

3.1. Dataset

The Hourly Energy Demand Generation and Weather Dataset is a collection of hourly measurements of
electricity generation, demand, and weather conditions. The dataset consists of observations from 2015 to
2018. Each row represents the measurement for each hour of the day. As our primary dataset, we used it to
analyze the relationship between energy demand and weather patterns, which is crucial for predicting future
energy consumption and ensuring the stability of the smart grid. The dataset includes a wide range of weather
variables such as temperature, wind speed, and precipitation, as well as energy demand and generation data
from various sources such as solar, wind, and fossil fuel power plants. In the context of this study, the variable
of interest is the total load, which represents the actual electrical demand. The aim of this research, however,
is to develop benchmark models for comparing the effectiveness of our proposed approach to other existing
models in predicting the total load variable, which is crucial in various fields including energy management,
weather forecasting, and infrastructure planning. Therefore, we considered two other datasets to further
validate our approach.

First, the Individual Household Electric Power Consumption Dataset provides information on the electricity
consumption of a single household for four years, from December 2006 to November 2010. It includes data
points for power consumption within the household collected every minute. The dataset contains 2,075,259
records. The features include the date and time of each measurement and the active and reactive power
consumed by the household.
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Second, the Airline Passengers Dataset is a famous and frequently used dataset for time series forecasting. It
consists of monthly information from 1949 to 1960 about how many people flew on airplanes during those
years. In this particular dataset, passenger counts range from 104 to 622, exhibiting a standard deviation of
119. The mean passenger count is 280. The airline passengers dataset is commonly studied to compare
diverse deep learning model for time series analysis. The airline passengers dataset is valuable for several
reasons, including its historical significance, which provides a significant amount of data for analysis and
forecasting, and its relevance to practical applications. Time series analysis researches frequently use this
dataset to assess and compare various models and algorithms for time series forecasting. We picked this
known dataset to show that our approach works in other domains.

3.2. Data Understanding and Analysis

Our research objective is to make daily forecasts at a time, which require data at daily interval. Due to the
dataset's inherent challenges, such as missing values and high-frequency intervals between measurements,
certain steps must be taken to preprocess the data before it can be used for forecasting. Therefore, the dataset
was preprocessed to ensure that only relevant data was used for modeling. Data downsampling involves
decreasing the time or frequency of a dataset that is beneficial when the original data is collected more
frequently than intended for analysis. In our study, we reduced the minutely data to daily intervals to better
align with our research goals. This not only simplifies the analysis and modeling processes but also meets
our research objectives more effectively. The downsampling process can be summarized as:

Let X = {xq, x4, ..., X, } @ time series data with n observations taken at a minute-level frequency, such that
x; represents the data value at time i. Let T = {t,, t4, ..., t,,} the corresponding time stamps, where t; is the
time stamp of the ith observation. To downsample the data from minute-level frequency to daily frequency,
it can be computed the daily average of the observations for each day shown in equations 1 and 2.

X = {Yo, Y1, - ¥} M)

where n is the number of days covered by the time series, and y; is the average value of the observations for
the ith day. The mathematical formula for computing y; is:

M
1
Vi = MZ(X]') 2
j

M
where M is the number of observations on the ith day, and Z (x;) represents the sum of the observations
J

on the ith day.

Spline interpolation is widely used interpolation method that is used for imputing missing values in this study.
This method works by creating a smooth curve using a set of mathematical expressions called polynomials
[21]. The method's application can be particularly advantageous in analyzing time series data, especially in
contexts like energy demand prediction. This is because missing values in such data can be attributed to
various factors, and a strictly linear trend is not always observed. Spline interpolation is advantageous over
other imputation methods because it produces a smooth curve that captures the underlying trend in the data,
while also preserving the pattern of the original data. In addition, spline interpolation is less sensitive to
outliers than other imputation methods [22] which makes it a more robust approach for handling missing
values. The mathematical representation of the cubic spline interpolation formula can be expressed by
equations 3-7.

Si(x) = a; + bi(x — x) + ¢;(x — x)* + d;(x — x)? ()

a; = f; 4)
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where S; (x) represents the cubic spline function for the i-th interval, which is defined by the coefficients a;,
b;, c;, and d;. The coefficient a; represents the value of the function at the i-th data point denoted by f;. The
coefficient b; and c; represents the slope and curvature of the function at the i-th data point respectively. The
rate of change of curvature is represented by the coefficient d;.

3.3. Dilated Convolution for Efficient Feature Extraction

LSTM [23] is used as a part of our architecture. LSTM is a type of recurrent neural network (RNN) that is
designed to analyze and process sequential relationships in data. LSTM networks can be particularly useful
in cases where data has long term dependencies and timing is critical such as natural language processing or
speech recognition tasks. The distinguishing feature of LSTMs is their adeptness at discriminative memory
or discard previous input values based on the present input and past memory state. This is accomplished
through gates that regulate the flow of information in and out of the memory cell. These cells are connected
to three gates that have specific functions: input gate, forget gate, and output gate expressed by equations 8-
13.

fe= O'(Wf “[he-q, %] + bf)

(8)
ir = o(W; - [he_q, %] + by) €))
C, =tanh (W¢ - [hy_q,x,] + b¢) (10)
Co=fe*Coq+i*C, (11)
0, = o(Wy - [hy_q,x] + b,) (12)
h, = o, * tanh(C,) (13)

where, the forget gate, represented by £, determines which information is retained in the cell state, while the
input gate, i;, controls which new input values are added to it. The candidate values for the cell state are
denoted by C,, and the new cell state value, C,, is a combination of the forget gate and input gate. The output
gate, o, determines which part of the cell state is activated using the hyperbolic tangent function, and h; is
the output generated from the cell state value and the output gate decision. By utilizing this mechanism,
LSTMs can discover and represent intricate patterns and dependencies in sequential data, making them a
potent tool for various applications in artificial intelligence and machine learning.

Dilated convolution [24] is a special type of convolution operation that creates gaps between the kernel

elements during the convolution process. In this way, a larger receptive field for the network is achieved
without an increase in parameters, as shown in Figure 2.
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Figure 2. Dilated convolution

In this study, we used dilated convolution for extracting features for LSTM layers. In the context of
using dilated convolution with LSTM based neural networks, multiple dilated convolutional layers can
be stacked on top of an LSTM layer to extract hierarchical features from time series data shown in Figure
3.

Y. = output
O O O /’m dilation is 4
% ~__—* dilationis2

ool

Xy (Xes | | Xps | | Xeq | | Kz ) (X

CD/T dilationis 1
X X

input

Figure 3. Temporal features

This method can be helpful for understanding connections that persist for a long time in the information,
and it can also recognize specific characteristics at various levels. By combining dilated convolutional
layers with an LSTM layer, the model can understand intricate patterns and relationships in the data
without losing information [25]. It also reduces the risk of overfitting and limiting the number of
parameters needed.

3.4. Attention for Preventing Bootleneck

In the analysis of time series data using deep learning models, attention [26] is a technique that lets the
model highlight important parts of the data as it processes them. This is achieved by using an additional
layer that learns how to weight different parts of the time series based on their relevance. By focusing
on the most informative parts of the data, attention mechanisms can improve the model's performance
on tasks such as prediction and classification. In this study, we used an attention mechanism to prevent
a single connection bottleneck from encoder-decoder LSTM.

Classical Encoder-Decoder LSTM [27] architecture uses a single connection for passing information
from encoder to decoder as shown in Figure 4.
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Figure 4. Encoder-decoder LSTM

The utilization of the most common approach with a single connection from the encoder LSTM to the
decoder LSTM in a sequence to sequence model can potentially result in a bottleneck for the flow of
information between the two network components. This limits the ability of the model to effectively
capture the underlying temporal dependencies in the input sequence. To alleviate the issue of
information bottleneck caused by a single connection from the encoder LSTM to the decoder LSTM, an
attention mechanism was employed for each of the LSTM components which help to improve the
information flow by carefully considering and combining the hidden information from the encoder. It
does this by giving more importance to the parts that are most relevant to the current decoding step, as
illustrated in Figure 5.
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Figure 5. Encoder-decoder LSTM with attention

In time series analysis, the attention mechanism helps deep learning models focus on different parts of
the time series data. This may help enhance the modeling of temporal dependencies. The subsequent
section of this study will provide a detailed discussion of the experimental results.

4. Experimental Evaluations

In this section, experimental evaluations will be conducted. Specifically, the proposed end-to-end
workflow will be evaluated and compared against commonly used deep learning architectures for time
series forecasting. This comparative analysis will enable a comprehensive assessment of the
effectiveness and efficiency of the proposed approach in addressing the challenges associated with
accurate forecasting of both short-term and long-term relationships in time series. The results of this
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comparison will provide valuable insights into the potential benefits and limitations of the proposed
workflow and its ability to outperform existing state-of-the-art techniques in time series forecasting.

4.1. Experimental Setup

Hardware has an important place in training neural networks. The well configured scalable systems
helps for efficient training with reducing training time. In this study, the experimental setup consisted
of a GIGABYTE GeForce GTX1070 graphics processing unit, 16GB of 3000Mhz DDR4 Dual Kit
random access memory, and an INTEL Core i5 8400 2.8GHz 9MB cache 6-core central processing unit.
In this study, we used the Adam optimizer, RMSE, and ReLU activation function for our deep learning
models. Adam optimizer is a widely employed optimization algorithm in the deep learning approach for
updating weights. RMSE is a standard measure for evaluating how well a model performs by calculating
the difference between predicted and actual outputs. ReLU is a widely-used activation function in deep
learning known for its efficiency and its ability to address the vanishing gradient problem [28].

4.2. Performance Evaluation On Hourly Energy Demand Generation and Weather Dataset

The “Hourly Energy Demand Generation Dataset” is used as a benchmark dataset to evaluate and
compare our proposed workflow with other widely used deep learning architectures. To facilitate
forecasting of the power consumption for the following day at each time step, the data is transformed
into a daily frequency and a window size of 7 is utilized to observe each day in a week. The outcomes
of the experiments are detailed in Table 1, which illustrates the performance of the models across
varying epochs while maintaining a fixed cell size of 50 to prevent excessive model complexity.

Table 1. Univariate forecasting performance evaluation for hourly energy demand generation and weather dataset

Algorithm RMSE 100 Epochs ~ RMSE 200 Epochs RMSE 300 Epochs
Vanilla LSTM 2837.759 2801.604 2786.482
Stacked LSTM 2731.751 2761.259 2756.587

Bidirectional LSTM 2748.272 2720.271 2723.574
CNN-LSTM 2890.369 2823.410 2809.712
Encoder-Decoder LSTM 2865.107 2840.697 2828.476
Proposed Workflow 2591.870 2596.983 2593.754

Based on the experimental results, our proposed workflow demonstrates a performance improvement
ranging roughly from 5% to 11% compared to other deep learning models for the energy demand
forecasting task. This improvement in performance can be attributed to the workflow's ability to
effectively capture both short-term and long-term dependencies present in the time series data. This
feature allows the model to more accurately capture the intricate patterns and relationships that exist
within the time series data. Figure 6 visually presents the comparison results, aiding in a better
understanding of the obtained outcomes. Also note that, the proposed workflow requires less training
time as compared to the others.

500 =3 100 epochs
B 200 epochs
=3 300 epochs

Vanilla LSTM Stacked LSTM Bidirectional-LSTM CNN-LSTM Encoder-Decoder LSTM  Proposed Workflow
Architectures

Figure 6. Encoder-decoder LSTM with attention
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4.3. Performance Evaluation On Individual Household Electric Power Consumption Dataset

An individual household electric power consumption dataset is used as an another validation dataset.
The objective of this task is to forecast power consumption by the household. The data is downsampled
into daily frequency and the window size is selected as 7 to observe each day in a week to forecast next
day in each time step. The findings are presented in Table 2. It presents the performance of the models
for different epochs, while keeping the cell size fixed at 50, to avoid over-complicating the models.

Table 2. Univariate Forecasting Performance Evaluation For Individual Household Electric Power Consumption

Dataset

Algorithm RMSE 100 Epochs ~ RMSE 200 Epochs RMSE 300 Epochs
Vanilla LSTM 385.547 397.571 398.474
Stacked LSTM 393.241 401.987 401.889
Bidirectional LSTM 401.517 403.587 402.481
CNN-LSTM 382.674 428.458 432.175
Encoder-Decoder LSTM 375.674 383.487 387.985
Proposed Workflow 366.781 378.284 389.425

Drawing upon the outcomes of the experiments, our proposed workflow demonstrates a performance
improvement ranging from 2.4% to 9% compared to other deep learning models for the task of energy
demand forecasting. Although the results seem to converge for the encoder-decoder LSTM and the
proposed workflow after 300 epochs, the workflow managed to achieve better performance in earlier
epochs. That is, the training time is reduced to 1/3, which is an important aspect in training deep learning
models. This is because the workflow is designed to capture both the short-term and long-term
dependencies of the time series data. It uses an encoder to extract features with dilated convolution from
the input time series, the sequential correlation is learned by the LSTM architecture, the most important
points of the hidden states are emphasized by the attention layer, and the decoder generates future time
steps by mapping to the target time step. This allows the model to effectively capture the complex
patterns and relationships in the time series data.

4.4. Performance Evaluation On Airline Passengers Dataset

In order to ensure that the results obtained from a given data analysis workflow can be generalized and
applied to other domains, it is important to validate the workflow using widely accepted benchmark
datasets. In this study, we used the airline passengers dataset as a benchmark dataset to validate the
proposed workflow for time series analysis. The airline passengers dataset is a well-known and widely
used benchmark dataset that has been used in many studies for comparing different time series analysis
methods. By using this dataset to validate our workflow, we are able to demonstrate that our proposed
method is competitive with other architectures that have been previously applied to this dataset. Table
3 displays the quantitative assessment of the performance in terms of root mean squared error based on
different numbers of epochs.

Table 3. Univariate forecasting performance evaluation for airline passengers dataset

Algorithm RMSE 100 Epochs = RMSE 200 Epochs RMSE 300 Epochs
Vanilla LSTM 42.388 38.891 45.283
Stacked LSTM 44477 44.941 46.307

Bidirectional LSTM 39.660 33.424 35.964
CNN-LSTM 58.529 51.606 46.432
Encoder-Decoder LSTM 37.819 41.692 44.946
Proposed Workflow 28.717 31.773 33.987

Considering results of our experiments, it appears that the proposed workflow outperforms commonly
used deep learning architectures in terms of root mean squared error. The performance improvement is
achieved with a range from 27% to 68%. This suggests that the proposed workflow may provide a more
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effective approach for modeling the underlying structure of the data, particularly in capturing patterns
over time and accounting for dependencies between different time steps or observations. In addition, we
observed that increasing the epoch value beyond 200 tended to result in overfitting. This highlights the
importance of carefully selecting hyperparameters in deep learning models to avoid overfitting and
ensure generalizability.

4.5. Overall Performance Evaluation

The preceding sections entail an evaluation of the performance of the proposed attention-based
workflow in comparison to other commonly used deep learning architectures for time series forecasting
on each dataset separately. The aim of this section is to provide a comprehensive summary of the
obtained results, which are exhibited in Figure 7, serving as a benchmark and facilitating a lucid
depiction of the achieved outcomes. Benchmarks 1, 2, and 3 denote the performance evaluation of the
hourly energy demand generation and weather dataset, individual household electric power consumption
dataset, and airline passengers dataset respectively. The RMSE values in Table 1 and Table 2 are
relatively high compared to Table 3 due to the larger sensor measurements. Conversely, Table 3
illustrates the deviation of passenger numbers from actual values, which are smaller in magnitude.

There are two major findings. First, our proposed workflow performs better for all three benchmarks.
The average gains in performance are 8%, 5.5%, and 42% for benchmarks 1, 2, and 3, respectively.
Second, our approach provides results independent of the dataset used. For instance, Bidirectional-
LSTM works better on Benchmark 1 than Benchmark 3 while the situation is reversed for Encoder-
Decoder-LSTM. While our approach did not exhibit a substantial improvement for some cases, e.g.,
Proposed Workflow vs. Encoder-Decoder LSTM in Benchmark 3, we showcased its adaptability to
different domains, making it scalable and flexible. This underscores its potential utility in diverse
industries and domains.

Error by Percentage

< | =3 Benchmark 1
B penchmart 2
B Benchmark 3

oo
Vanilla LSTM Stacked LSTM Bidirectional-LSTM CHN-LSTM Encoder-Decoder LSTM  Proposed Workflow
Architectures

Figure 7. Encoder-decoder LSTM with attention

5. Conclusion

This study highlights the significance of accurate energy demand forecasting in the context of efficient
electricity distribution management in smart grids. To this end, we collected and preprocessed a time
series dataset of electricity consumption that is primarily associated with smart grid environments. In
this research paper, we propose an attention-based time series workflow that integrates dilated
convolution and attention mechanisms for time series forecasting in smart grid applications. The
workflow employs dilated convolution to extract temporal features from the time series data and
attention mechanism to selectively emphasize the significant temporal points in the hidden states. We
subsequently evaluated several deep learning-based time series forecasting models and compared them
with our proposed workflow. The experimental findings demonstrate that the proposed workflow shows
promising results in smart grid domains and can achieve these results in a lower number of epochs,
providing a shorter training time. Additionally, we tested our proposed workflow on a dataset from a
different domain, i.e., the airline passenger dataset for forecasting customer numbers. The results
indicate that the proposed workflow can be adaptable to different domains. Despite several challenges
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that require future research attention, such as the scarcity of data and the necessity to optimize the model
architecture and hyperparameters for varying datasets and forecasting horizons, this study contributes
to the burgeoning literature on energy demand forecasting and establishes the groundwork for further
research on deep learning-based techniques for smart grid applications.
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Oz

Geleneksel zemin iyilestirme yontemlerine alternatif olarak ortaya ¢ikan ve farkli tiirdeki fiberler kullanilarak
yapilan zemin giliglendirme ¢aligmalarinda bazalt fiber kullanimi1 oldukca yaygin hale gelmistir. Hammaddesi
bazalt kayasi olan bazalt fiber, yliksek dayanimli, ekonomik, ¢evre dostu, dogal ve bol miktarda bulunmasi gibi
ozelliklerinden dolay1 zemin giiglendirme c¢alismalarinda tercih edilmektedir. Bu caligmada bazalt fiber
takviyesinin yiiksek plastisiteli bentonit kilinin sikistirilabilirligine olan etkileri incelenmistir. Bentonit kiline 24
mm uzunlugunda ve %0.5 ile %5.0 arasinda farkli oranlarda bazalt fiber takviyesi yapilmis ve bu karigimlarda
standard proktor deneyleri gerceklestirilmistir. Deneysel caligmalar ile maksimum kuru yogunluk (ygmax) Ve
optimum su igerigi (Wopt) degerleri belirlenmis ve bazalt fiber takviyesinin bu parametrelere olan etkileri
degerlendirilmistir. Deney sonuglarina gore, %2.5 bazalt fiber takviye oranina kadar ygmax degerleri artmakta iken,
Wopt degerleri ise azalmistir. Bazalt fiber oraninin %2.5’dan daha fazla oldugu orneklerde ise ydmax degerleri
azalmis, Mep degerleri ise artig gostermistir. Elde edilen sonuglar, bentonitin en iyi sikistirilabildigi bazalt fiber
oranimin %2.5 oldugunu ve bu orandan daha biiyiik oranlardaki bazalt fiber takviyesinin sikistirilabilirligi olumsuz
yonde etkiledigini géstermistir.
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Abstract

The use of basalt fiber has become quite common in soil reinforcement works, which emerged as an alternative to
traditional soil improvement methods and are carried out using different types of fibers. Basalt fiber, whose raw
material is basalt rock, is preferred in soil reinforcement works due to its features such as high strength,
economical, environmentally friendly, natural and abundant. In this study, the effects of basalt fiber reinforcement
on the compressibility of high plasticity bentonite clay were examined. Bentonite clay was reinforced with 24 mm
long basalt fiber at different rates between 0.5% and 5.0%, and standard proctor tests were carried out on these
mixtures. With experimental studies, maximum dry density (ydmax) @nd optimum water content (o) Values were
determined and the effects of basalt fiber reinforcement on these parameters were evaluated. According to the test
results, while yamax Values increased up to 2.5% basalt fiber reinforcement ratio, mop values decreased. In samples
with basalt fiber ratio greater than 2.5%, yamax Values decreased and mqp values increased. The results obtained
showed that the basalt fiber ratio at which bentonite can be compressed best is 2.5%, and basalt fiber reinforcement
at rates greater than this ratio negatively affects the compressibility.
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1. Introduction

In engineering studies, when soil properties do not have the desired values, there are many methods used
to improve these properties, and these methods vary depending on the type of project. While methods
such as compaction, stone columns, drainage and pre-loading are mostly used in improvement works on
soil foundation, chemical stabilization is the most preferred method in filled soils. However, in recent
years, the use of fiber as an alternative to chemical stabilization has become widespread. The use of
fibers, which have been used in many engineering fields for many years, is still very new in geotechnical
studies.

Fibers, defined by Ekincioglu [1] as naturally occurring or artificially produced materials with higher
strength and elasticity modulus than the material from which they are obtained, contain fewer structural
errors than large mass structures because they are produced with a thin diameter. For this reason, the
fiber form of the same material has superior mechanical properties [2]. Another type of artificial fibers,
which are of many types such as glass, polyester, acrylic and carbon, and which are increasingly used
today, is basalt fiber (BF). Its raw material is basalt rock, which is very common in volcanic areas. BFs,
which are preferred due to their easy access and durability, attract attention due to their features such as
being more economical and ecological, being naturally and abundantly found in nature, as well as having
high strength and chemical resistance. The use of BFs in concrete production is older than its use in soil
reinforcement works. Although there are many studies on the effects of BF on concrete, studies on the
use of BF in different lengths and ratios in soil reinforcement studies, especially in different soil types,
are not sufficient and new research is needed on this subject. Many of the studies on the use of BF in
soil reinforcement studies aimed to determine the most effective BF length and ratio [3-13]. However,
there are almost no studies investigating the effect of fibers on the compressibility of soils.

In the study conducted by Sabat [14] on this subject, polypropylene fiber was added to the soil stabilized
with rice husk powder and lime and the change in soil properties was examined. The researcher revealed
that the polypropylene fiber ratio decreased yamax and increased the mqp: value. Kulkarni and Patil [15]
carried out a series of experiments using different proportions of slag and glass fibers of 6 mm and 12
mm length. It was determined that yamax and California Bearing Rate (CBR) value for aqueous conditions
increased as a result of mixing optimum proportions of slag and varying proportions of 6 mm and 12
mm glass fiber with the soil. According to the results of the research, 12 mm length fiber reinforcement
showed better performance than 6 mm length fiber reinforcement. In his study, Baruah [16] added 10
mm length glass fiber to the soil at different rates (0.5, 1.0 and 1.5% by weight) and as a result of
experimental studies, it was determined that the mox and unconfined compressive strength values
increased and the yamax Value decreased with the increasing fiber ratio. Balagoudra et al. [17] it was
determined that the oy value of the soil reinforced with 0.25%, 0.50, 0.75, 1.00% polypropylene fiber
and 4% lime decreased until the 0.75% fiber ratio, and then the mop value increased. Researchers stated
that the yamax Value increased up to 0.75% fiber content and then decreased.

In their study, Aravalli et al. [18] used 12 mm long BF in the ratios of 0.15% and 0.25% as reinforcement
in the soil and examined the changes in the index properties of the soil. Researchers found that as the
BF ratio increases, the op value decreases and the yamax Value increases. In the research, it was stated
that the high tensile strength of the fiber caused the fiber to elongate, and this elongation in the fiber
caused the void ratio to decrease, the ydmax Value to increase and the mopt vValue to decrease. Ayininuola
& Balogun [19] used glass fiber as reinforcement in two different substrates at rates of 0.4, 0.8, 1.2, 1.6,
2.0, 2.5 and 3.0% by weight. According to the results of experimental studies, it was stated that ydmax
and CBR values increased in both soils with the glass fiber additive. Pandit et al. [10] in their study
where they used 12 mm long BF as reinforcement at 2, 4, 6 and 8% by weight, they determined that the
vamax Value of samples with 4% BF reinforcement increased by 9.56% compared to the unreinforced soil,
and the mop value decreased by 41%. While the o Value decreases up to 4% fiber content, Ydmax
increases. If the fiber ratio exceeds 4%, the Moy value increases and the yamax Value decreases.

According to the results of the study by Kale et al. [20], which used BF reinforcement at 1.5%, 3.0%,
4.5% and 6.0% in 12 mm, 18 mm and 24 mm lengths, the yqmax Value of the soil increases up to 3% BF
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ratio, while the oy value decreases. Kehinde et al. [21] determined that yamax Values increased with
increasing glass fiber ratio in two different soils and reached the maximum value at 0.6% fiber ratio.
However, the researchers stated that yamax Values decreased when more fiber was used, and stated that
the change in o value with fiber content is complex and difficult to interpret. They stated that the
reason for this may be the swelling of the glass fiber as a result of the high degree of interaction of the
glass fiber with water and the increase in volume, thus decreasing the density. In general, the researchers
determined that glass fiber reinforcement affects the compression properties and an optimal fiber ratio
should be determined for ydmax, and if this optimal ratio is exceeded, the density decreases due to fiber
swelling.

In his study where Chaudhary [22] used BF as reinforcement at different rates (3, 6, 9, 12 and 15%), he
stated that mqp: Values were not affected much by the BF ratio, but some increase was due to the moisture
absorption feature of the fiber. In the study, it was stated that there was a slight decrease in ygmax Values
as the BF ratio increased. In the study conducted by Kambale and Rakkaraddi [23], glass, basalt and
polypropylene fiber were used in varying amounts (0.5, 1 and 2%) on different soils. Especially with
the increase of BF ratio, yamax Value first increased and then decreased. mqp: Values showed different
changes, increasing and decreasing, depending on the increase in fiber ratio for different soil types. Al-
Kaream et al. [24] used 0.5, 1.0 and 1.5% polypropylene fiber as reinforcement in clay soil. As a result
of the research, it was determined that 1% polypropylene fiber reinforcement reduced the
compressibility of the soil, and the specific gravity and yamax Values decreased with the increase in fiber
ratio. At the same time, it was stated that the optimum water content values increased continuously with
the increase in the polypropylene fiber ratio. Hamirani and Kumar [25] preferred polypropylene fiber as
a reinforcement material in the soil at rates of 0.5, 1.0, 1.5 and 2.0% by dry weight. Researchers have
determined that as the fiber ratio increases, the ydmax Value decreases and the ®op: Value increases. Data
obtained from studies conducted with fiber reinforcement in the literature are given in the Table 1.

In the studies summarized above, different fiber types were used on different soil types. In each study,
different fiber ratios were determined and the effect of fiber reinforcement on soil properties was
demonstrated. However, studies examining the effect of BF reinforcement on soil compressibility are
quite limited. Therefore, it is important to examine the effects of BF reinforcement on the
compressibility of clayey soils. When the literature is examined, 12 mm basalt fiber [10, 18] and mostly
low plasticity clay [20, 22, 23] were used in the studies. However, in this study, 24 mm long BF and
bentonite clay with very high plasticity (Pl = 466%) were used and in this respect it differs from the
literature. In this study, compaction experiments were carried out on samples prepared by adding 24 mm
long BF to bentonite at rates of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0% by dry weight, and the
effects of BF ratio on the compaction parameters of bentonite (yamax and Mqpt) Were examined.
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Table 1. Fiber reinforcement and its effects on the soil in the literature

L. . Fiber
Researcher Soil type Additive/Reinforcement length Effect on the soil
Researchers/ type and rate
(mm)
RHA: 5, 10, 15, 20% . .
Sabat [14] CH L1 2,3, 4, 5% 12 ;Ké:jtlzoﬁbfi:; (r;::;i:gcement, ydmax decreased
PF:0.5,1,1.5, 2% ont
BFS: 5, 10, 15, 20, 25,
Kulkarni and Patil 30% . N .
[15] CH GF: 0.25, 0.50, 0.75, 1.00, 6,12 vdmax increased with fiber reinforcement
1.25%
Baruah [16] CcL GF: 0.5, 1.0, 1.5% 10 With increased fiber ratio, Wopt increased
and ydmax decreased
(opt decreased up to 0.75% fiber ratio and
Balagoudra et al. c PF: 0.25, 0.50, 0.75, 1% 12 increased with increasing fiber content,
[17] L: 4% ydmax increased up to 0.75% fiber ratio and
decreased with increasing fiber content
Aravalli et al. [18] CH BF: 0.15, 0.20, 0.25% 12 As the flb_er ratio increased, Mopt decreased
and ydmax increased.
Ayininuola and CL GF:0.4,0.8,1.2,1.6, 2.0, 25 ydmax increased in both soils with fiber
Balogun [19] ML 2.5, 3.0% reinforcement
As the fiber ratio increased, opt decreased
. . 0 and ydmax increased. As the fiber ratio
Pandit et al. [10] CH BF:2,4,6,8% 12 increased from 4% to 8%, Wopt increased
and ydmax decreased.
5 -
Kale et al. [20] c BF: 1.5, 3.0, 4.5, 6.0% 12,18, 24 Up to 3% fiber content, ydmax increased and
(opt decreased
vdmax increased up to 0.6% fiber content
cL and decreased with increasing fiber
Kehinde et al. [21] ML GF: 05,1, 1.5% 25 content.
The change in ®opt value with fiber
addition is complex
(opt does not change much with fiber
Chaudhary [22] CH BF: 3,6,9, 12, 15% 13 reinforcement, ydmax, decreased as the fiber
ratio increased.
As the basalt fiber ratio increased, the
Kambale and SC vdmax, first increased and then decreased.
RakKaraddi [23] MH-OH GF, BF, PF: 05,1, 2% 12 Mopt Showed different changes, increased
CH and decreased depending on the increase in
fiber ratio.
Al-Kaream et al. cL PF: 05, 1, 1.5% 12 As the flt_)er ratio mcreagsed, ydmax decreased
[24] and Mopt increased continuously.
Hamirani and ) 0 As the fiber ratio increased, ydmax decreased
Kumar [25] c PF:051,15,2% i and optincreased
ydmax increased up to 2.5% BF ratio,
This Study CH BF:0.5,1,1.5,2, 25, 3, 24 decreased with increasing fiber content,

3.5,4,45,5%

(opt decreased up to 2.5% BF ratio,
increases with increasing fiber content

RHA: Rice Husk Ash, L: Lime, PF: Polypropylene Fiber, BFS: Blast Furnace Slag, GF: Glass Fiber; BF: Basalt Fiber, C: Clay
ML: Low plasticity silt, CL: Low plasticity clay, CH: High plasticity clay, SC: Clay sand, OH: High plasticity organic clays and silts,
MH: High plasticity inorganic silts and clayey silts
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2. Material
2.1. Properties of bentonite clay and basalt fiber

Bentonite is a clay used in many different areas such as mining, industry, agriculture and engineering.
It is formed as a result of the chemical decomposition of volcanic ash, tuff and lava, which
predominantly contain montmorillonite and are rich in aluminum and magnesium. Na - bentonite, which
has three different types of bentonites: Ca-bentonite, Na - bentonite and Na - Ca-bentonite, has a high
swelling capacity. The general chemical formula of bentonite is; (Na, Ca) (Al, Mg) 6(Si4O10) 3(OH)s
nH,O [26]. In this study, the chemical and engineering properties of bentonite clay (Figure 1) obtained
from the Tokat - Resadiye clay quarry were determined by Aslan Topguoglu [27] and presented in Table
2.

Figure 1. Bentonite clay used in the study

Table 2. Chemical and geotechnical properties of the clay used in the study [27]

Main Oxides (%) Value
SiO; 62.50
Al03 17.60
Fe203 3.63
CaO 2.86
Na;O 2.58
K20 0.92
TiO; 0.32
SO; 0.076
Cr203 <0.01
Loss on ignition 6.60

. Na -
Bentonite Type Bentonite
Liquid Limit (LL, %) 507
Plastic Limit (PL, %) 41
Plasticity Index (P, %) 466
Soil Class (USCS) CH

The raw material of BF used as reinforcement material in this study was basalt and this rock was an
important natural building material that has been used throughout human history. Basalt, which is a
dark-colored, fine-grained rock type formed by the cooling of lava erupted as a result of volcanism,
melts when heated like hard, dense, thermo-plastic materials [28]. Basalt which is the raw material of
BF, is an important raw material due to its wide distribution in volcanic regions and easy accessibility.
Basalt rock is melted into fibers by centrifugal blowing at temperatures above 1500°C to form fibers
with a diameter of 7 - 13 um and a length of 60 - 100 mm [29]. BFs attract attention due to their high
strength and corrosion resistance, resistance to high temperatures and easy processing. BF has low
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density, is cheaper than carbon fiber and has higher strength than glass fiber [30]. With these properties,
BF is used in many areas such as construction, automotive and electronics. The BF used in this study
has a length of 24 mm (Figure 2) and physical and mechanical properties are given in Table 3.

Figure 2. BF used in the study

Table 3. Mechanical and physical properties of BF used in the study

Feature Value
Length fiber (mm) 24

Diameter of monofilament (um) 15+1,5
Humidity, Max (%)

Modulus of elasticity (GPa) 90

Tensile strength (MPa) 3000
Thermal conductivity (W/mK) 0.031- 0.038
Elongation at break (%) 3.5

Density (gr/cm?®) 2.63

2.2. Method
2.2.1. Sample preparation and experimental studies

Bentonite clay (BC) obtained from Tokat — Resadiye (Turkey) clay quarry was dried in an oven at 105
°C for 24 hours and BF purchased from a commercial company was separated with the help of a
compressor (Figure 3a). Then 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0% by weight BF was added
to bentonite and mixed by hand and mixer for 10 minutes to prepare mixture samples (Figure 3b).
Standard proctor tests were performed on each mixture and the ®opt and yamax vValues of the unreinforced
and BF reinforced samples were determined. Table 4 shows the BC and BF ratios of the mixtures
prepared for the standard proctor tests.

Figure 3. Seperated BF used in the study (a) and preparation of mixtures (b)
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Table 4. BC and BF ratios used in proctor experiments

Sample BC BF
Number (%) (%)
BC 100 0.0
BC + 0.5% BF 99.5 0.5
BC + 1.0% BF 99.0 1.0
BC + 1.5% BF 98.5 15
BC + 2.0% BF 98.0 2.0
BC + 2.5% BF 97.5 2.5
BC + 3.0% BF 97.0 3.0
BC + 3.5% BF 96.5 35
BC + 4.0% BF 96.0 4.0
BC + 4.5% BF 95.5 4.5
BC + 5.0% BF 95.0 5.0

BC: Bentonite Clay, BF: Basalt fiber

2.2.2. Standard proctor experiments

The standard proctor test is performed to determine the compressibility properties of soils at different
water contents and the compaction parameters Mqp: and yamax. The test is carried out by compressing the
soil into the mold in three layers under a load of 2.5 kg, which is allowed to free fall from a height of
30.5 cm. In this study, a total of 55 standard proctor tests were performed on both unreinforced bentonite
and 10 mixtures reinforced with BF according to ASTM D698-12e2 [31] standard (Figure 4a, b). The
experiments were carried out at the Rock-Soil Mechanics Laboratory, Department of Geological
Engineering, Firat University and the results of the standard proctor tests are presented in Table 5. y- ®

curves of all samples are shown in Figure 5.

a

Figure 4. Compressing the sample in the proctor mold (a) and compressed sample (b)
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Table 5. yamax and @yt Values of unreinforced and reinforced clay samples

Sample E’Eﬁ;ma) &‘;t

BC 12.36 38.50
BC + 0.5% BF 12.51 38.40
BC + 1.0% BF 12.60 38.32
BC + 1.5% BF 12.71 38.10
BC + 2.0% BF 12.84 37.50
BC + 2.5% BF 12.91 37.00
BC + 3.0% BF 12.78 37.10
BC + 3.5% BF 12.61 37.25
BC + 4.0% BF 12.48 38.12
BC + 4.5% BF 12.22 38.85
BC + 5.0% BF 11.90 39.00

BC: Bentonite clay, BF: Basalt fiber

13.20 -
13.00 1
12.80
— ——BK
o 1260 ’
2 0.5% BF
5 1240 1 1.0%BF
1220 + 15%BF
£ 1200 4 ¢ —%—2.0%BF
E 1150 | —4—2.5%BF
B —%—3.0%BF
A 1160 4 —4—3.5%BF
1140 —#—4.0% BF
11.20 A —p— 4 3% BF
1100 —4— 5.0%BF
25 30 35 40 45 50 35

Water content (0, %)

Figure 5. y- o curves of all samples

3. Findings and Discussion

According to the results obtained in the experimental studies, the yqmax Value of unreinforced bentonite
was 12.36 kKN/m® and the @opt value was 38.50%. The yamax Values of BF reinforced mixtures vary
between 11.90 - 12.91 kN/m?®. There was an increase in Yamax values up to 2.5% BF ratio and yamax value
reached 12.91 kN/m®in the BC + 2.5% BF sample. However, as the BF ratio exceeded 2.5%, Yamax Values
started to decrease and yqmax Value decreased to 11.90 kN/m?in the BC + 5.0% BF sample. This value
was even lower than the yamax Value of unreinforced bentonite (Figure 6). The op values of BF
reinforced samples ranged between 37.00% and 39.00%. The minimum qp: Value was determined in
the BC + 2.5% BF sample and the maximum oy value was found in the BC + 5.0% BF sample.
Depending on the increase in BF ratio, it was observed that the mqp: values first decreased until 2.5% BF
ratio and then increased with increasing fiber ratio (Figure 7).
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Figure 6. BF ratio - yamax change graph
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Figure 7. BF ratio - mop change graph

When the rates of change in the yamax Values of the reinforced clay samples compared to the unreinforced
clay sample (Table 6), it was determined that the rate of increase in the yamax Value of the sample
reinforced with 2.5% BF was 4.45%, the rate of increase in the yamax Values decreased with the increase
in the BF ratio, and even in the BC + 4.5% BF and the BC + 5.0% BF samples, there was a decrease of
1.13% and 3.72% (Table 6, Figure 8).
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Table 6. % yamax and % gy changes of reinforced samples compared to unreinforced clay

Sample Ydmax Mopt
Number (% change) (% change)
BC - -
BC + 0.5% BF 121 -0.26
BC + 1.0% BF 1.94 -0.47
BC + 1.5% BF 2.83 -1.04
BC +2.0% BF 3.88 -2.60
BC +2.5% BF 4.45 -3.90
BC +3.0% BF 3.40 -3.64
BC + 3.5% BF 2.02 -3.25
BC + 4.0% BF 0.97 -0.99
BC + 4.5% BF -1.13 0.91
BC +5.0% BF -3.72 1.30

BC: Bentonite clay, BF: Basalt fiber
(-) shows decreasing values

5 - 445

0/
Y dmax (*’0 change)

1
k2
1

BF rate (%)

1
[
1

1
.
1

1
h
L

Figure 8. BF ratio - % ydmax change graph

When the rates of change in the oy values of BF reinforced samples were examined (Table 6); a
decrease rate of approximately 4% was observed in the the BC + 2.5% BF sample. This rate of decrease
depending on the BF additive ratio gradually decreased with the increase in BF ratio, and there was a
small increase of 0.91% and 1.30% in BC + 4.5% BF and BC + 5.0% BF samples (Table 6, Figure 9).
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Figure 9. BF ratio - % mop Change graph

The results obtained from this study were compared with the results in the literature and the results were
found to be compatible. In studies conducted by various researchers such as [10, 17-21] it was stated
that yamax Values increase and mqp: Values decrease as the fiber ratio increases for different soil and fiber
types. Especially in some studies [17, 21], it was specified that the yamax Value increases up to a certain
fiber ratio, that was, up to a peak value, and decreases with further increasing fiber ratio. In the same
studies, it was indicated that mqp: values decrease up to a peak fiber ratio and increase with increasing
fiber ratio. Aravalli et al. [18] attributed the increase in yamax Value and decrease in Mqp: Value to the
elongation of the fiber due to the high tensile strength of the fiber and this elongation causes a decrease
in the void ratio. The increase in Moy Value with increasing fiber ratio was associated with the water
absorption feature of the fiber by Chaudhary [22]. On the other hand, Kehinde et al. [21] stated that due
to the high chemical interaction of glass fiber with water at increasing fiber ratios, excess fiber swells
and causes volume increase, thus decreasing the density. Ayininuola and Balogun [19], on the other
hand, stated that the fiber contribution contributes to holding the soil particles together and thus the bond
force between the soil particles develops, arguing that the increase in ygmax Values up to a certain BF
ratio was related to this bond force. Considering the information in the literature, it can be said that when
the fiber ratio was very high, light fibers replace heavy fibers, thus yamax decreases, and @qp: value
increases due to the water absorption feature of the fiber. Consistent with the literature, in this study, if
more than 2.5% BF was used, @ Values increased due to the water absorption feature of the fiber.
Since the fiber additive contributes to holding the soil particles together, if a low amount of fiber was
used, these forces will be very weak and yamax Values decrease. Additionally, if the optimum fiber ratio
was more than 2.5%, the fiber will not be distributed homogeneously in the soil and ydmax values will
decrease as fiber clusters/clumps will occur. As a matter of fact, in this study, there was a decrease in
vamax Values after 2.5% BF rate. This can be explained by the fact that the fibers increase in volume by
absorbing high amounts of water, the fibers replace the heavier soil grains, and the increasing fiber ratio
in the soil matrix creates resistance to compression. Thus, compressibility becomes difficult. When the
results of this study investigating the effect of BF reinforcement on the compressibility of bentonite clay
were evaluated on the basis of the literature, it can be said that up to a certain BF ratio, ydmax values
increase and the soil gains a better compressibility due to the increased integration between the fibers
and the soil grains and the improved bond forces.
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4. Conclusions

In this study, the effects of BF reinforcement on the compressibility of bentonite were investigated. The
vamax Value of unreinforced bentonite is 12.36 kN/m® and the oy value is 38.50%. With BF
reinforcement of bentonite, yamax Values increased and reached 12.91 kN/m® in the BC + 2.5% BF
sample. However, yamax Values decreased at BF ratios above 2.5%. Depending on the increase in BF
ratio, Wop: Values decreased up to 2.5% BF reinforcement ratio, and oy Values increased with BF ratio
exceeding 2.5%. With the BF reinforcement used at different rates in bentonite, which is a clay with a
length of 24 mm and very high plasticity, 2.5% BF was determined as the optimum value. Thus, it can
be said that the BF reinforcement ratio where the best compressibility for bentonite occurs is 2.5% and
the compressibility of the soil decreases after this BF ratio. Significant increases in soil strength occur
by reinforcing at the optimum fiber ratio determined in current studies. This situation has been clearly
stated in similar studies [3 - 7, 11 - 13]. When the optimum BF ratio is used, the ground becomes more
durable and less deformable. The results obtained from this study showed that when BF reinforced soils
are used as backfill, not only the effect of BF reinforcement on strength but also its effect on
compressibility should be considered when determining the BF reinforcement ratio.
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Oz

Karayolu hasari, 6zellikle siiriiciilerin konforunu ve giivenligini ciddi sekilde etkilemektedir. Yollardaki hasarlarin
tespiti, sadece ulagim giivenligi agisindan degil, ayni zamanda maliyet agisindan da biiyiik 6nem tagimaktadir. Yol
hasarlarinin tespiti, erken miidahale ve onarimi saglamak agisindan kritik 6neme sahiptir. Bu ¢aligmada, YOLO
(You Only Look Once) v8 algoritmasinin yol hasar tespit performansi, Cekya-Tiirkiye, Hindistan-Tiirkiye, ABD-
Tirkiye ve Japonya-Tirkiye dahil olmak {izere farkli cografyalardan elde edilen veri setleri kullanilarak
degerlendirildi. Bulgular, algoritmanin hasar tespit konusundaki yeteneklerini ve belirli hasar tiirlerini ayirt etmede
kargilagtig1 zorluklar1 ortaya koydu. Tiirkiye veri setinin olusturulmasi i¢in Hatay ilindeki yollarin goriintiileri
kaydedildi. Bu goriintiiler, Microsoft'un VoTT uygulamas: kullanilarak etiketlendi. Gelistirilen modeller arasinda
karsilagtirmalar ve degerlendirmeler yapildi. Bu modeller arasinda en iyi sonuglari Japonya-Tiirkiye modeli, 0.55
mAP ve 0.54 F1 skoru ile verdi. Modellerin sonuglari, hasarin gériiniimiiniin cografi konuma ve yol verilerinin
kalitesine gore degistigini gosterdi. Yerel goriintiilerden ve belirsiz hasar tiirlerinden olusan verilerin egitimde

6nemli oldugu gozlemlendi.
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Abstract

Road damage seriously affects the comfort and safety of drivers. The detection of road damage is of great
importance not only for transportation safety, but also in terms of cost. The detection of road damage is critical for
enabling early intervention and repair. In this study, the road damage detection performance of the YOLO (You
Only Look Once) v8 algorithm was evaluated using datasets obtained from different geographies, including
Czechia -Tiirkiye, India-Turkiye, USA-Tiirkiye, and Japan-Tirkiye. The findings revealed both the capabilities of
the algorithm in damage detection and the challenges it faced in distinguishing certain types of damage. For the
creation of the Tiirkiye dataset, images of roads in the province of Hatay were recorded. These images were labeled
using Microsoft's VOTT application. Comparisons and evaluations were made among the developed models.
Among these models, the Japan-Tiirkiye model yielded the best results with a 0.55 mAP and 0.54 F1 score. The
results of the models indicated that the appearance of damage varies according to the geographical location and
the quality of road data. It was observed that data consisting of local images and uncertain damage types were
important in training.
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1. Introduction

Currently, monitoring and maintenance of road infrastructure are largely conducted through physical
observations. However, this method not only leads to delays in identifying damages, but is also notably time-
consuming. Manual road surveillance faces challenges in keeping pace with the rapid deterioration of roads
due to factors such as rising traffic density, environmental effects, and wear over time. In Tiirkiye, there has
been a significant rise in the number of vehicles over the years due to an increasing population and per capita

gross national income. In Figure 1, the red-colored histogram depicts the country's population, while the
black line demonstrates the number of vehicles.
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Figure 1. Distribution of population and number of vehicles in Tiirkiye by years [1]

Concomitant with the increase in the number of vehicles, as seen in Figure 2, road networks have undergone
expansion and their quality has been enhanced. In Figure 2, the line graphs depict different types of roads; in
particular, the augmentation in bituminous roads, represented by red and black, has elevated the significance
of road maintenance and administration. To administer the expanding road networks, the highways within
the country have been segmented into regions, and these regions further subdivided into administrative units.
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Figure 2. Lengths of road types in Tiirkiye by year [1]
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The regional directorates and administrative divisions in Tiirkiye are given in Figure 3. Delays in detecting
and repairing road damage not only amplify the extent of the damage but also lead to higher repair costs and
constitute serious safety risks to drivers. The detection of road damage is crucial for early intervention and
repair. Therefore, numerous studies are being conducted using machine learning techniques to detect, discern,
and classify road damages.
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The literature on road damage detection has experienced significant advancements in recent years,
particularly with the utilization of deep neural networks and deep learning models. Maeda et al. introduced a
method for road damage detection and classification using deep neural networks with smartphone images,
highlighting the importance of utilizing smartphone technology for data collection [4]. Wang et al. focused
on adjusting relevant parameters of the model based on analyses of aspect ratios and sizes of damaged areas
in the training dataset. As a result of this approach, they obtained an F1 score of 0.62 [5]. Additionally, Maeda
et al. emphasized the lack of a uniform road damage dataset and made their experimental results and
smartphone application publicly available [4]. Cao et al. conducted a comprehensive evaluation of deep
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learning models for road damage detection using multiple dashcam images and highlighted the importance
of increasing the diversity of image sources to improve model performance [6]. Arya et al. discussed transfer
learning-based road damage detection for multiple countries and highlighted the need for effective solutions
in countries struggling with road damage detection [7]. Furthermore, Arya et al. summarized the Global
Road Damage Detection Challenge (GRDDC), which aimed to propose methods for automatically detecting
road damages in countries like India, Japan, and the Czechia [8]. Aryaetal. presented a labeled image dataset
(RDD2020) for road damage detection using deep learning, providing a valuable resource for developing
and testing road damage detection models [9].

Jeong and Kim explored the use of image tiling techniques to effectively use high-resolution road damage
images captured in Norway in combination with other images of similar resolution. This approach was used
to train twelve YOLO (You Only Look Once) v5x models for the detection of four distinct types of road
damage. The study achieved an impressive average F1 score of 0.6744, demonstrating the effectiveness of
the proposed methodology [10]. Wang and colleagues addressed the need for efficient road damage detection
as an alternative to traditional, time-consuming manual methods. They proposed an automated, image-based
approach utilizing a consensus model based on the YOLOV5 network and attention modules specifically
designed for road-focused imaging. This innovative model combines ensemble learning with increased test
duration to enhance detection performance. When evaluated across five test datasets in the CRDDC2022, the
method attained an average F1 score of 0.65177, showcasing its potential for real-world applications [11].

Lu and colleagues presented an improved YOLOV5-based model for road condition and vehicle detection.
The model aims to address the challenges related to the uneven distribution of samples and the presence of
small objects in the dataset. Experimental results demonstrated that the improved model maintained real-
time performance while achieving a mean average precision (mAP) of 64.5%, surpassing the original
YOLOV5 model's mAP of 62% [12]. Xie and Liang explored the use of deep learning-based models, namely
YOLOV5 and Nanodet, which are renowned for their high-speed detection capabilities, in the context of road
damage detection. The models were trained using a dataset of 21,041 images and subsequently adapted for
mobile Android devices. A comparative analysis of the models' performance revealed that the YOLOvbs
model achieved a mAP of 51% on a PC [13]. Madarapu Sathvik and his team, the YOLOV7 algorithm was
employed to detect potholes on road surfaces. The authors reported an F1 score of 0.51, indicating promising
results for this application [14].

Overall, the literature review highlights the progress made in road damage detection through the use of deep
learning models, smartphone technology, and innovative algorithms. The availability of datasets and
challenges like the GRDDC have further contributed to advancements in this field, paving the way for more
efficient and accurate road damage detection and classification methods.

These studies indicate that machine learning techniques are efficacious in detecting road damage. These
methods can aid in early intervention, thereby reducing repair times and costs. Considering the growing
number of vehicles and expansion of road networks in Tiirkiye, there is a demand for automatic and effective
methods for road damage detection. This study will explore the application of machine learning technigques
for the detection of road damage.

2. Data Set and Methodology

2.1. Dataset

The availability of a standardized road damage dataset is crucial for the development and evaluation of road
damage detection systems. Maeda et al. highlighted the absence of a benchmark dataset for road damage
detection, in collaboration with seven municipalities in Japan, created a dataset for road damage detection by
recording images of roads spanning over 1,500 km and spending over 40 hours, thereby making them
processable for analysis [4]. In the dataset, each type of damage was labeled with class tags such as ‘D00,
'D10'. Figure 4 shows sample images from the RDD2018 dataset. Arya et al. introduced the RDD2020
dataset, comprising 26,336 road images with over 31,000 instances of road damage, intended for developing
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deep learning-based methods for automatic detection and classification of road damage [9]. Arya et al.
further expanded on the road damage dataset with RDD2022, which includes images from six countries and
was released as part of the Crowd sensing-based Road Damage Detection Challenge [15].
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: : ? £ = DOO : Liner crack, longitudinal,

v wheel mark part

> | DO1 : Liner crack, longitudinal,
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D11 : Liner crack, lateral,
construction joint part

D20 : Alligator crack

D40 : Rutting, bump, pothole, separation

D43 : White line blur

D44 : Cross walk blur

Figure 4. Damage types and sample photos in the RDD2018 dataset [4]

Within the scope of the study, addition to the RDD2022 dataset, a dataset comprising images of Hatay's
highways has been created to be recognized by models employing the Convolutional Neural Networks
(CNN) algorithm in Tiirkiye. For the creation of the dataset, the use of a 70mai Dash Cam 4K A800S camera,
featuring a 140-degree field of view and a resolution of 2848 x 1600 pixels, was employed (as shown in
Figure 5) [16]. To record the roads, image recording was carried out starting from the center of Iskenderun
and traveling through the surrounding districts.
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Figure 5. 70mai Dash Cam 4K A800S and vehicle integration

It was configured to produce an output in mp4 format every 3 minutes. The purpose of the video recording
was to capture the entire road without any loss of image. The recorded images were transformed into
photographs at a rate of one frame for every 50 frames. The created dataset consisted of a total of 2209
photographs with a resolution of 2848x1600. The acquired photographs were assessed by an expert in the
field of transportation. Images that would technically not be worth labeling, such as blurriness, noise, or
photos that did not show the road, were cleaned up. Types of damage were identified among the selected,
high-quality images.

Table 1. Types and details of road damage in RDD2022 and the created dataset.

Type of Damage Class Name
Longitudinal Liner Crack D00
Lateral Liner Crack D10
Alligator Crack D20
Rutting, Bump, Pothole, Separation D40

2.2. Method

The collected images were labeled according to the types of damage and prepared for model training using
the VoTT (Visual Object Tagging Tool) toolbox [17]. The labeling process and bounding boxes are shown
in Figure 6. The gathered dataset was labeled using VOTT, an open-source image labeling program. The
labels of the data obtained from RDD2022 and the Hatay highways were converted from Pascal-VOC format
to YOLO format, making them suitable for the YOLOV8 algorithm. Models were developed on datasets
obtained from various geographies, such as Czechia-Tiirkiye, India-Tirkiye, USA-Tiirkiye, and Japan-
Tiirkiye. These models and their labeling processes are displayed in Figure 7.
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Figure 6. The ultimate annotated image comprises of bounding boxes and a class label, which in this instance is
denoted as D00

Counts by country and error type

== DOO
D10
. D20

10000 == D40
mm Total #images

8000

6000

Counts

4000

2000

Japan-Turkey India-Turkey Czech-Turkey USA-Turkey
Country

Figure 7. The content of the models and their label classes

The YOLO algorithm operates faster than other algorithms by processing the image through the neural
network in a single pass. The introduction of the YOLO algorithm by Redmon and colleagues has created a
fundamental change in the field by providing a faster and more efficient alternative for real-time object
detection [18].

YOLOVS, the eighth iteration of the algorithm, offers faster and more accurate results compared to its
previous versions [19]. Equipped with a deep learning-based structure, YOLOV8 typically operates in
conjunction with convolutional neural networks. This algorithm scans the image in a single pass, determining
which object each pixel belongs to. Consequently, unlike traditional methods, it integrates the steps of region
detection and classification into a single process.

The structure of the YOLOV8 algorithm is illustrated in Figure 8. The sequential definition of this structure
encompasses three main components: the backbone, neck, and head. The backbone, often represented by a
convolutional neural network, serves the purpose of extracting noteworthy characteristics from the image at
different scales. The neck component processes these extracted features, thereby augmenting the spatial and
semantic information. Ultimately, the head component utilizes these enhanced features to generate
predictions for the task of object detection.
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Figure 8. Structure of the YOLOV8 algorithm [20]

3. Results

3.1. Experiment Environment and Metrics

The data that has been compiled for the purpose of identifying road damage has been categorized into four
main types of damage: D20, D40, D00 and D10. These were then divided into training and testing datasets.
The developed models were trained and tested on Colab using an A100 graphics card [21]. This GPU features
6,912 cores, 40 GB of memory capacity, and a power of 19.49 TFLOPS. Various metrics have been
examined to evaluate models with different image and label counts from different countries. The most
commonly preferred metrics in object detection evaluation, such as the mAP (Mean Average Precision) and
F1 score, were used. Additionally, the results of the method have been presented in a confusion matrix. The
customized matrix for this study is displayed in Table 2, while the formulas for each metric are given below.

Precision is the likelihood of correctly guessing a positive instance from all predicted positive instances, and
recall is the likelihood of guessing a positive instance from true positive instances. The formulas for precision
and recall are shown in equations (1), (2).

p__ 1P L
" TP +FP

R TP )
" TP+FN

Table 2. Confusion Matrix Explanation.

Terms Results
True Positive (TP) Cases where the model predicts damage and there is indeed damage.
True Negative (TN) Cases where the model predicts no damage and there is indeed no damage.
False Positive (FP) Cases where the model predicts damage but there is no damage.
False Negative (FN) Cases where the model predicts no damage but there is actually damage.

In the field of object detection, Precision and Recall are interdependent metrics that are not suitable for direct
assessment of the detection process. Consequently, the introduction of Average Precision (AP) serves to
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characterize the precision of detection, while the F1-Score acts as a holistic measure to assess the model
comprehensively. Increasing values of AP and F1-Score indicate high accuracy of the network, while mAP
reflects the average accuracy in n defect categories. The mathematical formulations for AP, mAP, and F1-
Score are delineated in equations (3), (4), and (5).

1
AP = f P(R)dR @)
0
mAP = %Z AP! “)
P xR ©)

F1-S =2X
core PIR

MAP, or Mean Average Precision, serves as a measure employed to assess the efficacy of object detection
systems. It represents the average accuracy of all predictions made by the system. Typically, it is calculated
by taking the average of AP (Average Precision) values for different loU (Intersection over Union)
thresholds. The accuracy of the predicted bounding boxes in AP is evaluated through the utilization of loU.
loU is a metric that represents the proportion of the intersecting area to the combined area of the actual and
predicted bounding boxes, as depicted in Figure 9. It measures how closely the actual and predicted bounding
boxes overlap. In this study, the loU threshold is set at 0.5, meaning a prediction must have an loU of at least
0.5 to be considered accurate.

a) Object b)
Infersection

loU= 0.35 loU= 0.74 loU=0.93
Detected box

Area of Overlap

loU=

Area of Union

] Poor Good Excellent
Objed

Detected hox

Figure 9. Intersection over Union (loU). (a) The intersection area of two bounding boxes divided by their total area
yields the loU value; (b) three distinct loU values for boxes placed differently are given as examples [20]

3.2. Experimental Results

In this section, we delve into the empirical outcomes obtained from the conducted experiments. The results
are systematically organized and displayed in Table 3. The table encapsulates a comparative analysis of
detection performance metrics across differnt bilateral model configurations, with a particular emphasis on
the collaborative models between Tiirkiye and various other countries. It is noteworthy that the Japan-Ttirkiye
model configuration stands out, exhibiting superior performance as evidenced by the quantitative measures.
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Table 3. Comparison of Detection Performance of the Models

Country F1 Score MAP@0.5
Czechia-Tiirkiye 0.34 0.31
India-Tirkiye 0.41 0.367
USA-Tiirkiye 0.51 0.52
Japan-Tiirkiye 0.54 0.55

Upon examining the tabulated data, it becomes apparent that the Japan-Tiirkiye collaboration yields the most
commendable results with an F1 Score of 0.54 and an mAP@0.5 of 0.55. These figures not only surpass the
other country pairs but also suggest a robust model performance in detecting the objects of interest with high
accuracy and reliability.

The results from the Czechia-Tiirkiye pair indicate a relatively lower detection performance, with an F1 Score
of 0.34 and an mAP@0.5 of 0.31. Similarly, the India-Tiirkiye configuration demonstrates moderate
performance improvements with an F1 Score of 0.41 and an mAP@0.5 of 0.367. The USA-Tiirkiye model
shows further enhancement in detection capabilities, achieving an F1 Score of 0.51 and an mAP@0.5 of
0.52, which is indicative of a well-tuned model that balances precision and recall effectively.

Table 4. Summary of comparison with methods in other studies using road damage detection

F1 Score mMAP
Sathvik et al. [14] 0.51 -
Wang et al. [11] 0.65 -
Xie and Liang [13] - 0.64
Our method 0.54 0.55

(Japan-Tirkiye)

Designated as Table 4, this summary ranks each method according to their F1 score and mean Average
Precision (MAP) values. According to the table, the method developed by Sathvik et al. [14] has been
evaluated with an F1 score of 0.51, but the mAP value has not been provided. The study by Wang et al. [11]
exhibits higher performance with an F1 score of 0.65. Xie and Liang [13] are represented solely by the mAP
value and have achieved a considerably high value of 0.64. Lastly, the method referred to as Our method
(Japan-Tiirkiye) shows a balanced performance with both F1 score (0.54) and mAP (0.55) values. This
comparison table serves as a useful resource for analyzing the performance of road damage detection
methods developed in different countries. Notably, the method developed through collaboration between
Japan and Tiirkiye demonstrates a balanced performance in terms of both F1 score and mAP values,
indicating it as an effective alternative for road damage detection. Let's take a closer look at the graphs
presented below for a more detailed analysis and evaluation of our Japan-Tiirkiye model.

The F1-Confidence Curve illustrates how the F1 scores of a model's predictions vary within a certain
confidence range. In the curve shown in Figure 10, the horizontal axis denotes the confidence level of the
model's predictions, while the vertical axis indicates the F1 score. While the D40 class has low F1 scores, the
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D20 class shows higher F1 scores. The best F1 score for all classes is the value of 0.54, obtained at
approximately a 0.32 confidence threshold.

F1-Confidence Curve

1.0
—— D40
D20
—— DO0O
— D10
0.8 1 —

all classes 0.54 at 0.319

“0.0 0.2 0.4 0.6 0.8 1.0
Confidence

Figure 10. Japan-Tiirkiye F1-Confidence Curve

The Precision-Confidence Curve demonstrates the precision of a model's predictions within a certain
confidence range. In the curve presented in Figure 11, the horizontal axis denotes confidence, reflecting how
certain the model's predictions are, while the vertical axis indicates precision, which reflects how many of
the selected items are indeed positive. The D20 class demonstrates higher precision compared to other
classes, while the D40 class exhibits the lowest precision. The maximum precision for all classes is specified
as 1.00 at a confidence threshold of 0.877.

Precision-Confidence Curve

— D40
D20
D00
— D10
= all classes 1.00 at 0.877

Precision

0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Confidence

Figure 11. Japan-Tiirkiye Precision-Confidence Curve

The Recall-Confidence Curve illustrates how well the model detects true positives at a certain level of
confidence. In the curve presented in Figure 12, the horizontal axis denotes the confidence level, while the
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vertical axis indicates recall, which is the proportion of true positives that have been correctly identified. The
D20 class exhibits high recall, while the D40 class shows the lowest recall. The maximum recall for all
classes is shown as 0.87, but this is achieved at a 0.00 confidence threshold, which may not be practical to
use.

Recall-Confidence Curve

— D40
D20
—— D00
— D10
= all classes 0.87 at 0.000

Recall

0.0 0.2 0.4 06 0.8 1.0
Confidence

Figure 12. Japan-Tiirkiye Recall-Confidence Curve

The Confusion Matrix demonstrates the accurate and erroneous predictions generated by the model for every
category. The normalized confusion matrix expresses these values as percentages of the total number of
samples, providing a clearer indication of the model's performance. This is useful for comparing the model's
performance across different classes. The normalized confusion matrix is presented in Figure 13. The high
accuracy rate (0.66) of the D20 class is notable, but it seems that the D00 and D10 classes tend to be confused
with the background (0.46 and 0.48, respectively).

Confusion Matrix Normalized

Pregicted

-03

-00

Figure 13. Japan-Tiirkiye Normalized confusion matrix

The Precision-Recall Curve displays the precision and recall values of the model at different threshold levels.
The larger the area under the curve presented in Figure 14, the better the performance of the model. Here,
the D20 class has the highest mAP@0.5 value (0.678), indicating better classification performance compared
to other classes.
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1.0

Precision-Recall Curve
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0.2 0.4 0.6
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—— D40 0.579
D20 0.678
D00 0.471
D10 0.471

Figure 14. Japan-Tirkiye Precision-Recall Curve

all classes 0.550 mAP@0.5

Figure 15 shows the curves of the metrics showing the epochs and their changes during the training of the
model. A decrease in losses over time indicates that the model is learning from the data. Training losses have
significantly dropped, while validation losses have decreased in a somewhat slower but steady manner. The
increase in precision and recall metrics also indicates an improvement in the model's performance.
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4. Conclusion

Figure 15. Japan-Tiirkiye model training curves

The study embarked on an exploration of road damage detection using the YOLOv8 algorithm, leveraging
datasets from diverse geographical contexts, including collaborations between Tiirkiye and other countries
such as Czechia, India, the USA, and Japan. The primary objective was to assess the algorithm's efficacy in
identifying road damages, a critical concern for transportation safety and maintenance cost optimization.
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The methodological approach entailed the utilization of the VoTT Image Labeling Program for object
labeling and the employment of Nvidia's A100 graphics card within Google's Colab service for the training
process. The evaluation of the models was predicated on their mAP and F1 scores, with a particular focus on
the Japan-Tiirkiye model, which demonstrated superior performance.

The results of the study are succinctly summarized as follows:

- The Japan-Tiirkiye model emerged as the most effective, achieving an mAP of 0.55 and an F1 score of
0.54.

- Comparative analysis revealed that this model outperformed other bilateral configurations, with notable
proficiency in detecting specific types of road damage such as potholes and alligator cracks.

- The study highlighted the variability in damage appearance across different geographies and underscored
the importance of training models on local datasets.

However, the study is not without its limitations. The detection of certain damage types, such as longitudinal
and lateral cracks, proved challenging, often resulting in misclassification. Additionally, the model exhibited
a tendency towards overfitting, as evidenced by fluctuations in validation losses. These insights pave the way
for future research, emphasizing the refinement of detection algorithms and the exploration of more
sophisticated training methodologies to enhance model generalizability and accuracy.

Based on the findings and insights from this study, several directions for future research have been identified
for the development and improvement of road damage detection methodologies. Suggested areas for future
work include:

- Algorithm Enhancement: Investigating the integration of advanced machine learning algorithms and
exploring the potential of deep learning architectures beyond YOLOV8. This includes the examination of
newer versions of YOLO or alternative frameworks that may offer improved detection capabilities, especially
for less distinct types of road damage.

- Data Augmentation and Diversification: Expanding the dataset to include a wider array of geographical
locations and road conditions. This would entail the collection and labeling of road damage images from
varied climates and topographies to enhance the model's generalizability and robustness across different
environments.

By pursuing these directions, future research can significantly contribute to the advancement of road damage
detection technologies, ultimately enhancing road safety and maintenance efficiency.
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Oz

Bu ¢alisma, farkli taper agilarina sahip nikel-titanyum (Ni-Ti) doner aletlerin biikiilme ve burulma sirasindaki
gerilim dagilimint sonlu elemanlar analizi (SEA) kullanilarak degerlendirilmeyi amaglamaktadir. Caligma igin
0.02, 0.04 ve 0.06 sabit taper agilarina sahip doner alet egeleri Solidworks yazilimi kullanilarak modellendi. Bu
modeller ANSYS yazilimina aktarildi. Egelerin esnekligini ve burulma sertligini degerlendirmek icin SEA
yontemi kullanilarak, ISO 3630-1 spesifikasyonuna gore testler gerceklestirildi. Test sonuglarma gore 0.02 taper
acisina sahip ege sistemi biikiilmeye maruz kaldiginda 0.04 ve 0.06 tapera sahip egelerden daha yiiksek esneklik
gosterdi. Burulma direnci agisindan 0.06 taper agisina sahip doner ege, 0.02 ve 0.04 taper agisina sahip egelerden
daha yiiksek burulma direnci gosterdi. Aletin geometrisi, doner egelerin mekanik davranigini (biikiilme ve
burulma) etkilemektedir. Klinisyen doner egelerdeki davranigsal farkliliklarin farkinda olmaly, iiretici talimatlarina
ek olarak klinik duruma gore uygun egeyi kullanmalidir.
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Abstract

This study aims to evaluate the stress distribution of nickel-titanium (Ni-Ti) rotary tools with different conical angles
during bending and torsion using finite element analysis (FEA). For the study, rotary file models with fixed taper angles
of 0.02, 0.04, and 0.06 were modeled using Solidworks software. These models were transferred to ANSYSS software.
It was performed according to the 1SO 3630-1 test specification using the FEA method to evaluate the flexibility and
torsional stiffness of the files. According to the test results, the file system with a 0.02 taper angle showed higher
flexibility when subjected to bending compared to the files with 0.04 and 0.06 taper angles. Regarding torsional
resistance, the rotary file with a 0.06 taper angle demonstrated higher torsional resistance than the files with 0.02 and
0.04 taper angles. The geometry of the instrument affects the mechanical behavior (bending and torsional) of rotary files.
Clinicians should be aware of the behavioral differences in rotary files and, in addition to following manufacturer
instructions, should use the appropriate file according to the clinical situation.
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1. Introduction

For a long time, Nickel-titanium (Ni-Ti) rotary file have been used for the mechanical preparation of teeth in
root canal treatments [1]. Ni-Ti files exhibit superior flexibility when compared to stainless steel files. They
also better preserve the anatomy of the root canal system [2]. However, during chemomechanical preparation
processes, Ni-Ti files are significantly subjected to stress and strain. As a result of these stresses and strains,
Ni-Ti rotary files can fracture within the root canal system [3]. Manufacturers have been modifying many
features of Ni-Ti rotary files, such as design, geometry, and heat treatment, to enhance their clinical
performance [4]. Currently, there are over 160 different Ni-Ti rotary file systems with various designs,
kinematics, or heat treatments. Among these files, there are rotary file systems with the same apical size but
with 0.02, 0.04, 0.06 taper angles [5-7].

Finite Element Analysis (FEA) is a numerical method used for evaluating the mechanical behaviors of
materials used in endodontics [8]. It also allows for the simulation to be repeated without any risk by
modifying the material properties as desired [9]. This makes it possible to observe the distribution of stress
and strain that cannot be obtained under laboratory conditions and to monitor the mechanical behavior of the
material [1, 4].

In the literature, there are many FEA studies on Ni-Ti rotary file systems [3, 4]. However, there is no study
focusing solely on the variability of taper angle under 1SO-3630-1 tests for a Ni-Ti rotary file. The purpose
of this study is to comparatively evaluate three Ni-Ti rotary files, designed by us, with taper angles of 0.02,
0.04, 0.06 and a #30 apical size against the test limits of 1ISO 3630-1. The null hypothesis of this study is that
files with different taper angles will produce different results against bending and torsional tests.

2. Materials and Method

The Ni-Ti endodontic rotary file models were designed to feature a commercially unavailable convex
triangular and non-cutting tip design with concentric pitches, 1SO #30 apical diameters, and conical angles
of 0.02, 0.04, and 0.06 (Figurel).

Figurel. Cross-sectional geometry of the designed Ni-Ti rotary file

These models were designed in 3D with a working length of 16 mm using Solidworks software (Dassault
Systems SA, Concord, MA) and saved with a .prt extension (Figure 2). The resulting Ni-Ti rotary file models
were then saved with a Parasolid (.x_t) extension and made ready for use in ANSYS Workbench 2019 R1
software (ANSYS, Inc., Canonsburg, PA).
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Figure 2. Ni-Ti endodontic rotary file model

For the properties of the rotary file, Ni-Ti material properties were selected in the ANSYS Workbench
software. The mechanical properties used for this material are presented in Table 1 [1].

Table 1. Material properties of the Ni-Ti rotary file used in the analysis

Parameter Description Value
E Young’s modulus 60000 MPa
v Poisson ratio 0.36
K Bulk modulus 71429 MPa
G Shear modulus 22059 MPa
ods Starting stress value for the forward phase 520 MPa
transformation
afAS Final stress value for the forward phase 600 MPa
transformation
adt Starting stress value for the reverse phase 300 MPa
transformation
af”‘ Final stress value for the reverse phase transformation 200 MPa
& Maximum residual strain 0.07 mm/mm
a Parameter measuring the difference between material 0
responses in tension and compression
Eg Elastic modulus of the full martensite phase 60000 MPa
If 0 or undefined, the martensite and austenite phases
share the same elastic modulus

The created models were meshed using quadratic elements in the ANSYS Workbench software (Figure 3).
The models with 0.02, 0.04, 0.06 taper angles contain, respectively, 3701 nodes-1083 elements, 4694 nodes-
1474 elements, and 7834 nodes-2150 elements. In this software, the axes of the Ni-Ti rotary files were
positioned such that their axes were along the -x axis.
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Figure 3. Mesh models created for analysis; a) ¢=0.02, b) 0=0.04, c¢) ¢=0.06

The analyses of the Ni-Ti rotary file systems were conducted in ANSY'S Workbench software according to
ISO 3630-1 boundary conditions [10]. The boundary conditions for the bending test were achieved by
applying fixed support at the apical end of the file as indicated in Figure 1, and at the coronal end, a
displacement of 13 mm along the -y axis was given to provide a bending angle of 45 degrees. To achieve
fixed support condition, the model was cut and separated 3 mm away from the apex in Solidworks software.
In ANSYS Workbench software, a bonded connection boundary condition was applied to enable these two
parts to move as a single piece. Free boundary conditions were applied to the coronal part of the model in the
-x and -z axes (Figure 4).

0.000 5.000 10.000 ¢rrirm)
L aa— ESS—)

2,500 7.500

Figure 4. Application of 45-degree displacement to the Ni-Ti rotary file model in the -y axis

To observe the torsional behaviors of the created models, a boundary condition was applied as shown in
Figure 5. Different from the bending test, a torque of 2 Nmm was applied from the coronal end of the model
in the -x axis (Figure 5).

3 mm 13 mm

Fixed support Torsional moment applied surface

Figure 5. Application of rotational torque to the file model along the -x axis
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3. Results and Discussion

3.1. Bending Test

Subjecting the file models to a 45-degree bending test showed similar behavior for each taper angle. The
maximum von Mises stress value increased linearly up to about 10 degrees of bending, reaching ~700 MPa.
For the taper angle 0=0.02, this continued in a nearly constant manner up to ~45 degrees of bending, while
for 0=0.04, the stress increased to 1200 MPa after a bending angle of 35 degrees. However, for 0=0.06, after
about 20 degrees of bending, the stress increased linearly up to 45 degrees, reaching ~2000 MPa.

As the taper angle increased, the reaction bending moment also increased. With the increase in the bending
angle, the reaction bending moment required to bend the rotary files was obtained in a manner similar to
Figure 5. Up to ~10 degrees of bending, the reaction bending moment for each rotary file's taper angle
increased linearly, being 0.6 N.mm for 0¢=0.02, 1.5 N.mm for ¢=0.04, and 3 Nmm for a=0.06. After ~10
degrees of bending, the reaction bending moment continued to be constant for 0=0.02, slightly increased to
~4 N.mm for 0=0.04, and despite a decrease in the rate of increase, linearly rose to 9.5 N.mm for 0=0.06.

When the models were forced to bend at an angle of 45 degrees, the behavior of the maximum von Mises

stress corresponding to the bending angle was obtained in Figure 6, and the reaction bending moment
corresponding to the bending angle was obtained in Figure 7.
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Figure 6. The effect of taper angle variation on bending angle- Maximum equivalent stress behavior
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3.2. Torsion Test

The file models with taper angles of a=0.02, 0.04, 0.06 were fixed supported along a surface 3 mm from the
apical end, and subsequently, a torque of 2 Nmm was applied to the surface on the coronal side. Applying a
2 Nmm moment to the Ni-Ti rotary file models showed similar behavior for each sample. As the Rotational
Moment increased, the maximum equivalent stress increased linearly, found to be ~400 MPa for 0=0.06,
~700 MPa for 0=0.04, and ~1000 MPa for ¢=0.02. The maximum von Mises stress corresponding to the
applied torque was obtained as shown in Figure 8.
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In this study, the mechanical behaviors of endodontic rotary files with different taper angles during torsion
and bending tests were examined using Finite Element Analysis (FEA). FEA is a numerical method capable
of evaluating the mechanical behavior of an instrument, in addition to stress distribution during endodontic
treatments [11-12]. FEA involves modeling a structure with loads and constraints to identify, analyze, and
solve potential structural or performance issues. Moreover, FEA allows the application of different
properties, such as alloy or design modifications, without causing any damage to the material. This situation
enables the evaluation of the mechanical properties of rotary file systems used in endodontics by reducing
time and cost [13-14]. We also used FEA in our study due to its advantages.

In superelastic material behavior, when subjected to a tensile test, the material undergoes a certain amount of
deformation but recovers its shape along a different path once the force is removed [3]. Additionally, different
thermomechanical treatments are applied to endodontic rotary files [15, 16]. However, the study focused on
the effect of different taper angles on bending and torsional rigidity, so the ultimate differences in material
properties were disregarded. This study was conducted according to 1SO 3630-1 boundary conditions [4, 14,
17] and is similar to other studies evaluated with FEA. The bending and torsional properties of the files were
assessed. FEA results under bending conditions show that the rotary file with a 0.02 taper angle is more
flexible than those with 0.04 and 0.06 taper angles. As a result of this difference, the null hypothesis in our
study was accepted. This difference can be explained by the smaller cross-sectional structure in the apical 3
mm portion of the file with a 0.02 angle. Based on these results, rotary files with lower taper angles should
be used in shaping curved root canal systems. In similar clinical conditions, a file with a 0.06 taper angle
would need to apply more force to the walls of the root canal to achieve the same degree of bending. This is
thought to potentially cause complications such as perforations or the formation of zips in the apical region
of the root canal system in teeth with curvature. However, when rotary files are placed within the root canal
system, the boundary conditions can change due to varying contact points.

In the torsion test, the effect of the tool connection was simulated by fixing the instruments 3 mm from the
file tip and applying a torque of 2 Nmm. According to the test results, the rotary file system with a 0.06 taper
had a lower angular rotation value compared to the others. The increase in cross-section in this test reduced
the stress due to an increase in the file's inertia. This also reflected in the stress behavior. In this study, the
bending test was performed on the xz axis. In tests to be performed on different axes, different results can be
obtained due to the pitch structure of the file. In addition the results obtained in this study are consistent with
the findings of studies showing that torsional rigidity depends on the cross-sectional geometry [11, 18, 19].
Additionally, the stress levels in tools under torsion cannot be predicted solely by stiffness responses. The
combination of factors such as the cross-sectional geometry of the files, their mechanical properties, the
location of stress application, and the location where deformation is measured, influences the stress [2, 20].

4. Conclusion

Clinicians might prefer samples with a higher taper angle considering the stress that rotary files will be
subjected to, based on their bending and torsional behavior. However, it is important to take into account that
increasing the taper angle could make the movement of the file more challenging.
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Oz

LiNiO, (LNO) yiiksek kapasiteye sahiptir ancak lityum-iyon pillerde pratik kullanimini simirlayan yapisal
istikrarsizlik ve kapasite azalmasindan muzdariptir. Bu ¢aligma, bu sorunlarin iistesinden gelmek i¢in bir strateji
olarak LNO yapisindaki Ni bdolgelerine Mn ve Ti birlikte katkilayarak LiNio.gsMno.ozsTio.02502 (MnTi25) elde
etmeyi ve fiziksel ve elektrokimyasal 6zelliklerini arastirmayi 6nermektedir. MnTi25, LNO'ya kiyasla gelismis
yapisal kararlilik ve 6nemli 6l¢iide azaltilmis katyon karigimini ortaya cikararak kayda deger elektrokimyasal
sonuglar vermistir. MnTi25'in yar1 hiicre performansi etkileyicidir ve yerlesik %4 Mn ikameli ZoomWeMn4
standardina benzer bir kapasite sergileyerek etkili Li-iyon ¢ikarma ve ekleme islemini gostermektedir. Ayrica,
grafit anoda kars1 yapilan tam hiicre testi, MnTi25'in ticari bir LNO bazli malzeme ile neredeyse aym kapasiteyi
sundugunu gostermektedir. Bu kayda deger basari, yiiksek kapasite potansiyelini korurken LNO'nun
siirlamalarini ele almada ortak katkinin etkinligini vurgulamaktadir. Bu ¢alisma, MnTi25'in, malzemenin yapisini
Mn ve Ti birlikte katkilama yoluyla uyarlayarak yiiksek performansli lityum-iyon piller i¢in umut verici bir katot
malzemesi olabilecegini gostermektedir.

Anahtar kelimeler: Lityum-iyon bataryalar, Mn ve Ti ¢ift katkilama, Gelistirilmis yapisal kararlilik
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Abstract

LiNiO2 (LNO) has high capacity but suffers from structural instability and capacity fade, which limits its practical
use in lithium-ion batteries. This study proposes co-doping LNO with Mn and Ti (MnTi25) as a strategy to
overcome these issues. MnTi25 was thoroughly characterized, revealing improved structural stability and
significantly reduced cation mixing compared to pristine LNO. The half-cell performance of MnTi25 is
noteworthy, exhibiting a capacity similar to the established 4% Mn-substituted ZoomWeMn4 standard,
demonstrating efficient Li-ion extraction and insertion. Additionally, full-cell testing against a graphite anode
shows that MnTi25 delivers a capacity almost identical to a commercial LNO-based material. This promising
achievement highlights the effectiveness of co-doping in addressing LNO's limitations while preserving its high-
capacity potential. This study demonstrates that MnTi25 can be a promising cathode material for high-performance
lithium-ion batteries by tailoring the material's structure through co-doping.
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1. Introduction

Lithium-ion batteries (LIBS) reign supreme in portable electronics due to their high energy density and
impressive cycle life. However, realizing their full potential for electric vehicles and grid storage demands
further advancements in these aspects. In this quest, Ni-rich layered LiNiO, (LNO) cathodes hold immense
promise, boasting a theoretical capacity surpassing 275 mAh g [1], significantly exceeding conventional
LiCoO.. Despite their alluring potential, practical application remains hindered by inherent drawbacks such
as structural instability, voltage fade, and thermal instability, primarily stemming from Ni cation migration
and oxygen loss. For example, according to the study by Yoon et al. [2], H2 - H3 phase transformations
occurred in LiNiO; particles at 4.2 and 4.3V cut-off voltage levels, causing structural instabilities, and as a
result, microcracks were observed on the particle surfaces. These cracks not only adversely affect ionic and
electronic transport, causing performance losses, but also cause the electrolyte to diffuse into the particle
interior, rendering the particle surface useless for redox reactions. Another situation is that when LiNiO- is
in the state of charge (delithiation), Ni** is highly reactive and reacts with the electrolyte after Li ions leave
the crystal structure. In this case, the LiNiO, phase usually decomposes into more stable LigNii.£O, phases,
O and NiO [3], [4]. Different strategies such as substitution/doping of Fe [5], Al [6], and Co [7] into the
crystal structure or surface coating with MgO [8], Silica [9], and AIPO, [10] have been tried to prevent these
negative properties of NRO. However, surface coating may also increase the weight and volume of the
battery, reducing its energy and power density. Surface coating may also cause interface resistance, coating
cracking, or coating peeling, which may affect the cycling performance and the rate capability of the battery
[11, 12].

Co-doping represents a noteworthy approach whereby two distinct atomic species within the material matrix
concurrently manifest advantageous physical and electrochemical characteristics, while also offsetting each
other’s inherent limitations. One of the studies on co-doping LNO is on LiNigggAloos Tio.00s02 sample
synthesized by wet milling solid-state reaction method by Song et al [13]. Performance tests showed an initial
capacity of 196.3 mAh/g at a current density of 0.1C and a voltage range of 2.2 - 4.4V. On the other hand, it
decreased to 113.8 mAh/g capacity after 20 cycles and showed 57.9% capacity retention. Zhou and Zheng
et al. conducted another investigation on the co-doping of Mg and Al into LNO [14]. They demonstrated that
the co-doping of Mg and Al inhibits the coalescence of secondary particles and facilitates Li diffusion by
expanding the interlayer spacing. Based on their findings, they identified LiNio.gsAlo.04Mgo.010- as the optimal
composition, which exhibits an initial capacity of 200.8 mAh/g and a capacity retention of 83.7% after 200
cycles at 0.5C.

Addressing these limitations has spurred extensive research into doping LNO with transition metals. Among
the contenders, Mn and Ti stand out for their unique and complementary benefits: Sharing a similar ionic
radius and oxidation state with Ni>*, Mn** holds the potential to mitigate cation migration and stabilize the
layered structure. Moreover, Mn redox contributes to the overall capacity, enhancing the theoretical energy
density. For instance, Arai et al. reported 10% Mn substitution as the upper limit and obtained an initial
capacity of 200 mAh/g in performance tests [15]. However, their study also highlighted the need for further
optimization to address the voltage polarization observed and capacity fade after 10 cycles. Another
important advantage of Mn over other dopants is its abundance and low cost [16]. Additionally, previous
studies have reported that the positive effect of Mn doping on the thermal stability of LiNiO2 cathode
material is similar to that of Ti and far superior to that of Co doping [17]. With its exceptional oxygen affinity,
Ti* can act as an "electronic pillar," stabilizing the Ni oxidation state and reducing voltage fade. In contrast,
Ti* ions exhibit a greater preference for occupying transition metal (Mn*+, Ni**, etc.) sites compared to Li*
sites. This preference arises from the differing energetic costs associated with substituting Li* or transition
metals with Ti* at these distinct lattice positions. The substitution of Ti** into transition metal sites leads to
an expansion of the interplanar spacing and unit cell volume, which can facilitate the lithium
insertion/extraction process [18]. Kim and Amine prevented the migration of Ni?* ions to the Li sites by
substituting Ti** for Ni sites in LiNiO,. This reduced the capacity loss by decreasing the cation mixing ratio
[19]. Their results showed that LiNi1xTixO- (0.025 < x < 0.2) materials had an initial capacity of 240 mAh/g
and maintained high-capacity retention after 100 cycles. It is important to note that if the Ti substitution rate
exceeds x=0.25, the Ni?* ions formed for charge balancing will begin to occupy the Li sites, resulting in a
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loss of capacity. Additionally, highly substituted Ti ions may settle between the layers of the crystal structure
instead of occupying Ni sites, which could negatively impact both ionic and electronic diffusion.

While previous studies have explored the individual merits of Mn and Ti doping on LNO, their independent
approaches may not fully address the multifaceted challenges faced by these cathodes. Recognizing this gap,
this study delves into the synergistic effects of co-doping LNO with 0.25 mol Mn and 0.25 mol Ti on the
cathode material's physical and electrochemical performances. By systematically characterizing the doped
LNO material and evaluating its electrochemical performance, we aim to contribute to the development of
high-performance Ni-rich cathodes, advancing the potential of LIBs for next-generation energy storage
applications.

2. Material and Method

2.1. Material Synthesis

In the context of our experimental investigation, we synthesized the Nio.g7aMnoo26(OH). precursor using the
co-precipitation method within a continuously stirred tank reactor (CSTR) (Brunswick Scientific/Eppendorf
BioFlo 310). The principal advantages of the coprecipitation method are the simultaneous mixing of
transition metals at the atomic level, the achievement of the requisite phase and crystallization at relatively
mild sintering temperatures, and the retention of time [20]. Aqueous solutions of Ni(SO4-6H.0) (98%, Alfa
Aesar) and Mn(SOs) (98%, Alfa Aesar) were meticulously prepared, maintaining the specified Ni:Mn molar
ratios. The Nickel and Manganese reagents were combined into a single solution (400 mL, 2 M).
Subsequently, these solutions were added dropwise in a simultaneous manner, utilizing peristaltic pumps, to
a stirred reaction vessel containing NH3 solution (1 L, 1 M). To maintain a precise pH concentration (pH
11.0and 0.5 M NHs), we introduced a NaOH solution (98%, Alfa Aesar) (10 M) and an NHjs solution (5 M).
For 20 hours, the solutions were gradually incorporated into the reaction vessel, which was maintained at 60
°C, stirred at 900 rpm, and placed under an N> atmosphere. Following the reaction, the vessel was cooled to
room temperature, and the resulting precipitate was meticulously filtered and rinsed four times with deionized
water. Finally, the precipitate was dried overnight at 100 °C in ambient air (Figure 1a).

The process of inserting Li into the precursor crystal structure is called "lithiation". In this step, the precursor
and a lithium source are physically mixed and heat-treated at high temperature. Carbonate or hydroxide
compounds can be used as lithium sources. The lithiation step was carried out for Li>CO3:Nio.g74Mng.026(OH)2:
TiOz using the 1.02:0.95:0.025 ratios. In the first lithiation step, the samples were ground by hand, heat treated
at 480 °C for 3 hours, and cooled to room temperature. The objective of this step is to remove carbonate from
Li2CO3 and water from the Nio.g7aMnoo26(OH).. Then the samples were ground again by hand for 15 minutes
and then heated up at 825 °C for 20 hours in O, atmosphere. The purpose of the second lithiation step is to
allow Li*, Ti** and O released from the Li source to diffuse into the Nio74Mnoe2s(OH)2 (Figure 1b).
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co-precipitation method with CSTR system
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Figure 1. (a) Synthesis process of precursor by co-precipitation using CSTR. (b) Schematic representation
of the lithiation step of the precursor

To compare the MnTi25 sample with a standard sample, NiogsMnoos(OH). precursor was obtained from
ZoomWe (Hunan ZoomWe Zhengyuan Advanced Material Trade Company, Ltd., Changsha 410000,
China). To obtain LiNio.gsMno 002 (ZoomWeMn4), the same lithiation steps as MnTi25 were applied.

2.2. Physical Characterization

X-ray diffraction (XRD) patterns were acquired using a Siemens D5 diffractometer equipped with a copper
(Cu) target X-ray tube and a diffracted beam monochromator. The samples were meticulously analyzed
within a scattering angle (20) range from 15° to 80°, with data collection intervals of 0.02° over 3 seconds.
Scanning electron microscopy (SEM) imaging was conducted using a Hitachi S4700 Scanning Electron
Microscope equipped with a backscattered electron detector. Before imaging, the samples were meticulously
prepared by affixing the powders onto adhesive carbon tape. The resulting images were captured under an
accelerating voltage of 3 kV and a current of 20 pA. Particle size analyses of the samples were made with a
Partica laser scattering particle size distribution analyzer (Horiba). An ICP-MS (Thermo Fisher Scientific,
MA, USA) paired with an ESI SC-4DXS autosampler (Elemental Scientific, NE, USA) was used for sample
elemental distribution analysis. Standard samples of the elements to be measured were prepared as 4ppm,
2ppm, and 1ppm standards.

2.3. Electrochemical Characterization

A mixture was made by Super-S carbon black (Timcal) as the active material, polyvinylidene fluoride
(PVDF, Arkema, Kynar 301F) as the binder, and N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, 99.5%) as
the solvent in a weight ratio of 92:4:4. The resulting slurry was coated onto aluminum foil using a 150 um
high-adjustable doctor blade and dried in a vacuum oven at 110 °C. The dried electrodes were then calendared
under pressure and punched into circular discs (1.25 cm diameter) with an electrode material loading of 10—
12 mg.cm2 The discs were subsequently dried overnight in a vacuum at 110 °C.

For the half-cell performances, positive electrodes were used as cathode, Li metal as anode material, and
Celgard 2032 membrane as a separator with the electrolyte of 1.2 M LiPFs (BASF, 99.9%) in a mixture of
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fluoroethylene carbonate (FEC) and dimethyl carbonate (DMC) was used as the electrolyte (FEC: DMC 1:4
viv). A 2032 type coin cell battery was used for the tests and all assemblies were performed in an Ar-filled
glove-box.

For full cells, the negative/positive electrode capacitance ratio should be 1.0-1.5. Outside this range, rapid
capacity losses are observed in full cells. During the production of the positive electrode, the mixing ratios
stated above for the half-cell were used. For slurry to be used more efficiently during coating, the total solid
mixture/NMP ratio varies between 1.0 and 1.5. Graphite (Novonix) with a capacity of 3 mAh/cm? coated on
copper foil was used as the negative electrode in full cells. The discs used as negative electrodes were
punched to be 12.75 mm in diameter. Since the punched discs for the positive electrode have a constant radius
(11.25 mm) and to provide the N/P ratio in full cells, different thicknesses were tried during the coating of
the slurry on aluminum foil. 1.2 M LiPFs in EC: DMC 3:7 w/w were used as electrolyte. In addition, 2%FEC
and 1%LFO (lithium difluorophosphate) were added to the electrolyte solution. About 10 microliters of
electrolyte are used in each battery. BMF (Polypropylene Blown Micro Fiber available from 3M Company)
separator was used as a membrane. Since this membrane has a thicker structure compared to Celgard, a one-
piece BMF membrane disc was used in each battery.

3. Results and Discussions

Figure 2 shows the XRD patterns of the powder samples obtained after the final heat treatment. Both samples
were found to be isostructural with LiNiO,, which has a rhombohedral layered structure (R-3m)[21]. The
XRD peaks of the commercial standard ZoomWeMn4 sample and the MnTi25 samples are identical, as
shown in Figure 1a. The MnTi25 sample is very similar to the standard in the separation of the (018) and
(110) peaks, which is indicative of good crystallization (Figure 2b). However, no impurity peak was observed
in the impurity region of both samples (Figure 2c). The crystal structure and refinement parameters are shown
in Table 1. The results of the calculations indicate that the a lattice parameter of the MnTi25 sample increased
by 0.31% and the ¢ parameter increased by 0.27% in comparison to the standard ZoomWeMn4 sample.
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Figure 2. (a) XRD diffraction patterns of MnTi25 and ZoomWe Mn4 samples. (b) Peak splitting of (018)
and (110) reflections, indicating the degree of crystallization. (c) Impurity region from 20 to 30°. (d)
Layered structure of LiNiO; crystal, plotted using refinement results
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LNO has a layered structure consisting of Li and NiOg layers (Figure 2d). To maintain charge
neutrality, Ni** ions are inherently present within the crystal lattice. However, during the synthesis
process, Ni?*ions are generated and exhibit a propensity to migrate toward the Li layers—a phenomenon
commonly referred to as ‘cation mixing’ (Niw;) [22]. Notably, due to the distinct ionic radii of Ni*, which is
larger than that of Ni** and smaller than that of Li*, the incorporation of Ni?* within the crystal structure
results in contrasting effects. Specifically, the Li plates shrink, while the Ni plates expand [23]. This
negatively affects the Li diffusion into the crystal structure during charge/discharge cycles. Previous studies
have reported that Mn substitution into Ni sites in LiNiO, predominantly results in the Mn** oxidation state
[24]. This substitution leads to a discernible increase in ¢ (three times the interslab distance) parameters,
attributed to the smaller ionic radius of Mn* compared to Ni**. On the other hand, the Ti tends to exist in
LiNiO; as Ti*, which is more stable than Ti%*, and the ionic radius of Ti*" is larger than that of Ni®* [23], Ti**
substituting Ni sites causes an increase in the crystal structure parameters. However, an increase in the
incorporation of both Ti** and Mn** leads to enhanced cation mixing within the crystal lattice, due to the
induced transformation of Ni* to Ni?* to maintain charge balance. Consequently, an increase in the Niy;
cation mixture was observed, but c/a, an indicator of trigonal distortion, decreased.

Table 1. The Lattice and the Refinement parameters of the samples

Lattice parameters Refinement parameters
a=b c NiLi
/ 2 R
Sample A) A) cla X wp (%)
ZoomWe Mn4 2.872 14.183 4,938 0.624 13.02 0.7
MnTi25 2.881 14.221 4.936 0.685 12.51 4.9

SEM images of the samples at different magnifications are presented in Figure 3. The Nio.g7aMnoo26(OH)2
precursor, obtained through CSTR, exhibits a spherical structure (Figure 3a). The precursors are formed by
the aggregation of smaller primary particles while forming the spherical structure, as seen in the figure. The
overall structure of the samples is homogeneously distributed and has a similar spherical structure (Figure
3b). After the lithiation step, the MnTi25 sample maintained its spherical structure but transformed into a
more rectangular shape due to the addition of Li to the primary particles (Figure 3c). The sample's particle
distribution consists of spherical structures with a uniform distribution (Figure 3d).

Figure 3. SEM image in different magnifications of precursors (a)-(b), and MnTi25 samples (c)-(d)
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The ICP-MS measurements were used to analyze the atomic ratios of all elements in the samples. The
atomic ratios of Li:Ni:Mn:Ti in standard ZoomWeMn4 and MnTi25 are 1.057:1.938:0.0417:0 and
1.073:0.945:0.0279:0.0267, respectively, which are very close to the desired stoichiometries. Figure 4
shows the average particle size distribution of the samples. The average particle size of the ZoomWeM4
material used as a commercial standard is observed to be 15 um with a single peak, while the MnTi25
sample has approximately 10 pm (75%) and 92 um (25%) with double peaks. This can be seen as an
indication that some secondary particles agglomerate to form larger secondary particles.
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Figure 4. Particle size distribution of the standard ZoomWeMn4 and MnTi25 samples

Figure 5 shows the differential capacity as a function of voltage, half-cell cyclic, and current density
performances of standard ZoomWeMn4 and MnTi25. The redox peaks observed in the dQ/dV profiles
correspond to multiple phase transitions in the material (Figure 5a-b). These transitions are associated
with abrupt changes in the lattice parameters, such as contraction and expansion, and the ordering of
lithium ions and vacancies within the crystal structure [25]. In the cathode material composed of lithium
nickel oxide (LNO), as lithium ions depart from the crystal lattice, the structural arrangement undergoes
a sequence of transitions: hexagonal (H1) to monoclinic (M), followed by another transition to
hexagonal (H2), and finally to hexagonal (H3) [25], [26] (Figure 5a-b). Sharp redox peaks in the dQ/dV
curves typically signify abrupt and potentially harmful structural alterations. Therefore, a broad redox
peak with diminished intensity, which suggests an extended phase transition, is more desirable for
maintaining structural stability [27], [28]. When considering this, it is clear that the broader redox peaks
of MnTi25 indicate suppression of abrupt phase transitions. Furthermore, the intensity of the redox peak
that represents the H2 = H3 phase transition at ~4.1V, which is considered to be responsible for the
loss of LNO capacity [29], [30], is reduced in MnTi25.

The long cycle and Coulombic efficiency performances of the samples are shown in Figure 5c. The
MnTi25 cathode performance starts with a specific capacity of 196.6 mAh/g while the standard cathode
starts with 194.4 mAh/g. After 100 cycles, the MnTi25 and standard cathode have a specific capacity of
166.7 mAh/g and 164.5 mAh/g, respectively. This result shows that MnTi25 and standard cathode
materials have 84.8% and 84.6% capacity retention, respectively. On the other hand, both cathode
materials consistently deliver 99% Coulombic efficiency over 100 cycles.
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A comparison of the current density performance of the cathode materials at C/20, C/10, C/5, C, and 2C
is presented in Figure 5d. The rate capacity graphs of both samples exhibit similar values and a consistent
change trend. At a current density of C/20, the MnTi25 and ZoomWeMn4 samples demonstrated
capacities of 210.18 mAh/g and 212.86 mAh/g, respectively. However, upon increasing the current
density to 2C, a notable decrease in capacity was observed. Specifically, the capacities of the MnTi25
and ZoomWeMn4 samples diminished to 179.63 mAh/g and 183.50 mAh/g, respectively. This
phenomenon signifies a capacity retention of 85.5% for MnTi25 and 86.2% for ZoomWeMn4 when the
current density was amplified by 40. However, it’s worth noting that the MnTi25 sample exhibits a very
notable capacity retention. Despite the increase in current density by a factor of 40, MnTi25 manages to
retain over 85.5% of its capacity. This is a significant performance characteristic, indicating the stability
of MnTi25 under conditions of increased current density.
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Figure 5. Capacity performance of MnTi25 and ZoomWe Mn4 samples within 3.0 - 4.3V: (a) cycling
stability and Coulombic efficiency at C/3 current density for 100 cycles, (b) rate capability at various
current densities, and (c) normalized capacity as a function of cycle number

Figure 6 shows the comprehensive depiction of formation cycles at C/20 and full cell performance of
the samples against the graphite anode in the voltage range of 3.0-4.2 V at C/3 current density. The first
two formation charge/discharge cycles of MnTi25 and ZoomWeMn4 samples at C/20 are shown in
Figures 6a and b. During the initial operation of the cells, formation cycles are applied to ensure the
controlled formation of the Solid Electrolyte Interphase (SEI). The loss of Li due to irreversible reactions
on graphite is referred to as 'irreversible capacity loss' and is considered a loss of cell capacity. The
hysteresis observed during the formation cycles at 3.0 V may indicate irreversible capacity loss. An
increase in hysteresis is indicative of an increase in capacity loss between cycles. The narrow hysteresis
observed in the MnTi25 sample (Figure 6a), similar to the standard sample (Figure 6b), indicates a low
level of irreversible capacity loss. The performance graphs (Figure 6¢) show that the MnTi25 sample
starts with a capacity of 190.8 mAh/g and maintains 178.5 mAh/g over 50 cycles, demonstrating a
capacity retention of 93.7%. Similarly, the ZoomWeMn4 sample begins with a capacity of 188.8 mAh/g,
holds 176.5 mAh/g after the cycles, and shows a capacity retention of 93.5%.
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Figure 6. Initial full-cell charge/discharge curves of (a) MnTi25 and (b) ZoomWe Mn4 samples at C/20
current density within 3.0-4.2V. (c) The performance capacity of the samples for 50 cycles at a C/5 current
density

The decrease in capacity performance of MnTi25 can be attributed to the increase in cation mixing:
Substituting Mn** and Ti** reduces Ni®* to Ni?* to maintain charge balance. Li* ions leave the crystal
structure and form vacancies during charging, and some Ni?* ions can migrate from transition metal
slabs into these vacancies due to their similar radii to Li*, and increase the cation mixing. The migration
of Ni?* ions into vacancies prevents Li* ion diffusion into slabs and migration into vacancies during
discharge, resulting in capacity loss. Another factor is that Mn** and Ti** ions are electrochemically
inactive and do not contribute to the redox reactions [24], [31]. However, considering both half-cell and
full-cell performances, Mn and Ti co-substitution improved capacity retention. When comparing the
two samples, the Mn content of MnTi25 is reduced compared to the standard sample and Ti is substituted
instead. The fact that the capacity retention of the MnTi25 sample is noticeably higher in battery
performance tests demonstrates that the Ti substitution makes a positive contribution to performance.
This is explained by the fact that although Ti is electrochemically inactive, the Ti-O bonds are stronger
than the Ni-O and Mn-O bonds and prevent degradation of the crystal structure during
charging/discharging [32].

4. Conclusion

In this study, the effects of Mn and Ti co-doping on the physical and electrochemical properties of LiNiO-
cathode material for lithium-ion batteries were investigated. It was found that Ti doping enhanced the
structural stability, and cycling stability of Mn-doped LiNiO> while maintaining its high-capacity potential.
The co-doped material, MnTi25, delivered a capacity of 190.8 mAh/g in full cells against a graphite anode,
with a capacity retention of 93.7% after 50 cycles. The MnTi25 material also exhibited a remarkable rate
capability, retaining over 85.5% of its capacity when the current density was increased by 40 times. These
results indicate that MnTi25 can be a promising cathode material for high-performance lithium-ion batteries,
by modifying the material's structure through co-doping. This study contributes to developing Ni-rich
cathodes, advancing the potential of lithium-ion batteries for next-generation energy storage applications.

5. Future Works
The present study successfully demonstrates that co-doping the LNO material with Mn and Ti leads to
significant improvements in its structural and electrochemical properties. These results pave the way for

further exploration of the influence of varying Mn and Ti dopant ratios. Optimization of this dopant ratio
represents a promising avenue for achieving superior performance characteristics. Future work will involve

289



Furat Uni Deny. ve Say. Miih. Derg., 3(3), 280-291, 2024
E. Oz, J. Dahn,

the synthesis of LNO materials with a systematic variation in the Mn:Ti ratio. These materials will be
carefully characterized to determine the optimal dopant ratio that maximizes the desired structural and
electrochemical properties. In addition, the performance of these optimized LNO cathodes will be evaluated
in various battery configurations, including different electrolytes and cell designs. This comprehensive
approach will not only provide valuable insights into the structure-property relationships in Mn-Ti co-doped
LNO, but will also guide the development of high-performance lithium-ion battery cathodes.

6. Acknowledgements

EO would like to thank TUBITAK for funding his research with the 2219 International Postdoctoral
Research Fellowship Program for Turkish Citizens. The authors thank NSERC and Tesla Canada for the
funding under the auspices of the Alliance Grants program.

7. Credit Authorship Contribution Statement

Erdinc Oz: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Validation,
Visualization, writing — original draft, Writing - review & editing. Jeff Dahn: Investigation, Supervision,
Review & editing.

8. Ethics Committee Approval and Conflict of Interest

The authors declare that they have no known competing financial interests or personal relationships that
could have appeared to influence this work.

9. References

[1] J. R. Dahn, U. von Sacken, and C. A. Michal, “Structure and electrochemistry of Lil+yNiO2 and
a new Li2NiO2 phase with the Ni (OH)2 structure,” Sol. State lon, vol. 44, no. 1-2, pp. 87-97,
Dec. 1990.

[2] C.S.Yoon,D.W. Jun, S. T. Myung, and Y. K. Sun, “Structural Stability of LiNiO2 Cycled above
4.2 v,” ACS Ener. Lett, vol. 2, no. 5, pp. 1150-1155, May 2017.

[3] J. Xu et al., “Elucidation of the surface characteristics and electrochemistry of high-performance
LiNiO2,” Chem. Comm., vol. 52, no. 22, pp. 4239-4242, Mar. 2016.

[4] J.Xuetal., “Understanding the degradation mechanism of lithium nickel oxide cathodes for Li-ion
batteries,” ACS Appl Mater Inter., vol. 8, no. 46, pp. 31677-31683, Nov. 2016.

[5] J. N. Reimers, E. Rossen, C. D. Jones, and J. R. Dahn, “Structure and electrochemistry of
LixFeyNil-yO2,” Sol. State lon, vol. 61, no. 4, pp. 335-344, Jun. 1993.

[6] T.Ohzuku, A. Ueda, and M. Kouguchi, “Synthesis and Characterization of LiAI1 /4Ni3/4 0 2 (
R 3m ) for Lithium-lon (Shuttlecock) Batteries,” J. Electr. Soc, vol. 142, no. 12, pp. 4033-4039,
Dec. 1995.

[7]1 A.Rougier, I. Saadoune, P. Gravereau, P. Willmann, and C. Delmas, “Effect of cobalt substitution
on cationic distribution in LiNil —y CoyO2 electrode materials,” Sol. State lon, vol. 90, no. 1-4,
pp. 83-90, Sep. 1996.

[8] H.J.Kweon, S. J. Kim, and D. G. Park, “Modification of LixNil—yCoyO2 by applying a surface
coating of MgO,” J Pow. Sour., vol. 88, no. 2, pp. 255-261, Jun. 2000.

[9] H. Omanda, T. Brousse, C. Marhic, and D. M. Schleich, “Improvement of the Thermal Stability of
LiNi0.8C00.2 O 2 Cathode by a SiO x Protective Coating,” J. Electr. Soc, vol. 151, no. 6, p. A922,
May 2004.

[10] J. Cho, T.-J. Kim, J. Kim, M. Noh, and B. Park, “Synthesis, Thermal, and Electrochemical
Properties of AIPO4-Coated LiNi0.8Co00.2 O 2 Cathode Materials for a Li-Ion Cell,” J. Electr. Soc,
vol. 151, no. 11, p. A1899, Oct. 2004.

[11] H. Qian et al., “Surface Doping vs. Bulk Doping of Cathode Materials for Lithium-lon Batteries:
A Review,” Elect. Ener. Rev., vol. 5, no. 4, pp. 1-32, Nov. 2022.

290



Furat Uni Deny. ve Say. Miih. Derg., 3(3), 280-291, 2024
E. Oz, J. Dahn,

[12] T. F. Yi, X. Y. Li, H. Liu, J. Shu, Y. R. Zhu, and R. S. Zhu, “Recent developments in the doping
and surface modification of LiFePO4 as cathode material for power lithium ion battery, ” lon.
(Kiel), vol. 18, no. 6, pp. 529-539, Jun. 2012,

[13] M. Y. Song, C. K. Park, S. Do Yoon, H. R. Park, and D. R. Mumm, “Electrochemical properties of
LiNil-yMyO2 (M = Ni, Ga, Al and/or Ti) cathodes, ” Ceram Int, vol. 35, no. 3, pp. 1145-1150,
Apr. 2009.

[14] L. Shen et al., “Cobalt-free nickel-rich cathode materials based on Al/Mg co-doping of LiNiO2 for
lithium ion battery,” J. Coll. Inter. Sci, vol. 638, pp. 281-290, May 2023.

[15] H. Arai, S. Okada, Y. Sakurai, and J. Yamaki, “Electrochemical and Thermal Behavior of LiNil —
zMz02(M=Co,Mn, Ti),”J. Electr. Soc, vol. 144, no. 9, pp. 3117-3125, Sep. 1997.

[16] L. Mu et al., “Structural and Electrochemical Impacts of Mg/Mn Dual Dopants on the LiNiO2
Cathode in Li-Metal Batteries,” ACS Appl Mat. Inter., vol. 12, no. 11, pp. 12874-12882, Mar.
2020.

[17] H. Arai, S. Okada, Y. Sakurai, and J. Yamaki, “Electrochemical and Thermal Behavior of LiNil —
zMzO2(M=Co,Mn,Ti),”J. Electr. Soc, vol. 144, no. 9, pp. 3117-3125, Sep. 1997.

[18] H. Yang et al., “Simultaneously Dual Modification of Ni-Rich Layered Oxide Cathode for High-
Energy Lithium-Ton Batteries,” Adv Funct Mater, vol. 29, no. 13, p. 1808825, Mar. 2019.

[19] J. Kim and K. Amine, “The effect of tetravalent titanium substitution in LiNil—-xTixO2
(0.025<x<0.2) system,” Electr. Comm., vol. 3, no. 2, pp. 52-55, Feb. 2001.

[20] Z. Xu et al., “Effects of precursor, synthesis time and synthesis temperature on the physical and
electrochemical properties of Li(Nil—x—yCoxMny)O2 cathode materials,” J. Pow. Sour., vol. 248,
pp. 180-189, Feb. 2014.

[21] T. Ohzuku, A. Ueda, and M. Nagayama, “Electrochemistry and Structural Chemistry of LiNiO2
(R3m) for 4 Volt Secondary Lithium Cells,” J. Electr. Soc, vol. 140, no. 7, pp. 1862-1870, Jul.
1993.

[22] R. A. Yuwono et al., “Evaluation of LiNiO2 with minimal cation mixing as a cathode for Li-ion
batteries,” Chem.l Eng. Jour., vol. 456, p. 141065, Jan. 2023.

[23] R. D. Shannon and IUCr, “Revised effective ionic radii and systematic studies of interatomic
distances in halides and chalcogenides,” 0567-7394, vol. 32, no. 5, pp. 751-767, Sep. 1976.

[24] T. Xu, F. Du, L. Wu, Z. Fan, L. Shen, and J. Zheng, “Boosting the electrochemical performance of
LiNiO2 by extra low content of Mn-doping and its mechanism,” Electr. Acta, vol. 417, p. 140345,
Jun. 2022.

[25] W. Li, J. N. Reimers, and J. R. Dahn, “In situ x-ray diffraction and electrochemical studies of
Lil1—xNiO2,” Sol. State lon, vol. 67, no. 1-2, pp. 123-130, Dec. 1993.

[26] H. Arai, S. Okada, Y. Sakurai, and J. I. Yamaki, “Reversibility of LiNiO2 cathode,” Sol. State lon,
vol. 95, no. 34, pp. 275-282, Mar. 1997.

[27] C. S. Yoon et al., “Cation Ordering of Zr-Doped LiNiO2 Cathode for Lithium-Ion Batteries,”
Chem. of Mat., vol. 30, no. 5, pp. 1808-1814, Mar. 2018.

[28] U. H. Kim et al., “Microstructure-Controlled Ni-Rich Cathode Material by Microscale
Compositional Partition for Next-Generation Electric Vehicles,” Adv Ener. Mater, vol. 9, no. 15,
p. 1803902, Apr. 2019.

[29] H. H. Ryu, K. J. Park, C. S. Yoon, and Y. K. Sun, “Capacity fading of ni-rich liflNixCoyMn1-x-
y]O2 (0.6 < x < 0.95) Cathodes for High-Energy-Density Lithium-lon Batteries: Bulk or Surface
Degradation?,” Chem. of Mat., vol. 30, no. 3, pp. 1155-1163, Feb. 2018.

[30] H. H. Ryu, G. T. Park, C. S. Yoon, and Y. K. Sun, “Suppressing detrimental phase transitions via
tungsten doping of LiNiO2 cathode for next-generation lithium-ion batteries,” J. Mat. Chem A
Mater, vol. 7, no. 31, pp. 18580-18588, Aug. 2019.

[31] Y. Yao, “The effect of electrochemically inactive Ti substituted for Ru in Li2Rul-xTixO3 on
structure and electrochemical performance, ” Jour. of Ener. Chem. , vol. 60, pp. 222-228, Sep.
2021.

[32] B. Zong, “Influence of Ti doping on microstructure and electrochemical performance of
LiNi0.5Mn1.504 cathode material for lithium-ion batteries,” Mater Today Commun, vol. 24, p.
101003, Sep. 2020.

291



Firat Uni Deny. ve Say. Miih. Derg., 3(3), 292-312, 2024

iV
R R .
g BE.I “ Firat Universitesi Deneysel ve Hesaplamah @)FUIECE
AL & Miihendislik Dergisi e e
“1975

Kuvvetli Riizgar Etkisindeki Minarenin Go¢gme Mekanizmasimin Simiilasyonu

Taha Yasin ALTIOKY "' Ali DEMIR?

12[ngaat Miihendisligi Boliimii, Miihendislik Fakiiltesi, Manisa Celal Bayar Universitesi, Manisa, Tiirkiye.
ltaha.altiok@cbu.edu.tr, 2ali.demir@cbu.edu.tr

Gelis Tarihi: 28.03.2024
Kabul Tarihi: 03.06.2024

doi: 10.62520/fujece.1460766

Diizeltme Tarihi: 01.05.2024 Arastirma Makalesi

Almti: T. Y. Altiok ve A. Demir,”Kuvvetli riizgar etkisindeki minarenin gogme mekanizmasinin simiilasyonu”, Firat Uni.
Deny. ve Hes. Miih. Derg., vol. 3, no 3, pp. 292-312, EKim 2024.

Oz

Bu ¢alismada, kuvvetli riizgar etkisi altinda gogen bir minarenin gé¢me mekanizmasi simiile edilerek, bu tiir
yapisal etkilesimlerin anlasilmasi ve potansiyel riskli bolgelerin tespiti hedeflenmistir. Riizgar profilleri Eurocode
ve Tiirk Standartlari'na gore tanimlanmig ve Hesaplamali Akiskanlar Dinamigi analizlerinde kullanilmistir.
Analizlerden elde edilen basing ve emme gerilmeleri, Abaqus/Cae programinda ilgili minare yiizeyine uygulanmis
ve dogrusal olmayan sonlu eleman analizleri ger¢eklestirilmistir. Niimerik analizler sonucunda yer degistirmeler,
gerilmeler, plastik sekil degistirmeler Ve hasarlar elde edilmis ve sonuglar karsilastirmali olarak sunulmustur. Her
iki standartla elde edilen sonuglar oldukca yakin olup, tepe yer degistirmeleri italyan Yap1 Kodu ve Eurocode 8'de
belirtilen limit degerlerini agmaktadir. Ayrica, minarenin gegis segmentindeki birgok ag elemani dogrusal olmayan
sonlu eleman analizlerinde ¢gekme gerilmeleri nedeniyle hasar gérmiistiir. Son olarak, minarenin gé¢me davranisi
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Abstract

In this study, the collapse mechanism of a destroyed minaret under strong wind influence was simulated to
understand such structural interactions and identify potential risky regions. Wind profiles were defined according
to Eurocode and Turkish Standards and were used in Computational Fluid Dynamics analyses. The pressure and
suction stresses obtained with these wind analyses were applied on the minaret’s surface with Abaqus and the
nonlinear finite element analyses were performed. As a result of the numerical analyses, displacements, stresses,
plastic strains, and damages were obtained and results were comparatively presented. The results obtained with
both standards are quite close and top displacements exceed the limit value specified in the Italian Building Code
and Eurocode 8. Besides, many mesh elements in the minaret’s transition segment were damaged with tension
stresses in nonlinear finite element analyses. Finally, the minaret’s failure behaviour was successfully simulated
with the used methods.
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1. Introduction

The wind comprises numerous vortices of different sizes and rotational directions, transported within a
prevailing air current that moves in relation to the surface of the Earth. The presence of these vortices imparts
a turbulent character behaviour to the wind. The wind-induced response of structures encompasses static,
stochastic, and resonant behaviors owing to turbulence and wake effects, vortex resonance, galloping,
interference, divergence, and flutter. The wind loads depend on the wind strength, the topography of the
terrain, and the interaction of wind and structures. Therefore, investigation of the wind effect on the structure
and the relationship between the wind environment and movement is important to simulate a more realistic
behaviour.

In certain regions, winds pose a greater threat to tall and slender structures like reinforced concrete (RC) or
masonry minarets, RC chimneys, clock-lighting towers, silos, or turbine towers compared to earthquakes.
Numerous studies in the literature have investigated these structures extensively. Chimneys may be subject
to downwind gusts due to drag forces, as well as possible downwind eddy shedding. Reddy et al. [1]
determined that the earthquake force exerted on the RC chimney in an area with a baseline wind velocity of
44 m/s is close to the wind load. Karaca and Tiirkeli [2] investigated the wind load and response of industrial
RC chimneys by following the procedures of five different codes. They determined that the wind loads
calculated according to the Eurocode-1 [3] are three to four times higher than the wind load values of other
codes. So, they expressed that the Eurocode-1 was more reliable by determining the wind effects. They also
determined that the effect of slender industrial RC chimneys on wind responses should be considered to
perform a safe and economical design.

In recent times, structural engineers have placed more emphasis on investigating the performance of tall
structures, considering various uncertainties for wind loads [4], [5], [6], [7], [8]. Li et al. [9] performed wind
tunnel experiments to study the impact of wind on the Jin Mao Building, one of China’s tallest structures,
standing at 420.5 meters with 88 floors. The effectiveness of wind tunnel testing methods was verified by
comparing full-scale measurements with wind tunnel test results. Additionally, an assessment of the
building's performance under typhoon conditions was carried out. Merrick and Bitsuamlak [10] investigated
the shape effects of wind triggering the response of tall buildings. Aly et al. [11] proposed a method to predict
high-rise building responses to wind loads, which integrates lateral, crosswind, and torsional responses. Yang
et al. [12] performed experiments on a high rise building model in hurricane like winds, finding that wind
loads varied significantly based on the model's position relative to the center of the vortex. Heiza and Tayel
[13] investigated the effects of earthquakes and winds on approximately 30 structures. They determined that
the wind was more effective in tall buildings and the earthquake was more effective in low rise buildings.
Kwon and Karaem [14] carried out a series of studies using 8 major regulations to develop a global standard
within the scope of determining the wind effect. Ouyang and Spence [15] conducted probabilistic
performance-based studies to estimate the damage to buildings exposed to extreme winds.

One of the structures most affected and damaged by the winds is the minarets. The architectural features of
the minarets vary according to the construction age and material. While masonry materials demonstrate
strong resistance to compressive stresses, they may encounter issues under tensile stresses. To address tensile
stresses in historical minarets, masonry units (stone, brick) are interconnected both horizontally and vertically
using clamps and dowels [16-17]. Most of the minarets in Turkey have been built as RC structures, recently
[18]. Minarets are usually built by masters without any project [19]. After the 1999 earthquakes, it was
announced that 80.9% of the 1176 mosques in Turkey didn’t have a building permit [19]. Many researchers
have carried out experimental and numerical studies on minarets, especially involving earthquakes [16-17],
[20-33]. Observations from the studies indicated that damages were primarily concentrated in the transition
segment and upper part of the minarets [31-35].

Numerical examination methods refer to various calculation and simulation techniques used for structural
analysis in engineering applications. These methods are commonly employed to understand the behaviors of
complex structures, evaluate their performances, and optimize design processes. Common numerical
examination methods include Finite Element Method (FEM), Finite Volume Method (FVM), Finite
Difference Method (FDM), Finite Time Domain Method (FTDM), and Computational Fluid Dynamics
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(CFD). These methods have different advantages and disadvantages depending on the engineering problems
and their applications. In the context of structural behavior problems, Finite Element Method is generally
preferred, while CFD methods are preferred for fluid mechanics. Wind effects can be assessed using either
wind tunnel tests or Computational Fluid Dynamics (CFD) analysis. Physical wind tunnel tests are time
consuming and costly. CFD modelling, which has recently been adopted in airflow studies in buildings, offers
many advantages in evaluating wind performance. While structural models can be changed quickly in CFD
analysis, design changes in physical studies require a lot of effort. CFD relies on the premise of a three-
dimensional, fully turbulent, and incompressible flow regime. Both internal and external flows were
simulated utilizing the standard k—epsilon turbulence model, a widely accepted technigue within the realm
of natural ventilation investigation [36-43]. In recent years, humerous studies have been conducted to
determine the wind effects on minarets. Ural et al. [44] investigated the effects of dead load, wind load, and
seismic load on an 800-year-old curved historical minaret in Aksaray and provided recommendations for
restoration processes. Tiirkeli [2] studied the impacts of wind and earthquake loads on a 61-meter-high RC
minaret. They recommended utilizing time history analysis to evaluate lateral loads in the design of RC
minarets, emphasizing the importance of considering cross-section modifications. [45] explored the
displacement mechanisms of minarets under dead load and wind load through various numerical studies.
Based on the analysis results, insights were drawn regarding the errors made during the construction of
minarets. . Resatoglu et al. [46] investigated the behaviour of some RC minarets in Cyprus under earthquake
and wind loads calculated with various codes. They tried to determine the effective lateral load in minaret
design by examining wind load and distributions, principal stresses, displacements, and base shear forces.
Adam et al. [47] attempted to determine the behavior of a historical masonry minaret in Egypt under its own
weight, wind, and seismic loads using nonlinear finite element analyses with static and dynamic loads.
Tiirkeli [48] studied the behaviour of a historical masonry minaret under the wind and earthquake loads. In
the study, the wind was more dominant in the behaviour of the minaret. It was expressed that the main cause
of the failure is the tensile and shear stress buildup on the cylindrical body and the transition segment.
Pouraminian [49] examined the behavior of a historical brick minaret in Iran, with a height of 16.11 meters,
against wind and seismic loads. According to the results, the minaret was found to be at a slight risk of
damage under seismic loading and safe even under strong wind effects. Al-Zuhairi et al. [50] conducted finite
element analyses on a historical masonry minaret, considering wind and self-weight loads. They concluded
that the minaret exhibited sufficient resistance against principal stresses occurring only when both self-weight
and wind load up to 120 km/h were acting together. Awad and Desouki [51] investigated the potential use of
mosgue minarets as solar chimneys in hot and arid regions. Through laboratory tests and CFD simulations,
they concluded that traditional mosque minarets could serve as a viable and sustainable option for passive
cooling in hot climates. Masonry structures are divided into three groups based on the accuracy required for
modeling with FEM: Detailed Micro Modeling, Simplified Micro Modeling, and Macro Modeling. In
Detailed Micro Modeling, the properties of each material constituting the structure (stone, brick, mortar, etc.),
such as compressive and tensile strength, Poisson's ratio, elasticity modulus, and shear modulus, are
individually inputted into the system, and separate modeling is performed. Detailed Micro Modeling provides
more realistic results than other modeling methods. However, it is more time-consuming during the solution
phase compared to other methods. In Simplified Micro Modeling, the region where mortar is present is
neglected, and modeling is done by enlarging the dimensions of the materials constituting the masonry unit
by half the size of the neglected mortar layer. Masonry units are separated from each other by interface lines,
and joint interface lines are defined separately. It is assumed that cracks occur on these surfaces. In Macro
Modeling, the structural element subjected to homogenization is considered as a composite material.
Especially in nonlinear analyses, the increase in the number of unknowns and the stiffness matrix of large-
sized systems prolong the solution time. In such cases, the homogenization technique ensures that the brick-
stone and mortar, which constitute the wall structure of a masonry structure, are entered as a single material.
This approach not only ensures realistic modeling and analysis of the structure but also provides significant
time savings in the modeling and analysis stages.

In the current literature, research on the seismic effects on minaret-type structures is commonly
conducted. However, studies regarding the influence of wind are seldom undertaken. In these studies,
the surrounding structures of the wind-affected building are often being neglected, and the impact of
neighboring structures on wind flow are not taken into account. This study, however, focuses on
investigating the wind effects on delicate, tall, and slender structures, taking into consideration the
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presence of surrounding buildings. In this context, the behaviour of a concrete minaret collapsed with a
wind effect is simulated. A wind profile is created using TS 498 [52] and Eurocode-1 [3]. CFD numerical
simulation analyses are performed using the wind profiles with the RWIND program [53]. In these
analyses, environmental factors are considered by modelling other structures around the minaret.
Nonlinear Static/General analyses are carried out by applying the wind’s pressure and suction stresses
on the minaret’s surfaces modelled in the Abaqus/Cae [54]. Consequently, the minaret’s failure
mechanism is estimated by considering the displacements, stresses, and damages. Considering the
results obtained, this study offers important ideas for predicting the behaviour of thin and tall structures
that are fragile against dynamic effects under the influence of wind. In addition, it gives more realistic
results by considering the effect of a collapsed minaret on the wind flow in the surrounding structures.

2. Wind damages of minarets

The wind is an important dynamic effect, especially for slender structures. Turkey's coastal regions have a
high potential to face severe windstorms. The strong winds destroyed many minarets in the past.
In 2002, during a storm, the minaret of Ebubekir Siddik Mosque in Ankara-Kayas collapsed, leading to the
death of two individuals and injuring five others (Figure 1a) [55]. On February 27, 2002, the five minarets
collapsed, and the four minarets got damaged because of a wind speed of 96 km/h in Mersin-Erdemli (Figure
1b) [56]. On February 9, 2003, another minaret collapsed due to the wind speed of 100 km/h (Figure 1c) [57].
Two 15 m high minarets of the Ulu Mosque in Kahramanmaras collapsed in 2005 during a 60 km/h
windstorm and one person got injured (Figure 1d) [58]. The stone minaret of the 22-year-old Kurtulus
Mosque collapsed due to the strong wind that occurred in Kirikkale in 2010 (Figure 1e) [59]. In February
2015, the minaret of Safak Mosque in Izmir collapsed during a strong windstorm with a maximum wind
speed of 90 km/h (Figure 1f) [60]. In Ordu Ulubey, the longest minaret in the city with a length of 57 m
collapsed due to the strong wind effect in 2016 (Figure 1g) [61]. Due to the wind in Nigde, a minaret collapsed
from the transition zone in January 2021 (Figure 1h) [62]. In Aydin Nazilli, the upper part and spire of a
minaret collapsed due to the wind with an average speed of 70 km/h in October 2021 (Figure 1i) [63].

Figure 1. Minarets damaged by wind, (a) Ebubekir Siddik Mosque/Ankara-Kayas, (b)-(c) Mersin-Erdemli,
(d) Ulu Mosque/Kahramanmaras, (¢) Kurtulus Mosque/Kirikkale, (f) Safak Mosque/izmir, (g) Ordu-Ulubey,
(h) Nigde, (i) Aydm/Nazilli
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Figure 1. Minarets damaged by wind, (a) Ebubekir Siddik Mosque/Ankara-Kayas, (b)-(c) Mersin-Erdemli,
(d) Ulu Mosque/Kahramanmaras, (e) Kurtulus Mosque/Kirikkale, (f) Safak Mosque/Izmir, (g) Ordu-Ulubey,
(h) Nigde, (i) Aydin/Nazilli (Continue)

3. General Properties of the Collapsed Minaret

3.1. Geometrical Properties

The minaret of the Industry mosque was built in Manisa in 1989. The minaret consists of a boot, transition
segment, cylindrical body, two balconies, upper part, spire, and end ornament parts. (Figure 2a-2b). It was
built using concrete blocks and binder mortar as the building material. No steel element was used in its
construction. There is a core body staircase inside the minaret. The average height of the stairs is 20 cm. The
total height of the minaret is 33.20 m. The pedestal dimensions of the minaret are 2.27 x 2.27 m?. Its geometric
properties are given in Figure 2c.
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Figure 2. The parts and geometric features of the minaret. (a) Industry mosque and minaret, (b) Parts and (c)
Geometrical properties

3.2. Damage Survey

Many buildings got damaged due to the windstorm that occurred in Manisa on January 27, 2021. The most
striking of these damages was the failure of Industry Mosque’s minaret. According to the information
obtained by the Provincial Meteorology Directorate, the wind’s maximum speed was 25.8 m/s (92.9 km/h).
It was observed that there was a double row concrete block in the transition segment of the minaret. At the
same time, the minaret had 2 balconies and a tall body. It was foreseen that the minaret collapsed by the
influence of the stresses accumulated in the transition segment. The photographs of the minaret before and
after the collapse are presented in Figure 3.
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Figure 3. Before and after the collapse of the minaret of Industry Mosque

3.3. Materials

Following the collapse of the minaret due to wind, various tests were conducted on samples extracted from
its concrete blocks and mortar material. Compression tests were administered, yielding an average
compressive strength (fy) of 6.30 MPa for the concrete blocks and 3.36 MPa for the mortar sample.
According to the Turkish Building Earthquake Code-2018 (TBEC-2018) [64], the compressive strength (f«)
of the masonry wall is determined as 3.34 MPa. Based on TBEC-2018, the modulus of elasticity of the
masonry wall (Eqw) can be determined as 750 times fx. Consequently, the modulus of elasticity is calculated
as 2504.3 MPa.

4. Wind Analyses

In this study, CFD analyzes of a minaret that collapsed due to the wind were carried out using wind profiles
calculated according to TS 498 and Eurocode-1 regulations. Other structures around the minaret were also
included in the modeling. Pressure and suction values on the minaret surface under the influence of the wind
were obtained and applied to the relevant surfaces of the minaret modeled in ABAQUS. The obtained results
are presented comparatively and the collapse mechanism of the minaret is simulated. The flow chart of the
study is given in Figure 4.
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Figure 4. The flow chart of the study

4.1. Wind Loads According to Eurocode-1 and TS 498

Due to the speed and mass of the moving air, if an object with a fixed position comes in front of the air with
kinetic energy, its flow will either stop or its direction will be deflected. The magnitude of wind pressure
exerted on any surface of an object is subject to variation based on several factors, including the object's
geometry, wind direction, wind speed, and air density. Obstacles present on the ground surface diminish
wind velocity, with speed escalating proportionally with height. Wind velocity attains its peak value at an
elevation known as the gradient height (Table 1).

Table 1. Wind speed and suction stresses (TS 498)

Height Wind speed Suction
(h) (n) (@)
(m) m/s km/h  (KN/m?)
0-8 28 100 0.5

9-20 36 130 0.8

21-100 42 150 11

>100 46 165 1.3

The minaret’s wind profiles were obtained according to Eurocode-1 and TS 498 standards in this study. TS
498 and Eurocode-1 are among the most common standards used for wind load designing in Turkey. TS 498
is generally used for load bearing systems and facade elements. Some international standards and regulations
provide more detail. TS 498 can be used regardless of the structural carrier system (RC, steel, masonry,
wood). In TS 498, the wind pressure (w), which does not directly affect the building carrier system, but
directly affects the unit area on the upper surface of the building, is calculated with equation 1. (q) is the wind
pressure acting perpendicular to the surface, and C, is the suction coefficient determined for the surface,
depending on the various blowing directions.

w=_C,%Xq 1)

In Eurocode-1, some formulations express the wind speed variation and turbulence intensities depending on
the height. Vi, represents the wind speed at height z and is calculated as shown in equation 2.

Vin(2) = ¢x(2) X co(2) X V) )
Vi is the basic wind velocity and is calculated as in equation 3.

Vi = Cair X Cseason X Vb,o (3)
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Equation 3 introduces the directional factor, cqir, Where Vy,o represents the fundamental value of the basic
wind velocity, and Cseason denotes the seasonal factor. According to the Eurocode-1, both the direction (Cqir)
and season (Cseason) factors can be assumed as 1.00.

In equation 2, ¢((z) is the roughness factor and co(z) is the orography factor. It started in the Eurocode-1 that
it is appropriate to take the Orography factor (c.(z)) as 1. The roughness factor (c/(z)) is calculated as in
equation 4.

z
¢ (2) =k, X1In (Z—) zmin < z < zmax 4)
0
cr(2) = ¢ (Zmin) z<zmin

In equation 3, kr is the terrain factor and can be calculated using equation 5.

k, = 0.19 (2—0)0'07 5)

Z0.11

Zmin IS the lowest height, z is the roughness length and zmax is the highest height depending on the terrain
category. Zmin, Zo and Zmax Values are determined as 5 m, 0.3 m and 200 m, respectively. The obtained results
are presented in Table 2.

Table 2. Roughness factor, orography factor, basic wind velocity and wind velocity values depending on height

No Height c(2) co(2) Vb Vm(2)
from
ground
1 0-4.4 0.59092 1 19.76 11.6765792
2 4.4-6.2 0.66638 1 22.28 14.8469464
3 6.2-21.6 0.94094 1 31.47 29.6113818
4 21.6-27.6 0.99484 1 33.27 33.0983268
5 27.6-33.2 1.03554 1 34.63 35.8607502

According to Eurocode-1, the wind turbulence intensity (I,) can be calculated using equation 6. The obtained
values are given in Table 3.

ky
(2) = — -
¢o(z) X In (ZZ—O) zmin < z < zmax ©
L,(2) = L,(Zmin) 2< zmin

In equation 6, specifies the turbulence coefficient, denoted as k;, with a recommended value of 1.0. As for
the orography coefficient co(z), a value of 1.0 is suggested when there is no discernible increase in velocity
induced by turbulence on the terrain (Table 3).

Table 3. Wind turbulence intensities depending on height

No Height from ground IW(z)
1 0-4.4 0.372
2 4.4-6.2 0.33
3 6.2-21.6 0.234
4 21.6-27.6 0.221
5 27.6-33.2 0.212
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4.2. Numerical Simulation of the Minaret’s Wind Flow

For the structures, determining the wind effect is quite complex. In such cases, one possible solution is to test
the relevant buildings in a wind tunnel. This method is both expensive and time consuming. Another method
is to use the programs that can perform CFD simulations. RWIND software, which can perform CFD
simulations, is used in the wind analysis of the minaret. RWIND Simulation is a software application
designed for conducting numerical simulations of wind flow, akin to a digital wind tunnel, particularly around
buildings or other structures. Its primary function encompasses generating wind loads, representing the forces
exerted on these objects due to wind effects. The wind speed profiles and turbulence intensities, which are
the main parameters in the analyses, are determined according to TS 498 and Eurocode-1. The structure and
surrounding conditions (structures, vehicles, trees, mountains, seas, etc.) are crucial to realistically
determining the wind’s effect on the structure. So, numerical models are created by considering the structures
that can change the wind effect around the minaret. Satellite views of the minaret and its surrounding
structures are presented in Figure 5, and a 3D model of the minaret and its surrounding structures are
presented in Figure 6a. After the minaret collapsed, the effective wind direction is determined with on-site
investigations. The wind angle is considered as 450 in all analyses. Besides, the dimensions of the wind
tunnel, and the mesh sizes of the minaret and surrounding structures are all taken equally. In CFD modelling,
mesh type and size greatly affect the accuracy of the results. The grid has been modified and improved
according to the wind area. The mesh element size was gradually increased in a smooth manner to effectively
resolve sections exhibiting high gradient mesh, thereby enhancing the accuracy of the velocity field results.
Grid sensitivity analysis was employed to validate both the programming and computational functionality of
the computational model. The grid, number of nodes, and elements were calibrated until the posterior
prediction error between the calculation iterations and the posterior error indicator became negligible. The
applied boundary conditions were kept constant throughout the simulation to ensure a precise comparison of
the posterior error estimation. As a result of the studies, the mesh size was determined as 0.997 m (mesh
density 40%). Accordingly, the minaret and its surroundings have 666703 meshes and 780184 nodes. The
main input parameters of the simulation are kinematic viscosity 15x10-6 m?%s and air density 1.25 kg/m®
(Eurocode-1). Figure 6b is used to clearly determine the pressure and suction effects on the minaret. The
wind flow chart that occurred during the analysis is presented in Figure 6c.
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Figure 5. Satellite view of the minaret and its surrounding
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Figure 6. General view of wind flow and wind pressure effect on the surface of structures

4.3. Wind’s Pressure and Suction Values

The wind profiles made with TS 498 and Eurocode-1 are shown in Figure 7. The pressure and suction values
obtained in Figures 6b and 6c are presented in Figure 8. In all analyses, the suction effect occurs on the front
surface, and the pressure effect occurs on the back surface of the minaret. Positive pressure is defined as the
force directed towards the surface, while negative pressure, or suction, denotes the force moving away from
the surface. According to the results, it is determined that the TS 498 has a more compelling effect than the
Eurocode-1. The maximum pressure on the back surface of the minaret is 862.9 Pa and 777 Pa in TS 498
and Eurocode-1, respectively. The maximum suction on the front surface of the minaret is 1477.5Pa in TS
498 and 951.3 Pa in Eurocode-1. Although the pressure and suction values are constant in the straight parts,
those in varying cross-sections suddenly change. Obtained with the wind analyses, the pressure and suction
values are presented in Figure 9. It is determined that the pressure and suction values increase with the height.
According to the results, the wind effect reaches the highest value in the upper part of the minaret. This effect
considerably increases the overturning moment. When considering the pressure and suction values calculated
with TS 498 and Eurocode-1, close results are obtained.
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Figure 9. Pressure and suction values occurred on minaret’s surfaces

5. Nonlinear FE Analyses

As a result of the wind analyses performed with RWIND software, the pressure and suction values on the
minaret surface are determined. The pressure and suction values obtained with the wind analyses are applied
on the relevant surface of the minaret FE model in the Abagus program. The large geometric dimensions of
the minaret and the high number of mesh elements obtained in convergence analyses increase the analysis
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time. A composite material model representing the common material properties of the masonry units and
mortar is selected for macro modelling. This method is frequently preferred for modeling large systems due
to its significant reduction in computational time. In this study, the relevant minaret is modeled using the
macro modeling technique. For this purpose, load surfaces are created on each of the minaret’s back and
front surfaces, with one-meter intervals on the right and left surfaces. Pressure and suction stresses are applied
on these load surfaces and nonlinear Static/General analyses are performed (Figure 10b). The minaret is not
adjacent to the mosque. All degrees of freedom on the foundation surface of the minaret were accepted as
fixed support under initial boundary conditions (Figure 10a). The convergence analyses are performed to
create a more realistic and consistent FE model (as shown in Figure 11). The Convergence graph means
approaching a point, a limit, with the gap in between getting smaller, but without intersecting. The mesh size,
which directly affects the analysis time and results, is determined by the analyzes made to obtain this graph.
In the analyses, the optimum mesh size is determined as 0.35 m. In total, the FE model has 29412 quadratic
tetrahedral (C3D10) mesh elements. Mesh properties are kept the same in all analyses.
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Figure 10. (a) Boundary conditions, (b) Applying pressure and suction stresses to relevant surfaces in Abaqus
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Figure 11. Convergence analysis of the minaret

The natural frequencies corresponding to the first three modes and their corresponding mode shapes obtained
through finite element analysis under the initial mechanical parameters and boundary conditions of the
minaret are presented in Figure 12. The first two modes represent bending modes in both the x and y
directions, while the third mode represents a torsional mode.
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Figure 12. Mode shapes and natural frequencies of the minaret

5.1. Concrete Damage Plasticity Model

In this study, Concrete Damage Plasticity Model (CDP) was chosen to characterize the inelastic response of
concrete in Abaqus. Even though the CDP material model was initially designed to capture the plastic
behavior of concrete [65-66], the CDP model has also demonstrated its applicability to masonry structures
[67-69]. In existing literature, there is a widespread use of the CDP material model to describe the plastic
behavior of masonry structures [32-33], [68-71]. The CDP model integrated into Abagus encompasses the
plastic, compressive, and tensile behaviors exhibited by concrete. In this investigation, the plastic behavior
of the concrete minaret was determined based on the values outlined in Table 4.

Table 4. Material parameters

Dilation angle Eccentricity fro/ feo K Viscosity
359 0.1 1.16 0.667 0.0058

With the initial modulus of elasticity denoted as E,, the stress-strain relationship under axial compressive and
tensile loads is obtained as in equations 7-8.

0. = (1 —d)Eo(e. — e.7) (M
0, =1 —d)Ey(e, — & ") ®

Here, Eo represents the initial modulus of elasticity. o (ot) denotes the uniaxial compressive (tensile) stress,
while & (&) stands for the total strain experienced under compressive and tensile conditions, respectively. -
pi (e-pi) represents the equivalent plastic strain under such conditions. Additionally, d. and d:are the damage
parameters associated with compressive and tensile stresses, respectively.

The materials constituting masonry structures typically exhibit low tensile strengths but high compressive
strengths. It is widely acknowledged in the literature that the primary cause of collapse in such structures is
attributed to tensile stresses [32, 33, 72]. Various models for tensile stiffness have been proposed [73]. In this
study, the tensile stiffness model proposed by Nayal and Rasheed [73], subsequently modified by
Wahalathantri et al. [74], was employed (Figure 13). This model bears resemblance to the tensile stiffness
model utilized in the CDP model in Abaqus [54]. Its foundation lies in the homogenized stress-strain diagram
formulated by Gilbert and Warner [75], which accurately captures the response induced by primary and
secondary cracking phenomena through two descending segments of the tensile stress-strain curve [75]. In
this adapted model, the sole alteration was the adjustment of the sudden decline in the tensile stress-strain
curve at a critical strain &, from the ultimate stress ot0 to 0.776:0, as opposed to the previously utilized
0.80010. The ultimate tensile strength of concrete can be estimated using equation 9 proposed by Genikomsu
and Polak [76]. The values specified in Table 5 were employed in the static/general analyses of the minaret
under pressure loading.
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Figure 13. Tensile stiffness models: (a) Averaged tensile strain [73] (b)modified averaged tensile strain [74]

Table 5. The stress-strain curve values and scalar damage parameters for tensile behavior in masonry units

Tensile behavior
Yield stress Cracking Damage Cracking
(MPa) strain strain
0.334 0 0 0
0.236531 0.000982  0.291824 0.000982
0.053322 0.007856  0.893603 0.000516
0.035554 0.010803  0.938922 0.013749

6. Results and Discussion

The pressure and suction stresses obtained with the wind analyses are applied on the minaret surfaces in
Abaqus/Cae. To apply the stresses on the minaret surface, the FE model is divided into 2 parts horizontally
and vertically at intervals of 1 m. The stresses are applied to the minaret surface in the horizontal direction.
The pressure values on the minaret surface do not follow a uniform distribution. In nonlinear FE analyses,
the mesh elements subjected to plastic deformation and tensile stresses, and displacements are determined.
The top displacements of the minaret are presented in Figure 14. In the Italian Building Code [77] and
Eurocode 8-Part-3 [78], if top displacement exceeds 0.4% of the masonry structure’s height, the structure
can get damaged or collapse. Since the minaret is 33.2 m high, the collapse limit displacement is 0.132 m
according to the Italian Building Code and Eurocode 8-Part-3. This value is shown with a dashed red line in
Figure 14. According to the results, the minaret’s top displacement exceeds the limit value according to TS
498 and Eurocode-1. Figure 15 shows the displacement behaviour of the minaret.

Tension damages concentrate in the minaret’s transition segment as shown in Figure 16. Many meshes get
damaged more than 90%. It is understood that the minaret may collapse with the damages in the transition
segment. The number of damaged and plastic elements according to both codes is quite similar (Figure 17).
When the collapse mechanisms of masonry structures and especially tall and thin structures such as minarets
are investigated, one of the most important reasons for their collapse is tensile stresses in the transition
segment [72, 79, 80]. As a result of the damage analyses, the ratio of the elements damaged due to tensile
stress to all elements is 0.85 in TS 498 and 0.84 in Eurocode-1. In addition, when the proportion of the
number of plastic elements to all elements’ number is investigated, it is 0.87 in both TS 498 and Eurocode-
1.
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7. Conclusion

On January 27, 2021, a masonry minaret located in the western region of Turkey collapsed due to wind
exposure with an average speed of 25.8 m/s. This study aims to conduct numerical analyses on the collapsed
minaret and estimate its failure mechanism in accordance with TS 498 and Eurocode-1 standards,
contributing to the literature in structural engineering. The numerical analyses entail two main stages. Firstly,
Computational Fluid Dynamics (CFD) analyses are conducted using RWIND software to assess the wind
flow around the minaret and its adjacent structures. The shape of the minaret and its surroundings
significantly influence the wind flow patterns, hence necessitating the modeling of surrounding structures for
comprehensive wind flow analyses with RWIND software. Subsequently, nonlinear analyses are carried out
in Abaqus, incorporating pressure and suction effects obtained from the wind flow analyses to assess
displacement and damage.

Evaluation of maximum pressure stresses on the minaret's rear surface reveals that TS 498 exceeds Eurocode-
1 by 10%. Similarly, investigation into the maximum suction effects on the minaret's front surface indicates
a 35.6% discrepancy between TS 498 and Eurocode-1. The observed top displacements surpass the limit
values specified in the Italian Building Code and Eurocode 8-Part-3. Damage analysis demonstrates a close
correlation between TS 498 and Eurocode-1, with an average consistency of 86% across both standards.

The simulation successfully identifies the failure mechanism of the minaret, attributing the collapse to
accumulated tensile stresses in the transition segment. This underscores the importance of considering wind
effects in conjunction with seismic loads for tall and slender structures. Furthermore, it is recommended to
avoid geometric designs driven solely by architectural aesthetics, as such designs may compromise structural
integrity.
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Oz

Cinko Ttiretim tesislerinde agiga cikan ve igerdikleri metaller nedeniyle tehlikeli atik olarak siniflandirilan kati lig
artiklarinin ¢evre ve insan sagligina zarar vermeden ekonomik olarak degerlendirilmesi atik yonetimi agisindan
onemlidir. Bu kalintilarin bertarafi gogu zaman 6zel teknolojiler gerektirse de, bu teknolojilerin pahali olmasi ve bazi
durumlarda yasal yaptirimlarin yetersiz kalmasi nedeniyle tehlikeli atiklar ¢evreye veya ¢op depolama alanlarina
birakilmaktadir. Bu nedenle bu kalintilarin degerlendirilerek sanayiye kazandirilmasi ekonomik ve g¢evresel agidan
6nemlidir. Bu ¢aligmada, Kayseri Cinkur isletmesinden getirilen ¢inko ekstraksiyonu iiretimi sirasinda olusan kursun
keki kullanilmustir. Bu atik, ¢inko ve demirin yani sira yiiksek miktarda kursun da igerdiginden, sulu ¢6zeltilerden
fosfatin uzaklastirilmasi kosullari arastirildi. Elde edilen toplu test sonuglar1 kullanilarak fosfat giderme adsorpsiyon
izotermleri elde edildi. Ayrica fosfat giderimine iligskin bazi termodinamik biiytiklikkler de hesaplanmigtir. Deney
sonucunda sulu ¢ozeltilerden P giderim veriminin énemli dlgiide ¢6zelti pH'ina ve atik kursun keki dozuna bagl oldugu
belirlendi. Ayrica sulu ¢ozeltilerden fosfat gideriminin Langmuir ve Freundlich izotermine uydugu belirlendi. Ayrica
120 dakikalik bir siire sonunda fosfat adsorpsiyon dengesinin kuruldugu gézlendi. pH’1 7.69 olan 100 mg/L fosfat
¢ozeltisinin herhangi bir ilave olmaksizin 20 g/L kursun keki ile karistirilmasi ve 120 dakika siireyle temas ettirilmesiyle
fosfatin yaklasik %74’{i adsorpsiyonla etkili bir sekilde giderilebilir.
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Abstract

It is important for waste management to economically evaluate the solid leach residues released in zinc production
facilities and classified as hazardous waste due to the metals they contain, without harming the environment and human
health. Although the disposal of these residues often requires special technologies, hazardous wastes are left to the
environment or landfills due to the expense of these technologies and the inadequacy of legal sanctions in some cases.
For this reason, it is important from an economic and environmental perspective to evaluate these residues and bring
them into the industry. In this study, lead cake formed during zinc extraction production, brought from Kayseri Cinkur
enterprises, was used. Since this waste contains high amounts of lead as well as zinc and iron, the conditions for removing
phosphate from aqueous solutions were investigated. Phosphate removal adsorption isotherms were obtained using the
obtained batch test results. Additionally, some thermodynamic quantities regarding phosphate removal were calculated.
As a result of the experiment, it was determined that the P removal efficiency from aqueous solutions significantly
depends on the solution pH and the dose of waste lead cake. It was also determined that phosphate removal from aqueous
solutions obeyed the Langmuir and Freundlich isotherm. Additionally, it was observed that phosphate adsorption
equilibrium was established after a period of 120 min. By mixing 100 mg/L phosphate solution with pH 7.69 with 20
o/L lead cake without any addition and contacting for 120 minutes, approximately 74% of the phosphate can be
effectively removed by adsorption.
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1. Introduction

Eutrophication can be defined as the deterioration of water quality as a result of the enrichment of water
with nutrients and the active development of plant life, adversely affecting the ecological balance of
water. The limiting nutrient in most freshwater lake and river reservoirs is phosphorus, and the migration
of these elements from anthropogenic sources into waters accelerates the eutrophication process, which
proceeds very slowly during the natural aging of lakes. As a result of this event occurring in the lake
environment, the dissolved oxygen present is consumed significantly by the algae formed. Depletion of
dissolved oxygen can lead to fish mortality, and some blue-green algae can cause poisoning of fish and
sometimes livestock [1-6].

Considering these bad effects of phosphates in waters, it becomes necessary to prevent their passage
into waters as much as possible. For this, first of all, phosphate sources for waters must be determined
well and phosphates must be removed to a significant extent before being discharged from these sources
into surface waters [7-9].

Important sources of phosphorus transfer to surface waters are runoff from agricultural areas and farm
areas, domestic and industrial wastewater, and urban drainage seepage. A significant portion of
phosphates pass through point sources such as domestic and industrial flows. These sources can be
controlled more easily than non-point sources [10-12].

Research has shown that the phosphorus concentration in domestic wastewater is around 5-30 mg-P/L.
Currently used treatment techniques are suitable for the treatment of wastewater with these
concentration limits. However, the treatment of water containing high phosphate, such as boiler water
and some food industry wastewater, requires special techniques. Much research has been done on the
treatment of wastewater containing normal levels of phosphate. Economical treatment processes are
needed for special wastewaters with high phosphate content. In existing phosphate treatment
technologies, manufactured chemicals are generally used. However, using waste from another industry
with low economic value in the treatment may make the process attractive in terms of cost [13-17].

At the end of the production process in zinc production facilities, a mixture containing precious metals
is formed. For the production of metallic zinc, these mixtures are leached with dilute sulfuric acid
solution, and then the solid residue, which is insoluble in acid and rich in other components, especially
lead, is filtered through filters. Depending on the composition of the raw material used, the content of
the zinc extraction waste may consist of approximately 16% lead, 5% zinc, as well as precious metals
such as manganese, cadmium, silver and gold.

The high amount of zinc production and the limited storage areas cause facility waste problems. As a
result of production in the zinc zinc production facility, there is an excessive amount of zinc in it and
the inability to use this solid residue in the system creates problems in terms of economy and
environment. The failure to develop a sustainable waste utilization approach to waste negatively affects
the competitiveness of the zinc production facility.

In this study, the removal of phosphate from waters with high orthophosphate concentration was
investigated by using filtration residue cakes containing significant amounts of lead compounds, which
are released during the production of zinc from carbonate ores by the leaching-electrolysis method.
Preliminary tests have shown that a significant amount of phosphorus can be removed by treating
solutions with high concentrations of phosphate (100-200 mg-P/L) with these wastes.

A large amount of residue called rotary filter cake is formed in CINKUR facilities in Kayseri. In this
study, the possibilities of using this residue in the treatment of waters containing high levels of phosphate
were investigated. In the experimental section, the results of the experiments on the effects of factors
such as pH, time, concentration and temperature on the adsorption of phosphate from water using this
cake were given and discussed. Additionally, some thermodynamic parameters were determined by
applying the obtained results to adsorption isotherms.
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2. Materials and Methods

2.1. Supply and Preparation of Lead Cake

In the experiments, zinc production residue lead cake obtained from Kayseri Zinc-Lead Enterprise Inc.
was used. This cake, which formed after the leaching process, was first washed with distilled water 5
times to remove metal sulfates that could dissolve and pass into the environment. It was partially dried
at room temperature and then dried in an oven at 105°C, passed through a -200 mesh sieve and stored
in capped plastic bottles. The XRD and SEM-EDX results are given in Figure 1, Figure 2 and Figure 3.
Chemical analysis of the zinc extraction residue was carried out by the LiBO; dissolution-HNO;
solubilization method [8, 9].

2.2. Preparation of Phosphate Solution

Phosphate solutions used in the experimental study were prepared from Na,HPO, salt. For this purpose,
14.314 g of 80% pure Na;HPOQO, salt was weighed, dissolved in some water, and then its volume was
made up to 500 mL. The standard stock solution at a concentration of 5000 mg-P/L prepared in this way
was diluted appropriately and used in the experiments. Dilutions were made with distilled water.

2.3. Experimental Study

In the study, first the effects of adsorbent amount and time on the efficiency of phosphate removal were
examined. For this, phosphate solutions were prepared at a concentration of 100 mg-P/L from the
standard stock solution. 100 mL of these solutions were placed in 150 mL conical flasks, varying
amounts of lead cake were added to them, varying between 0.5-5 g, and they were sealed and placed in
a shaking incubator (ZCHENG 200D) at 25°C. The samples were shaken at 400 oscillations/minute for
periods ranging from 10 to 240 min. After shaking, the mixtures were filtered through blue band filter
paper. pH measurement, phosphorus, zinc, lead, manganese, iron, cadmium and cobalt analyzes were
performed on the filtrates. Removal percentages were calculated taking into account the phosphorus
concentration.

To determine the effect of phosphate concentrations, phosphate removal experiments were performed
for varying periods of time with phosphate solutions with initial concentrations of 100, 125, 150 mg-
P/L. Then, in order to examine the effect of initial pH on phosphate removal, experiments were carried
out with phosphate solutions at a concentration of 100 mg-P/L, pH varying between 3-12. Finally, an
isotherm study was conducted with phosphate solutions with concentrations varying between 25-125
mg-P/L, at the appropriate pH and equilibration time determined by previous experiments. All
experiments were carried out on two parallel samples, and results within £ 5% agreement were
considered correct and averaged.

2.4. Phosphate Analyzes

Phosphorus analyzes in the filtrates obtained during the experiments were carried out
spectrophotometrically according to the Ascorbic Acid method [18].

2.5. Metal Analysis
All metal analyzes were carried out with an atomic absorption spectrophotometer (Perkin elmer aanalyst
400). As a result of the analyzes performed using appropriate standards and diluting to the determination

range, the leaching percentages of metals from the zinc extraction residue were calculated by
backcalculating from the determined metal concentrations.
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3. Results and Discussions

The composition of lead cake used as an adsorbent in phosphate adsorption is given in Table 1. As seen
in the table, the sample used contains 15.8% Pb, 8.5% Zn and 5.3% Fe as the main components. The
idea that certain materials can remove anionic complex ions from wastewater due to the presence of
polyvalent metal ions is supported by multiple research findings. Polyvalent metal ions can indeed
interact with anionic species, facilitating their removal through various mechanisms, such as adsorption,
electrochemical processes, and the formation of inner-sphere complexes.. In this study, the removal of
phosphate from aqueous media using lead cake was investigated.

In some preliminary studies, it was found that lead cake effectively removed low concentrations of
phosphate from aqueous environments. For this reason, it was thought that it would be more
advantageous to remove the high concentration of phosphate in the agueous environment with lead cake.
In line with this idea, the first experiments were carried out with phosphate solutions at a concentration
of 100 mg-P/L in order to reveal the effect of the amount of lead cake on phosphorus removal depending
on time. 100 mL of phosphate solution was mixed with lead cake in amounts ranging from 0.5t0 5 g
and shaken for periods ranging from 10 to 240 minutes. The phosphorus removal percentage calculated
from analyzes and measurements and the metal ion concentrations that dissolve from the cake and pass
into solution are given in Figure 4.

Table 1. Chemical composition of the lead cake used in the experiments.

Component Composition

Pb % 15.80

Zn % 8.50

Fe % 5.30

Ca % 1.30

Mn 2155 mg/kg

Cd 318 mg/kg

Cu 2280 mg/kg

Ni 475 mg/kg

Cr 249 mg/kg

A A: CaS0,.2H,0

K : PbSO,
M : PbO
Z : ZnFe,04
S : Si0,

20

Figure 1. XRD diagram of the lead cake used in the experiments.
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Figure 3. SEM image and EDX evaluation of the lead cake used in the experiments
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Figure 3. SEM image and EDX evaluation of the lead cake used in the experiments (Continue)

It can be said that with increasing lead cake amount and time, the phosphorus removal efficiency
generally increases and an equilibration time is reached at the end of a reaction time of approximately
120 min for all cake amounts. Figure 4 shows that the concentration of metal ions that dissolve from the
lead cake into the solution environment increases depending on the amount of cake. Considering the
phosphorus removal percentage, it can be said that a dose of 50 g/L lead cake is suitable to remove
phosphorus at a concentration of 100 mg/L. However, in order for a treatment process to be applicable,
it is required that the treatment in question be carried out in the most effective way and that no other
pollution occurs in the process. This is why the concentrations of metal ions in the lead cake that pass
into solution must be taken into account. Figure indicates that much higher amounts of Zn and Pb pass
into the solution when the 50 g/L lead cake dose is used. For example, in the experiment conducted with
a 30 g/L lead cake dose, where the phosphorus removal percentage is relatively high at the end of the
equilibration period, 0.82 mg/L lead and 1.02 mg/L zinc pass into the solution, while with a 50 g/L
dosage, 0.94 mg/L lead and 18.20 mg. It can be seen that /L zinc passes. In order not to cause any further
pollution, it can be said that it would be more appropriate to use cake at a dosage of 30 g/L to remove
phosphorus at a concentration of 100 mg/L.

In the second stage, the effect of ambient pH on phosphate removal was examined. For this, phosphate
solutions at a concentration of 100 mg/L, the initial pH of which was adjusted between 3-12 using NaOH
and H,SO4, were shaken for 120 min using cake at a dosage of 30 g/L. The results obtained are seen in
figure 4.
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Figure 4. Results of experiments conducted with different doses of lead cake for different periods of time. [
25°C; 100mg-P/L; 100 mL; pH: 7.69]

The percentage of phosphate removal increased significantly due to the increase in initial pH. While 2-
20% of the total phosphorus can be removed in the pH<6 region, more than 80% of the total phosphorus
can be removed at pH>9. It can be seen that at the original pH of the solution, 7.69, approximately 75%
of the phosphorus is removed. On the other hand, it is seen that the concentration of Pb ion, which
dissolves from the cake and passes into the solution, increases with increasing pH. Zinc passes into
solution more at low pH.

Very low and high pH values have no practical applicability due to both acid and base consumption and
deterioration of the neutral properties of water. It can be seen from Figure 5 that the most effective
phosphorus removal is at pH>10. However, in this case, it is seen that Pb and Zn pass into the solution
well above their concentration limits. It can be said that it is more suitable in terms of process economy
and applicability to carry out the process at its own pH in order to prevent such secondary pollution and
eliminate alkali consumption. For this reason, experiments examining the effects of other parameters on
phosphate adsorption were carried out at the original pH of the solution.

Figure 6 shows the effect of initial phosphate concentration on phosphate adsorption. As the phosphate
concentration increases, the removal percentage decreases, but the amount of phosphate removed per
unit adsorbent (lead cake) increases. Additionally, after approximately 100-120 minutes, an
equilibration period is reached for all concentrations. For example, in phosphate solutions at a P
concentration of 100 mg/L, an adsorption of approximately 74.98% occurs after 120 minutes of
equilibration, while this value becomes 66.17% and 48.98% for concentrations of 125 and 150 mg-P/L,
respectively.

The data obtained as a result of contacting phosphate solutions with different initial concentrations with

cake at a dosage of 30 g/L, at optimum pH and for 120 min, were applied to Langmuir and Freundlich
isotherms (equations 1 and 2).
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Figure 5. Experimental results examining the effect of initial pH on phosphate adsorption with lead cake. [
25°C; 100 mL; 30 g/L lead cake; 100mg-P/L; 120 minutes contact time]
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Figure 6. Effect of initial phosphorus concentration on phosphate adsorption by lead cake. [ 25°C; 30 g/L lead
cake; 100 mL; pH: 7.69].

Langmuir isotherms obtained after phosphate adsorption at different temperatures are given in Figure 7.
b and Qo values were calculated from the slope and shift of the isotherms using linear regression. By
plotting In b values against 1/T values according to Equation 3, the adsorption enthalpy was found to be
-11.5941 kJ/mol. Adsorption free enthalpy and entropy changes at different temperatures were
calculated using Equations 4 and 5. The results are seen in table 2.
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C 1 C
c. L S (1)
q q b q.
1
In( xm ) =K, + —IncC, 2
Inb = Inb' - AH/RT (3)
In(1/b) = AG/RT 4)
AG = AH°- T AS (5)

In the equations, x: The amount of adsorbed substance (mg), m: The amount of adsorbent (g), C.: The
equilibrium concentration of the adsorbed substance in the solution (mg/L). Kt (mg/g) is the Freundlich
constant, which is a measure of adsorption capacity. The other Freundlich constant n is dimensionless.
gmax: Maximum adsorption capacity, (mg/g), b: A constant related to adsorption energy, (I/mg). T is
the absolute temperature (K) and R is the universal gas constant (8.314 Jmol*K™?). Thermodynamic
parameters of the adsorption process, such as free energy (AG®), enthalpy (AH®) and entropy (AS®)
change, can be calculated with the above equations.

0,25
0,20 -
0,15 A
g
O 0,10
0,05 - ®25°C
€35°C
W 45°C
0,00

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,45 0,50
Ce

Figure 7. Langmuir isotherm for phosphate adsorption with lead cake. [ pH: 7.69; 100 mL; 25-125 mg-P/L; 120
min contact time; 30 g/L lead cake].

The negative sign of the adsorption enthalpy calculated for phosphate adsorption indicates that the
adsorption event is exothermic. In addition, in the temperature studies carried out while obtaining the
isotherms, the decrease in the percentage of phosphate removal with increasing temperature proves that
the phenomenon is exothermic. Table 2 shows that the free enthalpy change of phosphorus adsorption
with lead cake is negative. This shows that the adsorption of phosphate to the cake is a spontaneous

event.

Table 2. Langmuir constants and Thermodynamic constants.

Langmuir
Temperature, °C b Qmax AG (kJ/mol) AS (kJ/mol)
25 03371 26441 5.479
35 0.2312  2.3463 2.433 0.02
45 0.1049 22104 5.109
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The isotherm data obtained for each temperature were applied to the Freundlich equation. The lines
obtained by plotting In(x/m) values against InC values show that the results are applicable to the
Freundlich isotherm (Figure 8). Freundlich constants obtained depending on temperature are given in T
Table 3. As can be seen from the table, Freundlich constant ks, which is a measure of adsorption capacity,
decreases with increasing temperature.

0,90 1

0,50 1

0,10 1

5,00

Inge
o

PO
-0,30 A

-0,70 A
® 25°C
@ 35°C
W 45 °C

InC,

Figure 8. Freundlich isotherm for phosphate adsorption with lead cake. [pH: 7.69; 100 mL; 25-125 mg-P/L; 120
min contact time; 30 g/L lead cake].

Table 3. Freundlich constants.

Temperature, °C n 1/n Kt
25 241 0.42 0.66
35 3.18 0.32 0.69
45 2.64 0.37 0.44

The maximum monolayer capacity obtained from Langmuir isotherms is 2.644 mg/g at 25°C with an
initial concentration range of 25-125 mg-P/L and a dose of 30 g/L. As the temperature increases, the
adsorption capacity decreases and the phosphate adsorption capacity at 45°C is 2.210 mg/g.

4. Conclusions

The study investigating the phosphate adsorption properties of lead cakes, which are the residual materials
after zinc extraction from carbonate ores, yielded significant insights into their potential application for
wastewater treatment. This analysis draws from multiple research articles to provide a comprehensive
understanding of the mechanisms and factors influencing phosphate adsorption by such lead cakes.In the
equilibration time study conducted with solutions prepared from orthophosphate at a concentration of
100 mg-P/L, at a dose of 30 g/L lead cake and at 25°C, it was found that equilibrium was achieved after
120 minutes. Under these conditions, approximately 75% of the phosphate in the environment is
removed. As a result of experiments conducted at different pH values, it was found that lead cake
removes more phosphate as pH increases. Phosphate removal efficiency is higher in strongly alkaline
environments (pH 10-12). However, this has no practical significance. As a result of experiments
conducted with solutions at different temperatures and different initial phosphate concentrations,
phosphate removal complies with the Langmuir and Freundlich isotherms in the concentration range of
25-125 mg-P/L. In the calculations made regarding this; Langmuir monolayer adsorption capacity was
found to be 2.6441 mg/g adsorbent at 25°C. Adsorption efficiency decreases depending on temperature.
The fact that the adsorption enthalpy is negative indicates that the event is exothermic. The fact that the
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free enthalpy changes are negative indicates that the adsorption of orthophosphate onto the lead cake is
a spontaneous event.

As a final result, it can be said that orthophosphate effectively adsorbs lead cake. However, even though
soluble zinc and lead residues have been removed by prior washing, zinc and lead ions may pass from
the lead cake into the solution medium. As a matter of fact, the results show this. Therefore, this material
cannot be used to remove phosphate from wastewater. Because this time, there is a need to remove these
secondary pollutants. In cases where the presence of lead and zinc ions in the environment does not pose
a problem, it can be taken into consideration in phosphate removal.
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Oz

Bu calisma, kayisi ¢ekirdegi kabuklart (KCK) kullanilarak hidrotermal karbonizasyon ve kimyasal aktivasyon
yontemleriyle iretilen hidrokdmiirlerin ve aktif karbonlarin ayrintili karakterizasyonunu igeren bir siireg
gelistirmeyi sunmaktadir. {1k olarak, KCK ogiitiilerek islenmis, ardindan 24, 36 ve 48 saat boyunca 240°C’de
hidrotermal karbonizasyona tabi tutularak {i¢ farkli hidrokémiir elde edilmistir. Daha sonra, bu hidrokarbonlar 3
saat boyunca KOH ile karistirilmis ve aktif karbonlar elde etmek i¢in 700°C’de 1 saat boyunca karbonizasyon
islemine tabi tutulmustur. Aktif karbonlarin yapisal 6zelliklerini belirlemek i¢in Brunauer-Emmett-Teller (BET)
yilizey alani analizi, Taramali Elektron Mikroskobu (SEM) ve Enerji Dagilim Spektroskopisi (EDS), X-Isin
Kirmmmi (XRD) analizi ve Fourier-Transform Kizilotesi spektroskopisi (FTIR) olgiimleri gibi c¢esitli
karakterizasyon yontemleri kullanilmistir. Elde edilen sonuglar, hidrotermal reaksiyon siiresinin karbon igerigini
artirdigim ve gozenekli yapilarin olusumuna yol agtigimi gdstermektedir. Ozellikle, SEM goriintiilerinden de
anlasilacagi iizere, kimyasal aktivasyon siirecinin gdzenek olusumunda etkili oldugu gériilmiistiir. Sonug olarak,
bu ¢alisma hidrokémiirlerin ve KCK’den elde edilen aktif karbonlarin karakteristik 6zelliklerinin ayrintili bir
tanimini sunmaktadir.
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Abstract

This study presents a process development including detailed characterization of hydrochars and activated carbons
produced by hydrothermal carbonization and chemical activation methods using apricot kernel shells (AKS).
Initially, the AKS were processed by grinding, followed by subjecting them to hydrothermal carbonization at
240°C for 24, 36, and 48 hours, resulting in three distinct hydrochars. Subsequently, these hydrochars were mixed
with KOH for 3 hours and subjected to a carbonization process at 700°C for 1 hour to obtain activated carbons.
Various characterization methods such as Brunauer-Emmett-Teller (BET) surface area analysis, Scanning Electron
Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS), X-Ray Diffraction (XRD) analysis, and Fourier-
Transform Infrared spectroscopy (FTIR) measurements were employed to determine the properties of the activated
carbons. The results obtained indicate that the duration of the hydrothermal reaction increases the carbon content
and leads to the formation of porous structures. Particularly, the chemical activation process was found to be
effective in pore formation, as evident in SEM images. In conclusion, this study provides a detailed description of
the characteristic properties of hydrochars, and activated carbons derived from AKS.

Keywords: Hydrothermal carbonization, Activated carbon, Apricot kernel shell

*Corresponding Author

Plagiarism Checks: Yes — Turnitin

Complaints: fujece@firat.edu.tr

Copyright & License: Authors publishing with the journal retain.
the copyright to their work licensed under the CC BY-NC 4.0

327


https://orcid.org/0000-0001-7953-1258
https://orcid.org/0000-0001-9366-6124

Firat Uni Deny. ve Say. Miih. Derg., 3(3), 326-336, 2024
N. Kati, F. Ugar

1. Introduction

Tiirkiye is the largest producer of fresh and dried apricots in the world. Consequently, a substantial amount
of cheap apricot kernel shells (AKS), obtained as waste in apricot production, is available. Approximately
25,000 tons of AKS are generated annually in Tirkiye as industrial waste. Through the utilization of
activation techniques, around 4,000 tons of high value activated carbon can be produced from this biomass
[1]. In 2021, Malatya accounted for 48.7% of the total apricot production in Tiirkiye with 389,000 tons of
fresh apricots. Following Malatya, Mersin contributed 20.3%, Igdir .4%, Elazig 3.9%, and Isparta 2.8% to
the overall production [2]. Analysis of the AKS data used in our study indicates an annual yield of
approximately 20,000 tons in the Malatya region [3]. Biomass structures can be converted into high-value
components containing solid, liquid, and gaseous products using the hydrothermal method. The variation in
specific properties depending on the temperature and pressure of water brings significant advantages to the
processing of biomass with the hydrothermal method. During hydrothermal conversion, hot water, acting
both as a solvent and as a reactive or catalytic agent, plays a crucial role. For instance, many cellulose-based
biomasses are insoluble in water, but they can become soluble in supercritical water during the hydrothermal
process. Additionally, another advantage of the hydrothermal method is its suitability as a thermochemical
conversion method for biomass with high moisture content [4]. There are several studies in the literature
regarding biomass waste, particularly AKS. L. Wang et al. synthesized activated carbon from apricot shell
extract using chemical methods with the support of HsPO.in a process, investigating the relationship between
pore structure and electrochemical performance for supercapacitor applications [5]. In another proposed
study by the same research group, activated carbon was produced from apricot shells using a one-step
chemical synthesis method, and its supercapacitor performance was evaluated. The positive attributes
contributed by the hierarchical pore structure in this study were presented in detail. The morphological
structure of the activated carbon synthesized from AKS was demonstrated to provide a broad adsorption area,
with micro-pores addressing the flow of electrolyte ions and storage capacity, and meso-pores and macro-
pores serving as transport channels and buffer reservoirs for electrolyte ions, respectively [6]. Temirgaliyeva
et al. prepared an active carbon and carbon nanotube-based composite material from three different biomass
types, including AKS, proposing an electrode structure for use in hybrid supercapacitor [7]. Eom et al.
analyzed the use of activated porous carbon obtained from spent black tea residues as long-lasting
supercapacitor electrodes, emphasizing the suitability of its recyclable use [8]. Canbaz obtained active carbon
electrodes through hydrothermal carbonization from hazelnut shell-derived biomass material and
investigated their potential use for sodium-ion batteries [9].

This study pioneers a novel approach to the sustainable valorization of industrial biomass waste, specifically
AKS, by utilizing the hydrothermal method to produce high value activated carbon especially for
supercapacitor applications. Our research stands out for its innovative contributions, which include:

1. Innovative hydrothermal conversion process: We developed and optimized a unique hydrothermal
conversion technique specifically designed for AKS. This method not only enhances the efficiency of
biomass conversion but also improves the quality and functionality of the resulting activated carbon. Our
process is distinguished by its ability to handle the high moisture content of biomass, which typically
complicates biomass conversion efforts.

2. Detailed characterization and application of activated carbon: Our research provides an exhaustive
characterization of the activated carbon produced, detailing its morphological properties. This contribution
is significant as it bridges the gap between theoretical research and practical, commercial applications of
activated carbons in supercapacitor technology.

These contributions not only advance the field of biomass waste management but also highlight the potential

of agricultural waste to be transformed into economically valuable products, aligning with global
sustainability goals and advancing green technology initiatives.
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2. Material and Method

The AKS used as raw material in our study were obtained from the Elazig. The shells were ground to 60
mesh sizes using a laboratory-type blender (Waring blender), and the resulting powdered shells were stored
in a glass jar. The Potassium Hydroxide (KOH) with CAS number 1310-58-3 used in the activation process
and Hydrochloric Acid (HCI) from the Biorad brand used in the washing process were commercially
obtained. The raw material, AKS powder (N-Raw), utilized as biomass for the preparation of hydrochars
through hydrothermal carbonization, was mixed with 40 mL of distilled water to achieve a ratio of 4 grams
in a stainless-steel reactor (Fytronix FYHT-8000 model) equipped with a Teflon vessel. The hydrothermal
apparatus, manufactured by Fytronix Electronics, comprises a temperature and time-controlled control panel
and a hydrothermal reactor. The inner part of the stainless-steel reactor is designed to accommodate a 100
ml Teflon vessel. The reactor's lid features two valves and a digital pressure gauge to facilitate gas inlet and
outlet. After placing the mixture in the Teflon vessel, hydrochars were produced under hydrothermal
carbonization conditions at 240°C for 24, 36, and 48 hours, resulting in hydrochars produced under three
different parameters. The obtained hydrochars were filtered using membrane filter paper, washed with
distilled water, and dried in an oven at 100°C for 24 hours. One-third of the dried products were separated,
stored in a glass sample dish, and labeled as N-H1, N-H2, and N-H3. The remaining products were
impregnated with commercially obtained KOH in a 1:3 ratio at a temperature between 60-70°C for 3 hours
for chemical activation. The KOH-loaded hydrochars were filtered, dried in an oven at 100°C for 24 hours,
transferred to a ceramic crucible, and subjected to carbonization in a tube furnace at 700°C for 1 hour with a
nitrogen flow rate of 300 cm®min. The resulting activated carbons were then washed with HCI acid until
reaching a pH of 6-7, followed by washing with distilled water and filtration. The filtered products were dried
at 100°C for 24 hours. The obtained activated carbons were named N-Al, N-A2, and N-A3. Table 1 provides
information on the samples and production parameters, while Figure 1 illustrates the production stages of the
activated carbons.

Table 1. Samples and production parameters.

Sample Hydrothermal Reaction Hydrothermal Reaction Hydrothermal Chemical
Name Temperature (°C) Pressure (MPa) Reaction Time (hr) Activation
N-H1 240 5-6 24
N-H2 240 5-6 36 No Chemical
N-H3 240 5-6 48 Activation
N-Al 240 5-6 24
N-A2 240 5-6 36
N-A3 240 5-6 48 KOH

Figure 1. Activated carbon production stages.
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To determine the surface area and pore size distribution of hydrochars and activated carbons, nitrogen
adsorption was performed at -196°C using the Micromeritics ASAP 2020 instrument in the Department of
Chemical Engineering at Firat University. The hydrochars and activated carbons were subjected to vacuum
treatment at 150°C for 12 hours, and nitrogen adsorption/desorption isotherms were obtained in the relative
pressure (P/Po) range of 0-1. The surface area (SBET) of the adsorbents was determined using the Brunauer-
Emmet-Teller (BET) method based on nitrogen adsorption/desorption isotherm data. For the structural
characterization of untreated AKS, hydrochars, and activated carbons, Scanning Electron Microscopy (SEM)
and Energy Dispersive Spectroscopy (EDS) analysis was conducted using the JEOL JSM-7001F model SEM
instrument available at the KITAM Laboratory of Ondokuz Mayis University. X-Ray Diffraction (XRD)
analyses of the samples were carried out using the SmartLab X-RAY Diffractometer XRD instrument at the
KITAM Laboratory of Ondokuz May1s University. XRD measurements were performed in the 26 =20°- 80°
angle range with values of 45 kV and 40 mA. To identify the functional bonds in the molecular structure of
the samples, Fourier-Transform Infrared spectroscopy (FTIR) measurements were conducted using the Thermo
SCIENTIFIC Nicolet iS5 Spectrophotometer apparatus in the Central Laboratory of Firat University
(spectrum range 4000-400 cm™).

3. Results and Discussion

BET surface area values of hydrochar and activated carbons produced by the hydrothermal carbonization
method are given in Table 2. When examining the BET surface area values of hydrochars produced through
hydrothermal reaction, it can be stated that the reaction duration has an impact on the surface area. Comparing
the raw AKS sample (N-Raw) with the processed samples N-H1 to N-H3, the hydrothermal process
increased the bet surface area. As the particle size of the material decreases, an increase in surface area
occurs. The presence of a porous structure, as evident in the SEM images in Figure 2, supports this increase.
The lower porosity of samples obtained through the hydrothermal carbonization of biomass explains their
lower surface areas [10]. The BET surface areas of samples obtained from lignocellulosic biomass generally
show similarities with the literature. The application of KOH activation to hydrochars results in an increase
in surface areas [11], [12], [13]. The highest surface area value, 976.650 m*/g, was found in the N-A3 sample
subjected to a 48-hour hydrothermal reaction and KOH activation. The activating agent plays a significant
role in the development of the porous structure. In another study in the literature, samples obtained through
hydrothermal carbonization at 280°C for 1 hour, 3 hours, and 6 hours showed an increase in BET surface
area values from 46 m%g to 92 m*g with increasing reaction time. It was indicated that the trend of increased
surface areas with extended reaction time is related to the surface roughness resulting from the transformation
of cellulose, hemicellulose, and lignin present in lignocellulosic biomass [14], [15].

Table 2. BET surface area results of the samples

Sample Name BET surface area (m?g)
N-Raw 4.2756
N-H1 5.8682
N-H2 20.7856
N-H3 80.6333
N-Al 637.970
N-A2 842.310
N-A3 976.650

SEM analysis was performed to evaluate the surface structures of AKS powder (N-Raw) without
hydrothermal carbonization, hydrochar obtained by hydrothermal carbonization, and activated carbon
samples with the activation process. SEM images provide important information about the physical
morphology of the surface. The changes occurring on the surface and the micro and mesopores formed before
and after the hydrothermal carbonization process applied to the raw apricot seed shell and after the
carbonization process can be seen in the SEM images.

The SEM images of raw apricot kernel shell (N-Raw), samples subjected to hydrothermal reactions at 240

°C for 24 hours, 36 hours, and 48 hours (N-H1, N-H2, and N-H3), and activated carbons named N-Al, N-
A2, and N-A3 after carbonization are presented in Figure 2.
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Figure 2. SEM images (5000x) of N-Raw, N-H1, N-H2, N-H3, N-Al, N-A2 and N-A3 samples

Upon examination of the SEM images of the N-Raw sample and the samples obtained after hydrothermal
reaction, it is observed that N-H1 and N-H2 samples do not exhibit a porous structure, and the surface is
smooth. However, a porous structure is observed in the N-H3 sample. When SEM images of activated
carbons subjected to carbonization (N-Al, N-A2, and N-A3) are examined, porous structures are observed.
In all samples, the pore structures are irregular and form a block-like void structure. The surfaces are uneven
with protrusions and recesses. SEM images indicate that the chemical activation process applied after the
hydrothermal reaction is effective in pore formation. KOH, as an activation agent, facilitated the faster
degradation of the raw material structure during the carbonization process. During carbonization, the
product's structure was significantly degraded through thermal decomposition, and many functional groups
were removed from the structure.

As volatile substances were largely removed, a porous structure was obtained. Consistent with the literature
findings, SEM images suggest that the activation method applied with KOH is effective in pore formation
[16]. In another study in the literature, AKS, after chemical activation, exhibited pores mostly in the
interparticle areas, and the surface was disrupted with strong ZnCl; activation, resulting in the formation of
pores and cell configuration [17]. From the SEM images, it is evident that the hydrothermal carbonization
method significantly affected the surface of the N-Raw sample. The obtained activated carbons clearly show
pores formed on the surface in SEM images. The breaking of bonds in the raw material's structure and the
separation of volatile compounds from the structure due to the influence of temperature and pressure result
in the formation of pores, cracks, and cavities on the surface. The decomposition of hemicellulose, which is
more easily broken down compared to cellulose, and the formation of a rough and even porous surface may
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lead to increased surface roughness depending on the reaction temperature in reactions taking place in
aqueous environments [18].

Conducting the EDS analyses, EDS maps of the N-H3 sample subjected to 240 °C for 48 hours of
hydrothermal reaction to observe the effect of reaction time on the structure and the N-A3 sample subjected
to activation with KOH are presented in Figures 3 and 4, respectively.
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Figure 3. Elemental map of the N-H3 sample
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Figure 4. Elemental map of the N-A3 sample
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Elemental analysis results for all samples are provided in Table 3. It is observed that as the hydrothermal
reaction time increases, the carbon content increases and the oxygen content decreases in all samples obtained
as a result of the hydrothermal reaction and carbonization process. During hydrothermal carbonization,
organic materials transform into carbon, a process known as carbonization. This carbonization process can
lead to an increase in carbon ratios as organic components turn into carbon. The increase in carbon content
after the activation process is a result of the conversion of organic compounds into carbon. Under high
temperature and pressure, hydrothermal conditions cause oxygen to react with water. In this case, oxygen
molecules can combine with water to form volatile gases or other forms that can exit the system. This can
result in a decrease in oxygen ratios. Additionally, chemical transformations of organic materials during
hydrothermal carbonization can break the bonds between oxygen and organic components, leading to a
decrease in oxygen ratios in these chemical transformations. Hydrothermal carbonization processes carried
out at different durations can yield different results depending on the process duration. Longer processes
result in increased carbonization and the removal of oxygen from the system.

Table 3. The weight-based elemental ratios of the samples

Weight Ratios of Elements (%)
Sample C 0 Mg K Ca S
N-Raw 59.83 36.66 0.18 1.55 0.69 1.09
N-H1 68.98 31.02 - - - -
N-H2 69.13 30.87 - - - -
N-H3 69.31 30.69 - - - -
N-Al 83.44 16.01 0.31 - 0.24 -
N-A2 84.02 15.63 0.10 - - -
N-A3 88.14 11.86 - - - -
TN~ N-A3
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Figure 5. The XRD spectra of the samples

X-ray diffraction analyses were conducted to determine the changes in the crystal structure of AKS,
hydrochars, and activated carbons. In Figure 5, X-ray diffraction patterns for these samples are presented. In
the raw AKS biomass, two peaks are observed at 20=22.40° and 26=34.60°. The XRD peak at 26=22.40° is
characteristic of amorphous carbon, while the second, smaller peak around 26=34.60° can be attributed to
the typical cellulose I structure, specifically to the (004) lattice plane. The presence of free hydroxyl groups,
allowing for a regular crystal arrangement in cellulose, leads to intra- and intermolecular hydrogen bonding
[19]. The structure of hydrochars obtained through hydrothermal reaction was found to be similar to the AKS
sample, with the only difference being a slight broadening of the sharp peak. This broadening observed in
the peaks after hydrothermal reaction at different durations indicates the initiation of structural degradation.
Despite the carbon-based nature of our raw material, these broadened peaks suggest the onset of amorphous
carbon formation. However, it is noted that the conditions of 240°C temperature and reaction durations of
24, 36, and 48 hours are insufficient for the complete elimination of cellulose's crystal structure. In samples
activated with KOH at 700°C under an N, gas atmosphere, the peaks related to cellulose gradually broaden,
indicating the formation of an amorphous structure. It is observed that the hydrothermal carbonization
process induces chemical changes in the AKS powder, leading to the formation of an entirely different
product.
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The comparative FTIR spectra of raw AKS, hydrochars, and activated carbons are shown in Figure 6. The
spectrum of the raw apricot kernel shell exhibits a broad band at 3722 cm™, attributed to the absorption of
hydroxyl groups in polysaccharides [20], [21]. This result indicates that polysaccharides, including cellulose,
hemicellulose, and lignin, are the main components of the apricot kernel shell. The bands at 3000-3600 cm™
in raw AKS and hydrochar samples correspond to the O-H stretching vibrations of hydroxyl or carboxyl
groups [22].
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Figure 6. FTIR spectra of the samples

N-KCK

The two bands at 2923 and 2851 cm™ in the raw AKS and hydrochar samples correspond to the asymmetric
and symmetric stretching vibrations of methyl and methylene groups in cellulose, hemicellulose, and lignin
[23]. The peak at 1734 cm™ is attributed to the C=0 stretching vibration of ester groups in hemicellulose and
lignin [24]. The peak at 1026 cm™ in the spectrum of raw AKS and hydrochar samples is related to the [3-
glycosidic bond in cellulose and hemicellulose [25, 26]. The strong C—O band at around 1100 cm™ indicates
the C-H aromatic plane bending from the —OCHs in the lignin structure, while the bending of the aromatic
plane at approximately 833 cm™ is observed. In hydrochar samples, a weak peak at 3455 cm™ indicates -OH
groups, possibly a result of phenolic-hydroxyl cleavage [19, 27]. After activation with KOH, some vibrations
disappear, and some peaks shift. In the N-A2 sample, a C=C stretching vibration of alkyne groups is observed
at 2300 cm™, which is not present in other activated samples [28]. The peak at 1230 cm™, indicating the G
(guaiacyl) unit in lignin, disappears after activation, suggesting the degradation of the lignin structure. The
ester carbonyl groups at 1734 cm™ in the spectrum of the raw sample are completely lost in the activated
carbon samples due to decomposition at high operating temperatures [29]. The aromatic skeleton vibrations
at 1585 and 1505 cm™ observed in the spectrum of the raw sample, attributed to lignin, are completely absent
in the activated carbon samples due to the transformation of phenyl chains [30, 31]. Additionally, the peak
around 1026 cm™ is almost absent in activated carbon samples, indicating the decomposition of
hemicellulose and cellulose. The absence of a band at 1102 cm™ in activated carbon samples also suggests
the loss of ~OCHs due to deoxygenation reactions [32, 33].

4. Conclusion

This study provides a detailed characterization of hydrochars and activated carbons produced through
hydrothermal carbonization and chemical activation methods using AKS. Initially, AKS were ground and
subjected to hydrothermal carbonization at 240°C for 24, 36, and 48 hours, resulting in three different
hydrochars. Subsequently, these hydrochars were chemically activated with KOH, mixed for 3 hours, and
carbonized at 700°C for 1 hour to obtain activated carbons. Various characterization methods, including BET
surface area, SEM analysis, XRD analysis, and FTIR measurements, were employed to determine the
properties of the activated carbons. The results indicated that the hydrothermal reaction duration increased
carbon content and led to the formation of porous structures. Chemical activation with KOH further enhanced
the surface area, particularly evident in SEM images. The study highlighted the effectiveness of the activation
process in pore formation, as indicated by irregular pore structures observed in all activated carbon samples.
SEM analysis was instrumental in evaluating the surface morphologies of raw AKS powder (N-Raw),
hydrochars obtained through hydrothermal carbonization (N-H1, N-H2, and N-H3), and activated carbons
(N-A1, N-A2, and N-A3). The images revealed a lack of porous structure in N-H1 and N-H2 samples, while
a porous structure was observed in N-H3. Activated carbons displayed consistent irregular pore structures
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with protrusions and recesses, emphasizing the effectiveness of the KOH activation process in pore
formation. Elemental analysis results showed an increase in carbon content and a decrease in oxygen content
with extended hydrothermal reaction time, indicating the transformation of organic materials into carbon. X-
ray diffraction analyses revealed changes in the crystal structure, with hydrochars exhibiting amorphous
carbon formation. Comparative FTIR spectra of raw AKS, hydrochars, and activated carbons demonstrated
shifts and disappearances of peaks, reflecting chemical transformations during the hydrothermal
carbonization and activation processes. The study concluded that hydrothermal carbonization and chemical
activation significantly influenced the physical, surface, and chemical properties of hydrochars and activated
carbons obtained from apricot kernel shells, showcasing their potential for diverse applications.
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Oz

Bu ¢alismada kontrol uygulamalarinda ¢ok tercih edilen donel ters sarkag¢ sistemi (DTS) ele alinmistir. DTS
elemanlarinin agirlik merkezi koordinatlar1 bulunarak sistemin toplam kinetik ve potansiyel enerjileri elde
edilmistir. Kinetik ve potansiyel enerji ifadeleri kullanilarak Lagrange fonksiyonu olusturulmustur. Lagrange
yontemi dikkate alinarak sistemin hareket denklemlerini veren ifadeler bulunmustur. Ayrica sistemi harekete
gegirecek olan motorun denklemleri dikkate alinmistir. Durum degiskenleri kullanilarak Matlab da yazilan
program yardimiyla sistemin sarkag agisi, kayma yiizeyi hareketli klasik kayan kipli kontrol yontemiyle kontrol
edilmistir. Kayma ylizeyinin egimi sistemin dinamiklerine bagli olarak hesaplatilmistir. Kontrol yapisinda
kullanilan katsayilarin optimum degerleri genetik algoritma yardimiyla bulunmustur. Sonuglardan sarkag agisinin
istenilen referans degere yaklasik 1.5 sn civarinda ulastig1 ve hatanin yaklasik sifir oldugu goriilmiistiir. Ayrica
motor tork degerinin 12 Nm seviyelerinde ve motor akim degerinin 2.5 amper seviyelerinde oldugu
gozlemlenmistir. Motor degerlerinin pratik uygulamalardaki degerlere yakin makul seviyelerde oldugu
sonuglardan elde edilmistir. Elde edilen bu degerlere gore motor se¢imi yapildiginda gercek zamanh
uygulamalarda kontrol i¢in sorun yasanmayacaktir.
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Abstract

The rotary inverted pendulum system (RIP), which is highly favored in control applications, is examined in this
work. By determining the coordinates of the Rip elements' centers of gravity, the system's total kinetic and potential
energies were determined. The Kinetic and potential energy expressions were used to generate the Lagrangian
function. Expressions providing the system's equations of motion were discovered by taking the Lagrangian
approach into consideration. The motor's equations, which will initiate the system, have also been considered.
Through the use of state variables and a Matlab program, the system's pendulum angle was managed by using a
moving sliding surface and the traditional sliding mode control technique. Based on the dynamics, the slip surface’s
slope was computed. The sliding surface's slope was computed based on the system's dynamics. The genetic
algorithm was utilized to determine the ideal values for the coefficients employed in the control structure. The
findings showed that the inaccuracy was roughly zero and that the pendulum angle took around 1.5 seconds to
reach the intended reference value. Furthermore, it noted that the motor torque and current values are 12 Nm and
2.5 amps, respectively. The findings show that the motor values are reasonably similar to the values seen in real-
world applications. Control in real-time applications won't be an issue if the motor is chosen based on these values.
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1. Introduction

One of the most popular approaches for applying control techniques is the inverted pendulum system because
of their challenging controllability. Among the inverted pendulum systems created to date are single rod
trolley and rotary inverted pendulum systems, double rod trolley and rotary inverted pendulum systems [1-
4].

The rotary inverted pendulum (rip) system is among the inverted pendulum systems that are used most
frequently. A valuable test system for investigating the control of nonlinear unstable systems is the inverted
pendulum system driven indirectly, often referred to as the "rip system.” In recent years, the rip has become
standard for applications in control due to its lower cost and easier construction than the trolley inverted
pendulum system. The pendulum of the rip system rotates vertically, while the rotary arm moves horizontally.
The rotating arm is propelled by the DC motor. It is tried to stabilize the rotary arm-mounted pendulum at
the higher equilibrium point, or the point of instability, subsequent to the rotary arm's movement by the DC
motor [5, 6].

There are studies published in the literature so far on the angle control of the rotary inverted pendulum system
shown in Figure 1. The prominent ones among these are the studies using classical control methods such as
PID, PI, PD, sliding mode controlled adaptive control methods, fuzzy control method, sliding mode control
method, particle swarm optimization based PID control and artificial neural network sliding mode control
methods [7-22].

> [fud Aral

Figure 1. Rotational inverted pendulum system

In this paper, a nonlinear mathematical system of the rip is obtained and the sliding mode control method
with moving sliding surface is used to control the pendulum. The dynamics of the system are employed to
derive the slope of the sliding surface. The optimization method using genetic algorithms is then applied to
calculate the required coefficients for the control system.

2. Modelling of Rotational Inverted Pendulum System

A single motor powers the two-degree-of-freedom system shown in Figure 1. The system's changeable
parameters are O and B. Figure 1 displays the system's coordinate axis layout. If this coordinate axis set is
used to determine the system's total Kinetic energy;
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1 . . 1 5 1 . . . 1 5
T = Eml(xlz + ylz) +51102 +Em2(x22 +y22 + 222) +512ﬁ2 (1)

In the equations x;, y: are the centre of gravity coordinates of the first arm. Xz , y- and z represent the the
second arm's coordinates for center of gravity. m; and m;, are the masses of each arm. I; and |, are the mass
moments of inertia of the arms. L1 and L, respectively, are the limb dimensions of arms. The coefficients of
friction at the joint joints are by and bs. 1 is the control torque applied by the motor.

Equations (1) yields the following equations for the unknown expressions.

x; = Lycos6 ¥
vy, = L{siné 3)
x, = x; — L,sinBsin6 (4)
vy, = y; + Lysinficos6 (5)
Z, = Lycosf (6)

If the aforementioned equations are changed to determine the system's total kinetic energy;

T = 2myLy?0% + 21,62 +-my (L1672 + 2Ly LycosBOS + Ly° B2 + Ly sin? f02) + < 1,7 @
Potential energy of the system:

V =my9z, 8
V =m,gL,cosp 9)
This gives rise to the following construction of the Lagrange function.

L=T-V (10)
L= %(mlle +1,)0% + %mz[(Ll + Ly?sin?B)6? + 2L, LocosPOfS + L,°B?] + %IZBZ -
mygl,cosf (12)

Equation of motion for 6:

a(5) 5= 0 @

The equation of motion for 8 can be found by substituting and calculating the expressions in the equation.

(myLy® + I + myLy + myLy?sin?B)6 + myLyLocosBf — myLyLysinBp? +
2m,L,%sinfBcosBBO =1 — b0 (13)

Equation of motion for f:

i (6_L) — 6_L = Q 14
at\ag) ap ~ P (14)
Here is the equation of motion for B after performing the appropriate operations in the preceding equation.

m,L,L,cosff + (mZLZZ + Iz)ﬁ — m,Ly%sinfcosfO? — mygLysinB = —b,f8 (15)
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After extracting  and @ expressions from the equations of motion, the following equations are produced.

(maLy? + 1) (b8 — T — myLy LysinBf? + 2my L, sinfcosBho)
(myLyLycosB)? — (myLy® + 1) (my Ly + I + myLy + myL,*sin?p)

myL1LycosB(byf—m,L,%sinBcospO%—m,gL,sing)

- (myLyLycosf)2—(myLy?+1;)(my Ly 2 +1;+my Ly +my Ly 2sin2 B) (16)
§= (myLy® + I + myLy + myLy2sin?B)(byf — myL,*sinPcosfO? — myglL,sing)

B (myLiLycosB)? — (myly? + 1) (myLy® + Iy + myLy + myLy®sin?p)
_ myL1LycosB(b8-t—m,L LysinB B2 +2m, L, sinfcosBBO) (17)

(myLyLycosf)2—(myLy?+1;)(my Ly 2 +1;+my Ly +my Ly 2sin2 B)

The DC motor responsible for the first arm's rotational movement has the following equation of motion.
Where L is the motor inductance coefficient, N is the gear ratio, | is the electrical current flowing through the
motor windings, R is the motor winding ohmic resistance, and V. is the motor supply voltage and control
signal. The opposite electromotive voltage coefficient is denoted by K.

di _ Vg—Ri Kpb

dt L LN (18)
Should we change the equations' expressions into state variables;

6 = x(1) (19)
6 =x(2) (20)
B ==x() (21)
B =x(4) (22)
i = x(5) (23)
is acquired as. If the torque used for motor control is;

T = Kt (24)

is computed using the format. The motor torque coefficient in this case is K.
A Matlab programme is used to apply a approach to movable sliding mode control for the rip system by

using these variables of state. Tt is guaranteed that B will reach the intended zero reference point when using
moving sliding mode control approach. Table 1 provides the numerical values for the system parameters.
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Table 1. Values for rip system parameters

Parameter Value Unit
m; 0.15 kg
m; 0.1 kg

L 04 m

L, 04 m

by 0.01 Ns/m
b 0.01 Ns/m
Iy 0.0248 kgm?
P} 0.00386 kgm?
L 0.1 Henry
R 1.4 Ohm
Kt 0.25
Kp 0.05

N 1/20

3. Classical Sliding Mode Control Design with Moving Sliding Surface

A reliable and nonlinear control technique is sliding mode control. Unlike other control systems, it is
unaffected by outside disruptions. It can rapidly and accurately approach the desired reference because of the
vibrations on the sliding surface [23]. When the system's boundary values are known, sliding mode control
offers long-term controllability in situations when the system's parameters are dynamic or uncertain as well
as when external disturbances affect the system.

Before implementing sliding mode control, it is imperative to determine the location of the sliding surface
and establish a control rule that ensures reaching this identified surface. The reaching time denotes the
duration required to reach the sliding surface, and the phase trajectory section during this process is referred
to as the reaching mode. During the reaching mode, the plant is susceptible to external noise and uncertainties
in parameters [24]. Upon achieving the sliding surface, the system transitions into the sliding mode. In this
mode, the system's trajectory remains unaffected by external variables and unpredictable parameters. The
application of sliding mode control unveils previously unrepresented high-frequency dynamics of the system,
manifesting as crackling. This phenomenon arises from oscillations near the equilibrium point that the system
is endeavoring to reach.

Control expression in sliding mode using sign function;

U = —ksign(S) (25)

is able to communicate as slip surface function (S) in this case is represented by equation (26) and is
dependent on the error (e) and its time variation (de) with respect to the system's response.

S=Ce+de (26)

Figure 2 shows a sliding surface example for the sliding mode control. The sliding surface's precise slope is
depicted in the illustration. In equation (26), the coefficient C provides this slope.
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\ >

Sliding Surface

Figure 2. Sliding surface

The ideal slope value must be found in order to guarantee the controller's success. These sliding surface slope
coefficients of the sliding mode controller are assumed to be shifting in this study. Expression (27) is used to
get the slope coefficient C instantly. Here, the evolutionary algorithm was used to determine the constant
coefficients C1 and C2's optimal values. As a result, the slope of sliding surface coefficient for the sliding
mode control was instantly determined.

C=0-6% @7

The main applications of genetic algorithms are in machine learning and problem optimization, among many
other areas. The process of making something better than it was before is called optimization. In optimization,
a set of inputs is given, and the outcome is determined by the inputs. In order for optimization to produce the
"pest" result, we must provide an insert. The precision of “best’” depends on the different types of the problem
[25]. The parameters preferred as FitnessLimit 1e-10, Generations 100, and PopulationSize 20 in the genetic
algorithm structure. The block design for the genetic algorithm technique used to optimize the controller's
coefficients is displayed in Figure 3.

G Sliding Mode
Controller

Svstem >

| Genetic 3
Algorithm [+ 2e

Figure 3. Controller block diagram

There is a shifting sliding surface in our control approach since the obtained coefficient C will change every
time. Figure 4 displays the C coefficient's mobility.

Figure 4. C coefficient variation
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For the fitness function, the mean squared error criterion—which is also known as the system performance
index—is favored in order to determine the ideal controller parameter values.

E(k) = 5e?(k) (28)

The sliding mode control expression's signalling function results in a crackling control signal. Various
functions are employed in place of the sign function in order to solve this issue. In this study, the sign function
is replaced with the commonly utilized saturation function. Asaresult, it is computed to obtain the expression
for the regulation of the sliding mode with saturation function. Here, genetic algorithm determines epsilon
value to be 37.77.

) (29)

U= —k.sat(

Epsilon
4. Results and Discussion

The results obtained as a result of the study were examined respectively. Figure 5 illustrates the temporal
evolution of the angular position of the first arm, connected to the motor, over time. The motion commences
from the zero-point and undergoes a change in direction within the initial seconds. This observed change
corresponds with the anticipated outcome when elevating the pendulum.

Theta (Degrae)

- :Time (5}‘
Figure 5. Theta angle variation in relation to time
The graphical representation of the angular velocity of the first arm is depicted in Figure 6 over time. The

graph showcases oscillations in angular velocity, reaching a maximum of 11 rad/s before eventually
stabilizing at 0 rad/s.

Theta (rad's)

Wi

: ETim.re (5} :

Figure 6. Change in the first arm's angular velocity to time
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In Figure 7, the graph illustrates the variation in the pendulum angle over time. The unstable upper
equilibrium point is where the pendulum is expected to cease movement. Therefore, the pendulum angle
should approach the intended zero reference point. According to the visual data, it takes approximately 1.5
seconds for the pendulum to reach the target reference value.

Beta (Degrees)
)

Time (s)
Figure 7. Beta angle (pendulum angle) variation to time

The pendulum'’s angular velocity fluctuates with regard to time, as seen in Figure 8. The graph indicates that,
in 1.5 seconds, the pendulum's angular velocity goes to zero.

Time (5}
Figure 8. Beta angle (pendulum angle) variation to time

Figure 9 portrays the torque values that the DC motor should apply to the first arm and the slope values of
the sliding surface, respectively. It is clear from examining the DC motor torque curve in Figure 9 shows that
the pendulum may be raised to the required reference value with a motor torque of roughly 12 Nm. In light
of realistic applications, it can be said that this torque value makes sense. Approximately 1.5 seconds pass
before the motor torque drops to zero.
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Figure 9. Changes in DC motor torque over time

Figure 10 shows the data from the slope graph of the sliding surface.

Sliding Surface Slope
¥

) ETin:l-e l:s)
Figure 10. Sliding surface slope graph

The supply voltage variation over time that will be used as a control signal for the DC motor is depicted in
Figure 11. The graph indicates that the maximum voltage source for the DC motor supply is 12 volts.

Control Signal (Volt)

Time (s}
Figure 11. DC motor control signal change graph over time
Figure 12 illustrates the temporal variation of the current flowing through the DC motor windings. It is

apparent that, after approximately 1.5 seconds, the motor ceases to draw any current. The graph clearly
indicates that the motor is limited to drawing a maximum of 2.5 amps of electricity.
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Motor Current (Amper)

- '=l'ime (s)
Figure 12. Graph of DC motor current change with time

In Table 2, the results of the study conducted in this research article and a publication in the literature are

compared [26]. As can be seen in the table, the pendulum angle of the system achieved a better settling time

of 0.9 s in the current study.

Table 2. Comparison of between the literature and the present work

Rotary inverted Method Settling Time (s)
pendulum arm SMC 0.89
angle
MSMC (Present Work) 0.85
SMC 1.2
Pendulum angle
MSMC (Present Work) 0.90

5. Conclusion

The initial phase of this study involves the application of the Lagrange technique to formulate the nonlinear
model for a single-degree-of-freedom spinning inverted pendulum system. The control of the pendulum
angle is conducted through Matlab software, utilizing state variables within the final model. This control is
achieved by implementing the moving sliding mode technique. The dynamics of the system were computed,
revealing variations in the slope of the sliding surface. To determine the coefficients in the structure of the
sliding modal control, a genetic algorithm was employed. As a result, the identified error was rectified,
leading to a control signal reduction to zero. According to the investigation, the pendulum took approximately
1.5 seconds to reach the specified reference value. Notably, the motor's characteristics, including a maximum
torque of 12 Nm and a maximum power consumption of 2.5 amps, were documented. These findings
underscore the successful application of moving sliding mode control to the system, provided that motor
selection is performed by considering real-time motor values during the selection process.

In future studies, moving sliding mode control method is considered to be applied to many robotic systems.
Since the moving sliding mode control method gives better results than the classical sliding mode control, it
will be a robust and better control method in other systems where it will be applied.
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Oz

Cimento {retimi dogaya salman karbondioksit miktarini arttiran 6nemli bir etkendir. Bu nedenle ¢imento yerine
puzolanik 6zellik gosteren dogal ve atik malzemelerin kullanimu olduk¢a 6nemlidir. Bu makalede, ¢imento ile ikame
edilebilecek dogal puzolanik bir malzeme olan diyatomit kayacinin kendiliginden yerlesen harg iiretiminde
kullanilabilirligi arastirilmustir. Deneysel ¢alismada, 6giitiilmiis diyatomitin kendiliginden yerlesen harglarda erken
yastaki mekanik 6zelliklerine olan etkisini incelemek i¢in 40x40x160 mm boyutlarinda olan prizmatik numuneler;
sirastyla %0, %5, %10, %15, %20 oraninda diyatomitin ¢imento ile degistirilmesiyle tiretilmistir. kendiliginden yerlesen
harg elde etmek i¢in ¢okme-akis testi, Avrupa Uzman Yapi Kimyasallar1 ve Beton Sistemleri Federasyonu kilavuzuna
gore yiiriitiilmiistiir. %0, %5, %10, %15 ve %20 diyatomit kullanilarak hazirlanan numuneler 3 giin boyunca 23+2°C
sicakliktaki suda kiirlenmeye tabi tutulmustur. Kiir siiresi tamamlanan numunelerin 3 giinliik (erken yas) egilme ve
basing dayamim degerleri elde edilmigtir. Bu deneysel c¢aligmanin sonucunda en yiiksek dayanimlarin referans
numuneleri de asarak, %5 diyatomit igeren serilerde oldugu belirlenmistir. Ayrica karisimlardaki diyatomit oraminin %5
ten fazla olmasiyla mekanik dayanimlarin azaldig tespit edilmistir.
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Abstract

Portland cement fabrication is a significant factor that increases the amount of carbon dioxide released into nature.
For this reason, it is very important to use natural and waste materials with pozzolanic properties instead of portland
cement. In this article, the usability of diatomite rock, a natural pozzolanic material that can be substituted with
portland cement, in the manufacture of self-compacting mortar was studied. In the experimental study, prismatic
specimens with dimensions of 40 x 40 x 160 mm were used to examine the impact of ground diatomite on the
early age mechanical properties of self-compacting mortar; it was produced by replacing 0%, 5%, 10%, 15%, 20%
of diatomite with portland cement, respectively. The slump-flow test to obtain self-compacting mortar was
conducted according to the European Federation of Specialized Construction Chemicals and Concrete Systems
guidance. Specimens prepared using 0%, 5%, 10%, 15% and 20% diatomite were cured in water at 2342 C
temperature for 3 days. 3-day (early age) flexural and compressive strength worths were gained for the samples
whose curing period was completed. As a result of this experimental study, it was specified that the highest
strengths were in the series containing 5% diatomite, exceeding the reference samples. Additionally, it has been
determined that mechanical strength decreases when the diatomite ratio in mixtures is more than 5%.
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1. Introduction

Portland cement (PC) production, an important building material, is increasing day by day [1]. PC
consumption is approximately 1 ton per person per year in the world. PC, one of the basic components of
concrete, constitutes 10-12% of concrete [2]. PC has a significant share in the construction cost. High
temperatures occur during PC production and a significant amount of CO; is released in this process. While
there is no need for manufacturing to obtain sand, it requires research and operation of quarries [3]. As the
world population increases, the need for infrastructure has increased. In parallel with this, the need for natural
aggregates is also increasing. For instance, while sand fabrication in China was 2500 million metric tons
(2014), it catched 39.9 million cubic meters in Algeria [3]. Therefore, sand pits need to be protected by using
alternative materials. Researchers have produced normal concrete or SCC using marble waste instead of PC
or aggregate [4-6]. Also, the use of natural resources with pozzolanic properties that can replace PC is of
great importance [7]. Pozzolanic materials that can be used instead of PC, in addition to offering both
economic and environmental advantages, can also increase the properties of concrete such as preventing
alkaline aggregate reactions and resistance to chemical environments [1].

Diatomite (D), which is among the different pozzolanic materials, is an abundant and cheap material with
good quality reserves in Turkey [8]. The impact of D, which is used as an additive in concrete, on
concrete/mortar has been the subject of research in recent years. Concrete samples were produced by
substituting diatomite and WMP (waste marble powder) with cement by Ergun. As a result of the work, they
obtained the best compressive and flexural strength in concrete samples containing 10% diatomite, 5% WPM
and 5% WPM + 10% diatomite by weight. He also stated that the use of cement with different proportions
of diatomite and WMP, separately and together with superplasticizer, gave positive results [9]. In their study,
Zhang et al. investigated the usability of diatomite in recycled aggregate concrete (RAC). They found that
the wide capillary pores in the specimens were diminished by using diatomite. They stated that there was an
rise in both split tensile and compressive strengths by partially replacing up to 20% by weight OPC with
diatomite [10]. Santos and Cordeiro examined the impact of grinding on developing the pozzolanic activity
of small-porosity diatomite. They stated that the increase in the specific surface area (SSA) of diatomite
increases the silica solubility and pozzolanic activity of diatomite [11]. Saridemir et al. In their study, they
investigated the mechanical and microstructural characteristics of high-strength mortars (HSMs) produced
with calcined diatomite powder (CDP) at ambient and high temperatures. The highest mechanical strength
at ambient and high temperatures was obtained in HSM modified with 15% CDP (15CDP-HSM) [12].
Degirmenci and Yilmaz used diatomite as a partial substitute for cement. They conducted mechanical
strength, sulfate resistance and freeze-thaw, dry unit weight and water absorption tests. According to the test
results, they found a decrease in compressive and flexural strength as the diatomite ratio increased [13]. Xu
et al. to produce hydraulic mortars, they used natural hydraulic lime (NHL2) (NHL) as aggregate and
diatomite as a partial substitute for masonry waste powder (MWP). For NHL2, they used 0-20% diatomite
with a 10% increase in weight. Specimens were produced with diverse water binder ratios (w/b). Diatomite
substitution increased the mechanical strength of the hydraulic mortars produced. The change in diatomite
ratio affected the compactness, porosity and strength of the mortars. Additionally, adding diatomite to the
mortar improved the acid and sulfate resistance of the mortars [14]. Sun et al. used diatomite in their
experimental studies to increase frost resistance. In the experimental results, they stated that the use of
diatomite instead of silica fume significantly increased the freezing resistance of the mortar [15]. Kogak and
Pmarci conducted research on the hydration systems, compressive strength, physical and microstructural
properties of cement pastes and mortars substituted with diatomite in different proportions. In the results,
they found that portlandite content decreased with increasing age and diatomite addition. They stated that
diatomite added cements had a higher degree of hydration and a higher amount of hydration products were
formed in 28 and 90 days. This structure had a positive impact on the compressive strength of the mortars at
later ages [16].

Self-compacting (consolidation) concrete (SCC) is a kind of concrete that can reach places where
reinforcement placement is frequent and collapse under itself weight. SCC, which has high fluidity, maintains
its stable structure without decomposition until it gains strength. It was developed by Okamura in Japan in
1986 to reduce workmanship errors in the compaction of concrete. SCCs have many positive features such
as filling ability, good workmanship, construction time, occupational safety, noise reduction, design and
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energy efficiency [17]. To produce fresh SCC with good mechanical properties and excellent processability
without using vibration, basic parameters such as high passing ability and filling capacity need to be met. To
ensure the solidity and combination of the mixture, a mixture that can produce a significant amount of powder
material and/or change in viscosity is needed. Pozzolans are siliceous or siliceous aluminous materials that
have little or no stringent properties when used alone, but can get stringent properties by reacting with calcium
hydroxide Ca(OH). when finely ground [18]. About the use of diverse pozzolanic materials such as silica
fume [19, 20], slag [21, 22], metakaolin [23], [24], fly ash [25], marble powder [26], 27], pumice powder
[28, 29] in self-compacting mortars (SCMs) important studies have been carried out. In this way, it will
minimize cement cost and CO, emissions and provide the advantage of achieving high strength.

There are some studies to determine the early age strength of concrete or mortar [30], [31]. In their study,
Shah et al. investigated the fresh and early age strength properties of fly ash/slag-based alkali-activated
mortar. The curing temperature contributed to the improvement of the early age strength of the single-
component AAM (Alkali-activated mortar). Through microstructural tests, they stated that this effect
increased the geopolymerization reaction [22] and thus provided a significant increase in early strength [32].
Ren et al. blended calcium formate and methacrylic acid with PC paste powder and examined the effects on
the setting time, fluidity and mechanical properties of the mortar. According to experimental results, 0.5, 1,
3 and 28 days compressive strength increased [33].

The purpose of this experimental work is to investigate the effect of replacing fine particle D (0%, 5%, 10%,
15% and 20%) with PC, which has not been used together before, on fresh and hardened self-compacting
mortars. In this article, the fresh properties (mini-slump flow and viscosity experiments) of SCMs made from
(D) and (PC) were evaluated. Also, early age strengths of SCMs produced with these substitution rates were
determined. The results show that SCM in its fresh state achieved good workability and flow time when 5%-
20% D was substituted with PC at a 5% increase in weight.

2. Materials

For this laboratory study, CEM | 42.5 R type PC complying with TS-EN 197-1 was used. PC has specific
gravity of 3.09. Locally available river sand with a specific gravity of 2.63, a water absorption rate of 1.91%,
a maximum size of 4 mm and a fineness modulus of 2.87 was used. D, as a fine filler pozzolanic binder, was
included in the mixture with the PC to increase the viscosity. In addition, D, which is a sedimentary rock,
was obtained from NB Global Mining and Chemical Industry and Trade Company. Polycarboxylate based
Sika Viscocrete SF 18 super plasticizer (SP) was used as water reducer. Its density is 1.1 g/cm® and pH value
is 3-7. The aggregate and binder materials used for the experimental study are shown in Figure 1.

Figure 1. Dry ingredients used in mixes a) sand, b) PC, c) D

Characteristic properties and some mineralogical compositions of D and PC are presented in Table 1. Figure
2 was given the granulometry curve of river sand.
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Table 1. Characteristics of PC and diatomite

Passing percentage (%)

Component (%) PC D
SiO; 18.36 60.98
Al;03 4.72 9.35
Fe.0s3 3.63 3.86
MgO 1.58 2.52
CaO 63.06 2.34
SO3 3.29 0.38
NaxO 0.18 -
K20 0.82 -
Loss on ignition (LOI) 4.13 20.31
Specific gravity 3.09 2.41

120

1m ...................................................................................................................................

80 -

0 0.125

0.25

0.5
Sieve size (mm)

Figure 2. Granulometry curve of river sand

2.1. SCMs Mix Proportions

100

A control and five mixtures were prepared to determine the fresh and hardened properties of SCMs produced
by substituting D with different proportions of cement. The content compositions of SCM are shown in Table
2. Substitution rates by weight were used at 0%, 5%, 10%, 15% and 20%, respectively. After repeated trial
mixtures, water/powder (w/p) volume ratios were calculated as 0.36, 0.38, 0.45, 0.57 and 0.69 for control,
D5, D10, D15 and D20, respectively. In all prepared mixtures, the binder amount was 630 kg/m? and the SP
amount was chosen as 8 kg/m®. In order provide the EFNARC (European Federation of Specialized
Construction Chemicals and Concrete Systems guidance standards) [34] of the spreading diameters of SCMs,
the water content was changed depending on the increase in D. Table 2 shows the water/binder (=C + D)
(w/b) and water/powder (=C + 0.9D + 0.0191 sand) (w/p) ratios.

Table 2. Mixture proportions for SCM (kg/m®)

Mixname C D Sand Water SP  Water/binder Water/powder
Control 630 O 13675 260 8 041 0.36
D5 5985 315 13334 270 8 043 0.38
D10 567 63 1227.0 315 8 050 0.45
D15 5355 945 1028.7 380 8 0.60 0.57
D20 504 126 836.8 450 8 071 0.69
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3. Experimental Method

3.1. Casting and curing

A mixer was used to create SCMs. To create mortar samples, first dry binding materials and river sand were
taken into the mixing bowl. Firstly, the dry components (fine aggregate, binders) were mixed until
homogeneous. Then, water was added to the SP and poured into the dry mixture and mixed. The prepared
mixtures were poured in three stages, taking care to keep the 40 x 40 x 160 mm sized prismatic molds stable.
SCMs, which hardened after 24 hours, were removed from the mold. The specimens removed from the mold
were left to cure in water at around 23°C until the test day. The fresh mortars poured into molds are given in
Figure 3.

Figure 3. Fresh SCM
3.2. Tests

3.2.1. Fresh properties

Mini-slump flow testing and viscosity experiments were conducted to determine the workability and
flowability properties of fresh mortars (Figure 4.). Before the strength tests, mini-slump flow test was
conducted according to EFNARC criteria to examine the workability properties of SCM to achieve filling
and passing ability. Mini slump flow tests were carried out to ensure that the fluidity and spreading diameter
of the fresh mortar were compatible with the limit values in accordance with the EFNARC regulation.

Figure 4. a) mini-slump spreading diameter, b) viscometer test machine

Viscometer test is a method used to determine the fluidity of concrete/mortar. It is important to evaluate the
workability and plastic properties of concrete/mortar [35]. In the measurement made using the Brookfield
DVE brand viscosity device, the mixed mortar was poured into a beaker. The torsional moment response of
the mortar in the container to the rotation of the shaft at the end of the device was measured. To determine
the rheological properties, the rotational speed of the shaft was measured between 1.0-100 rpm (legs with
increasing shear rate-shear stress) and 100-1.0 rpm (legs with decreasing shear rate-shear stress) [28]. The
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values obtained for different angular velocities were evaluated by drawing the viscosity-angular velocity
graph. The fresh property values used for the prepared SCMs are shown in Table 3.

Table 3. Fresh properties for SCMs

Mix name Mini-slump flow (mm)
Control 242
D5 243
D10 245
D15 243
D20 250

3.2.2. Hardened properties

Mechanical tests were conducted to decide the early strength of the mixtures whose fresh properties were
determined. To measure the flexural strength values of SCMs, three prismatic samples with dimensions of
40 x 40 x 160 mm were cast for a test age of 3 days. After cleaning the surface of the SCM prismatic samples,
a three-point flexural test (Figure 5.) was performed at a loading rate of 0.2 kN/s. The 3-day flexural strength
test of the mortars was conducted in accordance with ASTM C348 [36]

After the flexural test, the compressive strength of each piece divided into two under a loading speed of 2.4
kN/s was determined according to the ASTM C349 [37] standard.

Figure 5. Three-point flexural test

4. Results and Discussions

This study focused on the usability of grounded D with PC in various proportions (0%, 5%, 10%, 15% and
20%). D and cementitious compositions were conducted fresh mortar tests, and their early strengths were
evaluated in experimental study.

4.1. Characteristics of fresh SCMs
The workability and fluidity of SCMs containing diatomite were determined by mini-slump test, considering
the EFNARC regulation. The results obtained are given in the Figure 6. As seen in the figure, mini-slump

results provide limit values between 240-260 mm. These ranges were maintained by changing the amount of
water. Accordingly, it has been observed that as the D ratio increases, the water needs increases. Due to the
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increase in the D ratio, the increase in the w/b ratio can be associated with the increase in the spreading
diameters [38], [39]. As seen in Figure 6, the lower fluidity of the fresh SCMs produced results in a parallel
flow time delay [40].

500
€ 400
E
g- 300 242 5 243 250
=
3 200
S
= 100
2
0
CONTROL D5 D10 D15 D20

B Mini slump =——=Water rates

Mix Code

Figure 6. Mini-slump values and the amounts of water

The most important feature of SCMs is sufficient fluidity and resistance to segregation [41]. In order for these
parameters to be realized in SCMs, there must be appropriate viscosity, low shear stress and cohesion. For
this reason, the viscosity test of mortars containing D was performed to determine their consistency and
workability features. Figure 7 shows the viscosity results of the produced samples. This graph shows that as
the angular speed of the spindle increased, the viscosity values of the samples decreased asymptotically [18].
As seen in Figure 7, the viscosity value of the samples containing D5 remained above the viscosity value of
the control and other mixtures at the first 2 rotation speeds. With increasing speed after 5 rpm, the viscosity
of all series decreased and the inclusion of D at this speed reduced the viscosity, resulting in lower results
than the control mixture. The lowest viscosity was measured at 100 Rpm for the D15 mixture, while the
highest viscosity was measured at low rpm for the D5 mixture.

100000 -
90000 —4=—CONTROL
80000 - o

A& 70000 |

&

e 4

> 60000 D10

= 50000 -

S

g 40000 - —=54=D15

£ 30000 -

20000 - =3¥=D20
10000 -
0

1 25 5 10 20 50 100
Rotational speed (Rpm)

Figure 7. Viscosity values of SCMs
4.2. Characteristics of hardened SCMs

Failure loads for three-point flexural test was given in Table 4. The Figure 8 presents the effect of D on the
flexural strength of prismatic samples prepared for 3- days. It was observed that the addition of 5% D
increased the flexural strength on compared to the reference samples. When the 3-day flexural strengths of
the control sample were compared with the combinations containing 5% D, 10% D, 15% D and 20% D, a
14.6% increase, 13.55%, 44% and 61.6% decrease were detected, respectively. While this shows that the 3-

357



Firat Univ Jour. of Exp. and Comp. Eng., 3(3), 350-361, 2024
B. Karabulut, M.S. Yon, M. Karatas

day strength of the 5% D series was better than the control sample, this situation was reversed due to the
increase in the D rate.

Table 4. Failure loads for flexural tests

Mix name Failure loads (N)
Control 2181.55
D5 2501.12
D10 1885.87
D15 1221.55
D20 836.70
7 -
6 4 W 3-days
1 -
o A
CONTROL D5 D10 D15 D20

Figure 8. Flexural strength of 3-days SCMs

3-days compressive strengths of SCMs are shown in Figure 9. According to this figure, 3-day strength value
of the all the sample, a decrease in compressive strength was observed as the D ratio increased. When the
compressive strengths of the D5, D10, D15 and D20 series were compared with the control sample, there
was an increase of 11.65%, a decrease of 19.96%, 52.13% and 71.3%, respectively. This situation is similar
to the results of the researchers [22].
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Figure 9. Compressive strength of 3-days SCMs
5. Conclusion
In this study, the fresh and hardened situations of five self-compacting mortars with different replacement

rates of diatomite, a sedimentary rock, were examined. For this, rheological and fresh properties were
determined by mini-slump flow and viscometer tests on the produced SCMs. Then, flexural and compressive
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strength experiments were performed on SCM mixtures containing diatomite. The findings obtained from
this experimental research are explained below.

e In order to ensure the self-compacting of mortars containing diatomite, mini-slump values in the
range of 240-260 mm were determined in accordance with EFNARC. It has been determined that to
achieve this, different amounts of water are required depending on the substitution rates of the
binders.

e Asthe D content increased, the slump flow value increased due to the increase in water need.

e The viscosity readings of the reference sample are higher than all other samples for rotation speeds
of 2.5, 5 and 10.

o While the highest flexural strength among all series is measured in the series with 5% D additive,
the lowest strength is in the series with 20% D content. This decrease is approximately 67%.

¢ When the compressive strengths were examined, the highest strength occurred in the mixture with
5% D content, similar to the flexural strength. As the D content increased, the strength gradually
decreased. The largest decrease occurred in the D20 series, with a rate of 74% compared to the D5
series.

As a result, it was determined by early strength tests that D could be replaced with PC at a rate of 5%-10%.
However, for more detailed examination, 28- and 90-days mechanical strengths should be determined in
future studies. In addition, freeze-thaw, sulfate resistance, abrasion, high temperature, etc. tests should be
carried out to determine durability properties.
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Oz

Kaz1 6ncesinde gdmiilii nesnenin cinsinin bilinmesi gereksiz kazi yapilmasini énler. Ustelik zamandan ve paradan
tasarruf saglar. Bu ¢aligmada gomiilii nesnelerin tespiti i¢in bir deney seti hazirland1. Deney seti, genis frekans
bandinda elektromanyetik dalgalar gonderip alan bir anten, yansimalar1 kaydeden ve isleyen bir yazilimdan ve
kum havuzundan olusturuldu. Calismada bu kum havuzuna farkli derinlik, boyut ve sekillerde metalik ve metalik
olmayan nesneler gomiilerek bir profil boyunca dl¢iimler alindi. Yapilan 6l¢imlerden 2 boyutlu goriintiiler
olusturuldu ve bu gériintiilere goriintii isleme teknikleri uygulandi. Islenmis gériintiilerden nesnenin tiiriinii tespit
etmek i¢in siniflandirma algoritmalari kullanildi. Algoritmalarin basarisini artirmak i¢in, nitelik segme teknikleri
olarak korelasyona dayali 6znitelik se¢imi (CFS) ve Temel Bilesen Analizi (PCA) kullanilmigtir. CFES ile 6znitelik
seciminde arama yontemleri olarak metasezgisel optimizasyon algoritmalarindan genetik algoritma (GA),
Pargacik Siirii Optimizasyonu (PSO), Harmony arama (HA) ve Evrimsel arama (EA) tercih edildi. Algoritmalarin
performans1 10 kat ¢apraz dogrulama yontemi kullanilarak analiz edildi. Sonug olarak PCA algoritmasinin
Oznitelik se¢iminde kullaniminin metasezgisel algoritmalara gore siniflandirma basarisint daha fazla arttirdigt
anlagildi. Kullanilan simiflandirma algoritmalari arasinda en bagarili olan1 Rastgele agag¢ algoritmasi oldu. PCA
sonrasinda bu algoritmanin dogruluk degeri %95,8’e ulasildi. Bu nedenle 6l¢iim sistemine gomiilii yazilimda PCA
ve Rastgele agac algoritmalarinin kullanildig: hibrit bir yaklagim onerilmektedir.
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Abstract

Knowing the type of buried object before excavation prevents unnecessary excavation. Moreover, it saves time
and money. In this study, an experiment set was prepared for the detection of buried objects. The experimental set
was composed of an antenna that sends and receives electromagnetic waves in a wide frequency band, software
that records and processes reflections, and a sandbox. In the study, metallic and non-metallic objects with different
depths, sizes and shapes were buried in this sand pool and measurements were taken along a profile. 2D images
were created from the measurements and image processing techniques were applied to these images. Classification
algorithms were used to detect the type of bruied object from processed images. To increase the success of the
algorithms, correlation-based attribute selection (CFS) and Principal Component Analysis (PCA) were used as
attribute selection techniques. Genetic algorithm (GA), Particle Swarm Optimization (PSO), Harmony search
(HA), and Evolutionary search (EA), which are among the metaheuristic optimization algorithms, were preferred
as search methods in attribute selection with CFS. The performance of the algorithms was analyzed using the 10-
fold cross-validation method. As a result, it was understood that the use of the PCA algorithm in attribute selection
increases the classification success more than metaheuristic algorithms. The most successful among the
classification algorithms used is the Random tree algorithm. After PCA, the accuracy value of this algorithm was
95.8 Therefore, a hybrid approach is proposed in which PCA and Random tree algorithms are used in the software
embedded in the measurement system.
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1. Introduction

There are many Geophysical prospecting methods. Seismic [1], Electrical Resistivity Tomography [2] etc.
for detection of buried objects underground. However, the GroundPenetrating Radar (GPR) method is often
used in near-surface applications. Buried objects can be metallic or non-metallic. Detection of buried non-
metallic objects is more difficult than detection of metallic objects. Although metallic objects are detected
using Electromagnetic Induction (EMI) sensors, Magnetic induction spectroscopy [3], non-metallic objects
cannot be detected by EMI sensors [4]. For this reason, the GPR method is preferred especially for the
detection of non-metallic objects [5]. This method is very popular in military and engineering fields due to
its fast data collection [5,6]. It was often used to detect mines and buried explosives [7,8], objects buried at
different depths [9], archaeological remains [10,11], underground pipeline [12].

GPR systems are divided into pulse-modulated systems and non-pulse-modulated systems. Pulseless
modulation systems operate in the time domain and use a pulse signal [13]. Pulse modulation systems emit
a Gaussian electromagnetic wave signal. This system uses a signal over a wide frequency band. Detecting
buried objects from such systems requires expertise and time [12]. Therefore, approaches that automatically
detect objects have been researched and proposed. Wavelet transform [14], Hough transform [15] and radon
transform [13], image processing techniques [16], Ellipse inversion model [17] are some of these approaches.
In recent years, studies on automatic detection of buried objects with machine learning techniques have been
examined [18]. Automatic detection of consecutive lines from sonar images was done using machine learning
methods [19]. Machine learning methods were used to detect underwater mines with synthetic aperture sonar
images [20], to detect voids in underground pipelines, and to analyze GPR radargrams [21]. In addition, an
automatic flaw detection system for sewer pipes has been developed from CCTV images [22]. It is difficult
and costly to produce real data in studies for the detection of buried objects. For this reason, many researchers
preferred to use synthetic data in their studies [23]. For example, synthetic images were created for the
detection of buried pipes and hyperbolas in these images were detected by machine learning techniques [24].
Synthetic data were used for automatic recognition of tunnel lining elements from GPR images [25].

Synthetic data were not used in this study. An experimental setup was created. Metallic and non-metallic
objects (Brick, tile, marble ceramic) of different shapes were buried in the sandbox at different depths.
Measurements were taken. Then, classification algorithms were used with the data obtained from the
measurement system. To date, many studies have been carried out for the detection of metallic and non-
metallic buried objects. The buried objects were detected, but the buried objects were not classified as
metallic or non-metallic. In this study, a measurement system and software based on artificial intelligence
techniques are proposed to classify buried objects as metallic and non-metallic objects. The difference of the
proposed system from other systems is that it determines the type of buried object regardless of its shape.

2. Experimental Setup and Data Collecting

The experimental setup consists of an antenna used as both a transmitter and a receiver, a laptop, a Vector
Network Analyzer (VNA) and a sand box (Figure. 2). A signal is sent from the VNA to the sand box with a
set step frequency and frequency band range (Figure. 1).
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Figure 1. Implementation of measurement
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The transmitted signal is a sequence of rising step frequencies. It starts from the starting frequency and
the frequency is increased step by step. The frequency of the nth sample in the sequence can be
calculated by Equation (1) when the starting frequency Fo is taken as the constant rise frequency Af.

Fn=F0 + Af n=0,...M-1 1)

The maximum penetration depth (dmax) of the signal is calculated using equation (2).

Amax = % (2)

where ¢ is the speed of light.

l 7
Y antenna 4
RETORMO e _u\ '

Pool - 3 =

sand A Laptop

Sand box

Object

Figure 2. Experimental setup

For measurements metallic and non-metallic objects of different depths and shapes were buried in the
sand box. Measurements were taken by slowly moving the antenna along the x axis from the surface of
the sand box as shown in Figure. 2.The profile length is 60 cm, the number of measuring points is 61,
the frequency band range is 1Ghz 6Ghz, the number of frequency steps is 64.

3. Imaging and Image Processing

1-D depth profiles were created by applying the inverse Fourier transform to the data collected at each
measurement point. Then, these 1-dimensional depth profiles were aligned side by side to obtain 2-D
images. Color layout filter applied to 2D images.

3.1. Color layout filter

Color is the most basic quality of the image. Colors can be used to describe and represent an image. The
Color Layout Descriptor (CLD) is designed to capture the saptial distribution of dominant colors in an
image. for cld computation, color are expressed in the YCbCr color space. CLD is very compact
descriptor, therefore it fits perfectly for fast browsing and search applications. It is also resolution
invariant.

CLD can be computed by following these steps.

1-Image Partitioning: The image is divided into 8*8(64) block. This makes CLD Scale invariant.
2- Representative Colour Detection: There is a representative color for each block. The average color
of the block is used to select the representative color. Also the image is reduced to 64x64 so each block

shrinks to 8x8.

3-color space change: The image having average color blocks is in RGB space. Now this RGB is
changed toYCbCr color space.

4- DCT transformation: Each color channel (Y,Chb,Cr) is transformed into DCT coeffients by performing

8x8 discrete Cosine Transform (DCT) of each 8x8 block.Therefore, each block carries 64 DCT
coefficients.
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5- Quantization: Zigzag scanning is used. A few low frequency coefficients are selected and quantized
to form the descriptor. For Y-DCT only 6 coeffients are selected while from both Cb and Cr only three
coefficients are selected and quantized.

6- Forming CLD attribute vector: For avarage image and its DCT it can be seen that expect DC
coefficient, rest of coefficients are zero as one 8x8 block is a constant function. Therefore instead of
taking 6,3 and 3 coefficients from DCT-Y, DCT-Cb and DCT-Cr respectively, it is sufficient to take
only single DC coefficient from each block. The coefficients are arranged as given in Equation 1.

CLD = [Yacr1, Yacezs -+ - Yatcear Chace1, Cbacta -----» Chactoar Cractr, Chacezs -+ s CTactea )
4. Attribute Selection

Using all attributes in classifications may not yield good results in some cases. In particular, the use of
all attributes in noisy data and images negatively affects the success. Therefore, it is necessary to remove
some unnecessary attributes. By using accurate data and relevant attributes, classification success is
increased and the size of the data set is reduced. As the size of the dataset decreases, the computation
speed increases and the memory requirement decreases. Attribute selection is very important to increase
classification success and computational speed. There are algorithms used in the selection of attributes.
In this study Correlation-based attribute selection (CFS) and PCA method will be used. The generalized
version of attribute selection is given in Figure 3.

Initialization|

.

Subset
Discovery

+ Subset

Subset
Evaluation

Goodness of
the Subset

. No Yes — Results
Validation

Figure 3. Generalized version of attribute selection flowchart [26].
4.1. Correlation-based attribute selection (CFS)
This method selects attributes that are low correlated to other attributes and highly correlated to class
[27]. A function and different search algorithms are used to calculate the information values of the

attribute subsets of the dataset. Metaheuristic optimization algorithms are preferred as search algorithms.
In this study, PSO, GA, HA, EA algorithms were used in metaheuristic optimization algorithms.
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4.1.1. Particle Swarm Optimization (PSO)

This algorithm was inspired by the foraging behavior of flocks and was developed by Dr. Kennedy and
Dr. Eberhart. This method is a population-based metaheuristic optimization method [28]. In this method,
each individual is defined as a particle. Particles in random coordinates update their position and velocity
information to reach the best solution value. The experience of the particles from their neighbors is taken
into account in the update.

4.1.2. Genetic Search Algorithm (GA)

This algorithm was proposed by Charles Darwin [29]. It was put forward, inspired by the theory of
evolution [30]. The theory of evolution is based on the rule of survival of the fittest. The algorithm
searches in accordance with this rule and tries to find a solution. Chromosomes are the variables of the
problem to be solved. On these chromosomes, a random solution is first created and then the best
solution is reached by making changes in the chromosomes.

4.1.3 Harmony Search Algorithm (HA)

It was suggested by Geem et al. [31]. This algorithm was inspired by the notes in the music. Notes
combine to form harmony. Each harmony represents a workaround. It is aimed to reach the best melody
in terms of harmonic with the notes in the music [32].

4.1.4 Evolutionary Search Algorithm (EA)

It is used to find the best solution to a problem in the search space. This algorithm uses mutation and
elitist selection as search operators. Chromosomes are represented by strategy parameters and pairs of
individuals. The strategy parameter is the parameter that mutates the individual it belongs to. It evolves
to have optimal value in each generation.

4.2 Principal Component Analysis (PCA)

The first studies on PCA were started in 1901 by Karl Pearson Pearson [33]. PCA preserves the existing
changes in the data set containing interrelated variables. It is a transformation that includes a large
number of interrelated variables and reduces the size of the data set to less size by preserving the existing
changes in the data as much as possible. PCA is a very effective statistical method in revealing the
necessary information in the data. With this method, a new set of dimensions is found to better represent
the diversity of the data. The first dimension shows the most variety. 2. The dimension is chosen to be
perpendicular to the first dimension and to show as much variation as possible.

5. Clasification Algorithms

Decision trees are used in classification and regression. In decision trees, the model can be compared to
an inverted tree. This model consists of root node, branches and leaves. Nodes have variables, branches
have values of variables, leaves have results. The first node in the decision tree is called the root node.
The root node can be split. Branching starts from the root node and new nodes are obtained. Decisions
are made by following successive nodes until they reach the leaf from the root node. Two popular
methods are used to select the best attribute for nodes in a Decision tree. These are the information gain
and the Gini index. Knowledge Gain calculates the extent to which a attribute provides information
about a class. The nodes are split using the value of the information gain. During the division, the node
with high information gain is divided first. The Gini Index is a measure of purity in constructing the
Decision tree. Node with low Gini index is preferred for attribute selection. Pruning is removing
unnecessary nodes from the tree. It is applied to obtain an optimal decision tree. In the study, AD tree
[34], BF tree [35], Randon forest [36], Random tree, Decision Stump [37], Simple Cart [38] and
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Optimized forest algorithms [39]. were used. The characteristic attributes of the algorithms are given in

Figure.4.
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Figure 4. Decision Tree Algorithm Characteristics
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6. Performance Metrics

Some metrics are used to compare the classification performance of algorithms. Thanks to these metrics,
it is decided which algorithm is more successful. The formulas of the metrics are given in Figure 5. In
the formula, TP and TN represent the number of samples that the algorithms predicted correctly, and FP
and FN represent the number of samples that the algorithms predicted incorrectly.

PERFORMANCE METRICS
-
f - TP + TN ( ™
Y = TP+ TN+ FP + FN | Precision = =——
. Y\ <
= Sc = TP
S 1 + 1 Recall = ———
Recall * Precision TP + FN
. Z, J
<
TP « TN - FP + FN
MCC =
\/(TP + FP) + (TP 4+ FN) + (TN + FP) + (TN + FN)

Figure 5. Performance metrics

MCC value is generally preferred to evaluate the classification performance when unbalanced datasets
are used. The F-measure value is used when precision and Recall are incompatible. Apart from the
metrics indicated in Figure (1), there are other metrics that can be used in performance analysis. These
are Area Under the ROC Curve (AUC), Precision Recall curve, Kappa and RMS. The ROC curve is
plotted with TPR against the FPR where TPR is on the y-axis. The area under the ROC curve is the
AUC value. PR curves are created by plotting precision (x-axis) versus recall (y-axis). Kappa refers to
the agreement between the actual classes and the predicted classes. Performance metrics take a minimum
of 0 and a maximum of 1.The root mean square (RMS) error value is used when the performance of the
two algorithms is almost the same [40]. Indicates the error rate in classification. Unlike other metrics, a
low rms value is required for successful classification.

In the study, data collected in the frequency domain were transferred to the time domain using IFFT.
Zero padding has been applied to increase resolution in the IFTT application. 1D depth profiles were
created for each measurement point. Then, 1D depth profiles were lined up side by side to obtain 2D
color images. Color layout Filter has been applied to these images. Data was classified without and with
attribute selection. To analyze the classification performances of the algorithms, various performance
metrics were calculated and the results were interpreted. PCA and CFS methods were preferred in
feature selection.The flow chart of the study is shown in Figure 6. When evaluating the performance of
algorithms, the data set is generally divided into two: test data set and training data set. The algorithm
is tested with a specific test data. In this study, the cross-validation method was used to test the entire
data set. Another reason for using the cross-validation method is to test the success of the algorithms in
classifying data that is not in the database.

369



Firat Uni Deny. ve Say. Miih. Derg., 3(3), 362-376, 2024
E. Efeoglu

7

/ Raw Data

Zero Spatial 1-D depth

!k h : IFFT ) P
/ {D':r::?nn)cv / padding Domein profile

Color Layout Filter

: 64(8x8)blocks Tiny image icon . Zigzag scanning \
| Image R tati DCT Coefficients |

) " CPresentative !
: partitioning aaleredlasion —M _ ﬁ ‘ CLD | :
| 1
A = rd

g | 1
Attribute Evaluator
K-fold Cross
ﬂ =

Validation
PCA CFs
Q @ Performance
- Metrics
T T . CLASIFICATION
Search Method
I I / N\ Accuracy
a I Geneticsearch (GA) | Precision
[=]
g !l L
= Recall
w PSO search (PSO) ot
£ 24 |, perormance | ee
z = analysis
21| (emessra [ A ] ] | omsomrorst ) 246
5 I (HS) s P I F-Measure
w .
I Evolutionary Search ‘ ! I Kappa
NGl =)
PRC
[ —
Selected Attributes ;/

Figure 6. The flow chart of the study
7. Results

The most important metric used in performance analysis is accuracy. Without attribute selected the
highest accuracy rate obtained in the classications was 85,4%. The use of the PCA algorithm increased
the accuracy of all algorithms. The accuracy value of the random tree algorithm was 95.8%. As can be
seen, the PCA algorithm was more effective than CFS in increasing the accuracy of the algorithms. It is
unreliable to evaluate performance using just accuracy without using other performance metrics [41].
Therefore, other metric values were also calculated. Calculated metrics are given in Tables and Figures.
The highest kappa and lowest rms values were obtained when the random tree and PCA method were
used together.(Figure. 7b,7c).
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In order to understand which algorithm is more successful in detecting which type of object, the
performance metrics of the two classes are calculated separately. The results are given in Table 1 and
Table 2. The Recall value indicates how many of the objects that should be predicted as metallic are
predicted as metallic, or how many of the objects that we should predict as non-metallic are predicted
as non metallic. In archaeological studies, predict a non-metallic object as metallic will lead to incorrect
excavation and damage to the buried object. When the algorithm correctly predicts all objects of the
non-metallic class, the Recall value of the non-metallic class is 1. For example, when the Random forest
algorithm is applied without attribute selection, the recall value of the metallic class is lower than the
recall value of the non-metallic class. This result is an indication that the algorithm is more successful
in detecting non-metallic objects. On the other hand, when the Decision strrump algorithm is applied
without attribute selection, the recall of the non-metallic class is lower than the recall of the metallic
class. This result is an indication that the algorithm is more successful in detecting metallic objects.
When the metal object is searched, if the algorithm predicts the metal as non metal, there will be a loss
because the metal object cannot be detected. For this reason, high precision value is an important
criterion for us in model selection. According to the table, the highest Recall and Precision values were
obtained with the hybridization of PCA and Random tree algorithm. Other performance metrics given
in the table are also compatible with these values. The MCC metric is often used on unbalanced datasets.
Since the data used in the study is not unbalanced, the MCC values of the two classes are approximately
the same. It was understood from the tables that PCA increased all metrics more than CFS. In PCA and
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Random tree hybridization, the calculated metric values of the non-metallic class are higher than the
metrics of the metallic class. This result shows that the algorithm is more successful in detecting non-
metallic objects.

Table 1. Performance metrics without attribute selection and after attribute selection for Non metallic class

Attribute Search Clasification - F-

Evaluator Method Algorithm Precision Recall Score Mcc - AUC PRC
AD Tree 0,88 0,84 0,86 0,70 0,93 0,95
BF Tree 0,88 0,84 0,86 0,70 0,84 0,83

Decision Stump 0,90 0,76 0,83 0,67 0,82 0,88
Without attribute Randon Forest 0,85 0,88 0,86 0,70 0,70 0,94
selection Simple Cart 0,85 0,88 0,86 0,70 0,83 0,81
Optimized Forest 0,84 0,84 0,84 0,66 0,94 0,95
Random Tree 0,85 0,88 0,86 0,70 0,85 0,81

AD Tree 0,91 0,84 088 0,75 0,93 0,95
BF Tree 0,95 0,76 08 0,72 084 0,91
Decision Stump 1 0,76 0,87 0,77 0,83 0,90
PCA Randon Forest 0,85 0,88 0,86 0,70 0,95 0,96
Simple Cart 0,95 0,76 08 0,72 084 0,90

Optimized Forest 0,85 0,88 0,86 0,70 0,94 0,96
Random Tree 0,96 0,96 0,96 091 0,95 0,94
AD Tree 0,91 0,84 0,88 0,75 094 0,96
BF Tree 0,84 0,84 0,84 0,66 0,89 0,88
Decision Stump 0,90 0,76 0,83 0,67 0,82 0,88
Randon Forest 0,88 0,88 0,88 0,74 0,96 0,97
Simple Cart 0,87 0,80 0,84 0,66 0,86 0,85
Optimized Forest 0,88 0,84 0,86 0,70 0,96 0,97
Random Tree 0,95 0,84 0,89 0,79 0,90 0,89
AD Tree 0,88 0,84 0,86 0,70 0,95 0,96
BF Tree 0,85 0,88 0,86 0,70 0,86 0,85
GA /HA Decision Stump 0,90 0,76 0,83 0,67 0,82 0,88

Randon Forest 0,88 0,84 0,86 0,70 0,95 0,96

PSO

CFS Simple Cart 0,84 0,84 0,84 0,66 0,80 0,77
Optimized Forest 0,88 0,88 0,88 0,74 0,95 0,96

Random Tree 0,88 0,84 0,86 0,70 0,85 0,82

AD Tree 0,95 0,84 0,89 0,79 0,95 0,97

BF Tree 0,87 0,76 0,81 0,63 0,85 0,87

Decision Stump 0,90 0,76 0,83 0,67 0,82 0,88

EA Randon Forest 0,88 0,84 0,86 0,70 0,96 0,96

Simple Cart 0,87 0,80 0,84 0,66 0,78 0,79

Optimized Forest 0,91 0,84 0,88 0,75 0,96 0,97

Random Tree 0,83 0,76 0,80 0,58 0,79 0,76
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Table 2. Performance metrics without attribute selection and after attribute selection for metallic class

Attribute Search Clasification

Evaluator Method Algorithm Precision Recall F-Score MCC AUC PRC

AD Tree 0,82 0,86 0,84 0,70 0,93 0,90

BF Tree 0,82 0,86 0,84 0,70 0,84 0,76

Without attribute Decision Stump 0,76 0,90 0,83 0,67 0,82 0,69
selection Randon Forest 0,85 0,81 0,83 0,70 0,94 0,94
Simple Cart 0,85 0,81 083 0,70 0,83 0,79

Optimized Forest 0,81 0,81 0,81 066 094 0,94

Random Tree 0,85 0,81 08 0,70 0,85 0,78

AD Tree 0,83 0,90 0,87 0,75 0,93 0,9

BF Tree 0,77 0,95 0,8 0,72 0,84 0,72

Decision Stump 0,78 1 0,8 0,77 083 0,71

PCA Randon Forest 0,85 0,81 0,83 0,70 0,95 0,94
Simple Cart 0,77 0,95 0,8 0,72 0,84 0,72

Optimized Forest 0,85 0,81 0,83 0,70 0,94 0,9

Random Tree 0,95 0,95 095 091 095 0,93

AD Tree 0,83 0,90 0,87 0,75 0,94 0,89

BF Tree 0,81 0,81 0,81 066 0,8 0,86

PSO Decision Stump 0,76 0,90 0,83 0,67 0,82 0,69

Randon Forest 0,86 0,86 0,86 0,74 0,96 0,96

Simple Cart 0,79 0,86 0,82 066 0,8 0,82

Optimized Forest 0,82 0,86 0,84 0,70 0,96 0,96

Random Tree 0,84 0,95 0,89 0,79 0,9 0,82

AD Tree 0,82 0,86 0,84 0,70 0,95 0,95

BF Tree 0,85 0,81 08 0,70 0,86 0,82

GA /HA Decision Stump 0,76 0,90 0,83 0,67 0,82 0,69

Randon Forest 0,82 0,86 0,84 0,70 0,95 0,95

CFS Simple Cart 0,81 0,81 0,81 066 080 0,78
Optimized Forest 0,86 0,86 0,86 0,74 0,95 0,95

Random Tree 0,82 0,86 0,84 0,70 0,85 0,77

AD Tree 0,84 0,95 0,89 0,79 0,95 0,94

BF Tree 0,76 0,86 0,80 063 0,85 0,76

Decision Stump 0,76 0,90 0,83 067 0,82 0,69

EA Randon Forest 0,82 0,86 0,84 0,70 0,96 0,95

Simple Cart 0,79 0,86 0,82 066 0,78 0,70

Optimized Forest 0,83 0,90 0,87 0,75 0,9 0,96

Random Tree 0,75 0,81 0,78 0,58 0,79 0,69

8. Conclusions

It is important to know the type of buried object before excavation is carried out, especially in
archaeological sites. Some buried objects require precise excavation to be removed without damage. In
addition, the automatic detection of the buried object in field studies directs the field study. It saves time
and money. In the study, a artificial intelligence based measurement system was designed for the
detection of buried metallic and non-metallic objects. With this proposed system, metal and non-metallic
objects were classified quickly and automatically, regardless of the shape and depth of buried objects.
Decision tree algorithms, one of the popular classification algorithms, were used to select the artificial
intelligence method to be integrated into the designed system. Two different attribute selection methods
and metaheuristic search algorithms were used to make fast detections with high accuracy. Then the
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performances of the algorithms were evaluated. As a result of the performance evaluation, it was
understood that the PCA method increased the success of all classification algorithms more than the
CFS method. Therefore, it is more appropriate to use the PCA method with classification. The highest
metric values were obtained in the hybridization of the random tree algorithm with PCA. The accuracy
value obtained in this hybridization is 95.8%. The lowest rms value was also obtained with this
hybridization. When the metric values of the classes are examined separately, the metric values of the
non-metallic class are higher than the metallic class. This Hybrid is more successful in detecting non-
metallic objects. The results obtained in this study using an experimental setup are promising for field
studies.
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